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Abstract

Pyrithione biocides are currently viewed as a major prospect for the replacement of tributyltin antifoulants in ship paints. The chromato-
graphic behavior of 1-hydroxy-2-pyridinethione (pyrithione, PT), bis(2-pyridinyl)disulfidedigkide (PT,), and the metal complexes zinc
[Zn(PT)], iron [Fe(PT}] and copper [Cu(PTE] pyrithione, were investigated by means of UV-vis spectroscopy, ESI-MBLC-DAD and
HPLC-ESI-MSD. This revealed transformations of the analytes, which affect the development of adequate methods for species or environ-
mental analysis of pyrithiones. PT transforms into copper- or iron- containing complexes and/or the oxidation prgdiepétiding on the
type of the stationary phase used in chromatographic analysis. Speciation complicates direct chromatography gf §ad(FFE(PT3].
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction action against marine organisms, and it therefore also finds
application as a booster biocide in anti-fouling paifts9].
1-Hydroxy-2-pyridinethiond, known as pyrithione (PT) Due to the ban on organotin antifoulants in ship paints es-

or Omadin€ (Table 1), has been noted for its highly bacterio-  tablished by the International Maritime Organization (IMO),
cidal and fungicidal action for more than 50 yefrs3]. PT is the use of substitute biocides is of increasing importance.
a bidentate ligand that forms stable complexes with most tran- For example, Arch Chemicals, producers of [Zn(H@n-
sition metal§4—6]. Metallization of PT often resultsin highly ~ nounced substantial production growth for 2002 and expected
augmented biocidal action as in the case of zinc pyrithione to become leaders in the antifouling biocide market by 2003
2 [Zn(PT),] [1], which is the most commonly produced PT or 2004[10].
derivate and a well-known industrial chemical. [Zn(B]Ti$ This increases the necessity of risk assessment of a
used as a preservative in a broad spectrum of commerciallarge-scale release of pyrithione biocides into the natural en-
products, from rubbers and industrial fluids to cosmetics. It vironment. Risk assessment calls not only for environmental
is also an effective antidandruff agent, and has been employedate studies of [Zn(PT], it also requires the knowledge
in several hair care products for the last 30 years (e.g., Head &and understanding of the biological action of pyrithione
Shoulder®, Dove®). Moreover, pyrithione possesses abroad biocides since they have been shown to affect non-target
organisms at very low concentratioh3herefore, methods
for pyrithione analysis are needed. They are indispensable,
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Table 1
Pyrithiones

Molecular structure Chemical name Abbreviation No.

)
N s Pyrithione PT 1

N S
& s W Bis(2-pyridinyl)disulfide 1,%dioxide PL 3

| N
|
\ S n+
[@O}Me Zinc(ll)- [Zn(PT),] 2

Copper(ll)- [Cu(PT)] 4
Iron(lll)- [Fe(PT)] 5
Me = Zr?t, CU*t, Felt Pyrithione

on the one hand, for monitoring the occurrence of [Zn@PT) its chromatographic behavior in order to guide the develop-
and its transformation products in natural environments, ment of a reliable pyrithione analysis into the right direction.
and, on the other hand, for species analysis of pyrithiones Additionally, the chromatographic behavior provides valu-
in physiological media, in order to elucidate the molec- able information on chemical properties of pyrithiones that
ular mechanisms that determine the biological action of might also determine their behavior, e.g., in environmental
pyrithiones. or physiological media.

Several publications have already been dedicated to the We investigated the chromatographic behavior of
chromatographic analysis of pyrithiones in commercial prod- PT, [Zn(PT)»] and structural analogues, namely bis(2-
ucts or in biological medig13-23] It is well known that pyridinyl)disulfide 1,1-dioxide3 (pyrithione disulfide, PJ),
reactions of the analytes with parts of the analytic device — copped [Cu(PT)y] and iron5[Fe(PT)] pyrithione (Table J).
these reactions have not been further specified — complicateThese compounds are potential transformation products of
the chromatography of pyrithion¢s8—22] The analysis of PT and [Zn(PT)] as will be discussed later. The chromato-
environmental samples is thus of limited reliability. Online graphic behavior of pyrithiones was investigated by means
trans-metallization of [Zn(PT] with copper(ll) and subse-  of HPLC-DAD, HPLC-ESI-M3D as well as offline UV—vis
quent measurement of generated [Cu@P,Which is a more and ESI-MS.
stable complex than [Zn(P7])[21-23] suffers from low re-
covery rates and reproducibilif4]. To date, the American
Society for Testing and Materials (ASTM) has not approved 2. Experimental
any analytical method for pyrithiones, although engaged in
testing such methods for some time. This and the difficul- 2.1. Chemicals
ties encountered in previous studies might be due to the
delicate chromatographic behavior of pyrithiones illustrated  1-Hydroxy-2-pyridinethioné (pyrithione, PT) 99% was
herein. purchased from Aldrich (Germany). Purity of the standard

In order to develop the methods for environmental or was verified by'H and 13C NMR. In order to prevent
species analysis for delicate analytes such as pyrithiones it isoxidation freshly obtained PT was handled under carbon
crucial to understand the molecular mechanisms causing thedioxide atmospherezinc pyrithione2 [Zn(PT),] 95% was
analytical difficulties. The aim of the present study is toillus- purchased from Sigma (Germangjs(2-pyridinyl)disulfide
trate the complexity of pyrithione analysis and to elucidate 1,1-dioxide 3 (PT,) 99% was synthesized as described in

[25] and characterized by UV and ESI-ME&opper and
- iron pyrithione 4 [Cu(PTy] and 5 [Fe(PTg] were ob-
[Zn(PT)] exhibited E(o values of Qug/L (28 nM) in zebra fish and ag/L tained as described if26] and characterized by ESI-MS,
(16 nM) in Japanese Medaka. Kobayashi and Okarfilfhcomparatively UV-vis. In the case of [Fe(P%) X-ray diffraction mea-

assessed the effects of tributyltin oxide and seven organotin antifoulant sub- rements wer rformed in addition. For lculation
stitutes on sea urchin eggs and embryos. With no observed effectconcentra—Su ements were performe a on. For caiculations

tions (NOEC) of 0.03 attoM [Zn(PF) was the most toxic antifoulant tested. ~ Of capacity factorsK’, the hold-up time tp) was deter-
[Cu(PT)] exhibited a NOEC value of 3 femtoM. mined with uracil 99+% (Acros, Germany)UV-vis and
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HPLC solventsgradient-grade methanol was obtained from

Riedel (Germany), deionized water was further purified
with a Milli-Q® Water Purification System (Germany), and

formic acid puriss. p.a. grade was purchased from Fluka
(Germany).

2.2. Apparatus

Offline UV-spectraall samples were dissolved in mo-
bile phase (for composition of the mobile phase please
refer to the section on chromatographic conditions). The

spectra were recorded against a mobile phase backgroun&

with a Beckman D@ 640 spectrometer (Germany). (A sol-
vent cut-off due to formic acid was observed for wave-
lengths lower tham. = 225nm.) Offline ESI-M3 spec-
tra: the samples were prepared in mobile phase and an
alyzed by syringe pump injection with the same detec-
tor that was used for HPLC-ESI-MB. HPLC-DAD and
HPLC-ESI-M3D: the chromatographic analyses were per-
formed on two HP 1100 SerisHPLC Systems (Ger-
many) with binary pump and auto sampler, one incorpo-
rating a ColComp diode array detector, another an Agi-
lent 1100 Serié® VWD coupled with an Esquire-LE ESI-

ion trap detector (positive polarity). The results were ana-
lyzed with HP LC/MSD ChemStation. The HPLC columns
used in this study were: LiChrosdtiRP-18 (Merck KGaA,
Germany), 1@um, 250mm x 4.6 mm packed in-house,
Chromolith Performan@ RP-18e (Merck KGaA, Ger-
many), 100 mmx 4.6 mm, Chromolith SpeedRCTRP-18e
(Merck KGaA, Germany), 50mmx 4.6 mm, Nucleosf
100-5 C18 HD (Agilent Technologies, Germany), 125mm
x 2mm prepacked, EcoCART LiChrospfeRP-select

B (Merck KGaA, Germany), pm, 125mm x 3mm
prepacked, PolyspHrRP-18 (Merck KGaA, Germany),
150mm x 4.6mm prepacked, Purospher STARRP-
18e (Merck KGaA, Germany), pm, 250mm x 2mm
prepacked, Kroma&l RP-18 (EKA Chemicals, Germany),
10pm, spheric, 250 mmx 4.6 mm packed inhouse, and
MetaSil Basi® RP-8 (Varian, Germany), 5M, 250 mm x

4.6 mm prepacked.

2.3. Chromatographic conditions

If not described otherwise the analyses were performed
using an isocratic 30% methanol/70% water mobile phase
containing 0.175% formic acid inthe agueous portion atroom
temperature and a flow rate of 1.0 mL/min (injection volumes
and concentrations as noted). Duplicates were performed for
each injection.

2.4. |Isotope patterns calculation

For identification of MS signals isotope patterns were cal-
culated with the Sheffield ChemPuter isotope patterns calcu-
lator[27].

105
3. Results

In order to identify the eluating solutes, UV-vis spectra
were taken offline from each analyte in advance of chro-
matography. In the case of PT care had to be taken that spectra
were obtained from fresh material which was handled under
carbon dioxide atmosphere. Unprotected solid PT or aque-
ous solutions of PT were found to partially oxidize yielding
the corresponding disulfide BTFig. 8). The UV spectra of
PT, PT, [Zn(PT)], [Cu(PT)] and [Fe(PT3}] are shown in
Fig. 1 Additionally, offline ESI-MS spectra were taken from
he individual compounds in order to identify the eluating
solutes (only key data are included in this article).

3.1. Pyrithione

Chromatography of freshly prepared PT on LiChro$orb
RP-18 gave the chromatogram shown Rig. 2a). The
recorded DAD plot of this run exhibited no fraction with
the typical PT absorbancEify. 2b)). Instead, the first signal
at 3.22 min exhibited the spectrum of 2TA second signal
came after 7.17 min exhibiting the spectrum of [Cu(RT)
(Fig. 2(b) and (c)).

In order to test whether the reactions took place on stain-
less steel parts of the HPLC device (e.g., the injection valve
or capillaries) or in the chromatographic column, the same
sample was injected after removing the column from the de-
vice. This produced the original PT absorption pattern and
thus ensured that the reactions happened in the column. Re-
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Fig. 1. UV spectra of (a) PT and BTand (b) [Zn(PT3], [Cu(PT)], and
[Fe(PT)].
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Fig. 2. Pyrithione on LiChrosofbRP18 (2,5.L, 2.5 mM): (a) single wavelength plot, (b) 3D plot, and (c) UV spectrum of the second signal of the chromatog-
raphy of PT on LiChrosof® in comparison to the UV spectrum of [Cu(RT{both normalized to one).

placement of both stainless steel frits of the column by small
disks of glass wool then proved that the reactions took place Table 2 ) S
in the stationary phase since this had no influence on theOPserved transformations after injection of PT

transformation of PT. Column Transformations
Chromatography of PT on Polyspffer ECOCART®, Chromolith Performan&@RP-18e No transformation observed
Purosphé@ Purospher STAR. LiChrosort®, Metasi? and Chromolith SpeedROP RP-18e No transformation observed
EcoCART LiChrosphé? RP-select B Metallization

Nucleosif lead to similar resultsTable 9. When columns

. . Kromasif® RP-18 Partial metallization
declared as metal free were employed only the disulfide | ;chrosort® RP-18 Oxidation and metallization
was detected. From other columns either metal complex Metasil Basi® RP-8 Oxidation
and disulfide or only metal complex eluated. Chromolith Nucleosif 100-5 C18 HD Metallization
Performanc®, Chromolith SpeedROP and Kromasil RP-  Polysphef RP-18 Oxidation and metallization

18° (Fig. 3 emerged as the only columns in this study that PurosPher STAR RP-18e Oxidation
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19

Fig. 3. Pyrithione on Kromagil (10pL, 1 mM), 3D plot.

do not completely interfere with PT so that the typical ab- PT of high symmetry, butthe retentiontimes for PT were very
sorptions of PT could be observed in the eluate. Experimentslow even at a methanol concentration of o€ 3.1). These
exhibited that these three columns showed no differences incolumns would therefore not allow for separation from more
peak intensity, peak shape and retention time after 10 con-polar compounds. Kroma$8ilRP 18, which exhibited higher
secutive injections. Chromolithcolumns exhibited peaksfor  retention times (e.gK’ = 1.5 for 30% methanol in the mobile
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Fig. 4. [Cu(PT}] on Kromasil (30uL, 0.29 mM; 60% methanol/40% water, formic acid (0.175%)).
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Fig. 5. Summarized MS signals (5.1-7.0 min fraction) of the chromatography of [F#({RTEpmparison with the results of the isotope patterns calculation.

phase), was chosen for further investigations, although tailing parison with calculated isotope patterns confirms the identifi-
of the PT signal was observed on this material. It neverthelesscation of [Fe(Il)(PT»-SO,]+ for m/z= 244, [Fe(lI)(PTY]+
allowed for qualitative PT identification. The tailing exhib- for m/z= 308, and [Fe(lll)(PT3+Na]*" for m/z= 457.
ited ESI-MS signals and UV-vis absorbances, which were
identified as iron-containing compounds. The same signalsg 4. [Zn(PT]
have been found in the chromatography of [Fe@(Hig. 5.
An injection of [Zn(PT}] via syringe pump directly into
3.2. [Cu(PT}] the detector resulted in signals with isotope patterns in accor-
dance with those calculate#i@. 6). However, no zinc was
Due to its late eluation a higher methanol concentra- found in the whole eluate of the HPLC-MS of [Zn(RT)
tion was used in the mobile phase for the chromatogra- whereas pyridine-2-thione, BTand iron complex species
phy of [Cu(PT}]. The 3D plot of [Cu(PTj] is shown in were observed.
Fig. 4 [Cu(PT})] dd-transitions of the complex are present [Zn(PT),] and [Fe(PT3}] were also tested on some of the

at 570 nm. other columns, but the results were similar to those presented
here, whereas [Cu(P3J])exhibited adequate signals on most
3.3. [Fe(PT}] of the columns tested.

The HPLC analysis of the iron(lll) complex of PT turned
outto be difficult. The low solubility of [Fe(PE) in water re- 4. Discussion
sultsinverylow peak intensities. At 50% and higher methanol
portions in the mobile phase peak intensities were sufficient  The present study revealed the complexity of the chro-
but the [Fe(PT3] fractions eluated too fast and separation matographic behavior of pyrithiones. PT proved to oxidize
could not take place. The eluating fractions were very broad on the stationary phases of many chromatographic columns
and exhibited UV-vis spectra different from the original sam- yielding PT,. The resulting disulfide signal does not show
ple while the CT bands characteristic for the complex could be large broadening, and this suggests that the online genera-
observed in most all fractions. The HPLC-ESI-MSof the tion of disulfide occurs quickly. Pyrithiones were also subject
eluate showed three characteristic signglg.(5). The com- to (trans-) metallization reactions affording copper or iron-
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containing compounds. The transformations were found not we* =z @, cv @)

to happen on metal parts of the chromatographic device such

as capillaries and injection valve but on the stationary phase.':ig- 8. Observed transformations of pyrithiones on stationary phases in

According to the results presented here, oxidation and (trans—)HPLC'

metallization might be the mechanisms that currently com- pound. The chromatographic behavior of both [Zn@T)

plicate chromatographic analysis of pyrithiones also in other and [Fe(PTj] can be explained with complex speciation

studies. (Figs. 7 and 8 This speciation was postulated and calcu-
Six of nine columns completely transformed PT. No PT |ated in[28] (see alsd26]) for [Zn(PT)] by means of the

was found in the eluate of these columns. Only eluates from Mass Law and the Henderson—-Hasselbalch equation. Ac-
Chromolith Performance and Chromolith SpeedRCD  cording to this calculation, [Zn(P3) forms different por-

exhibited the UV-vis absorbance of this compound. These tions of pyrithione species and free zinc(ll) at micromo-
metal-free columns showed that it is principally possible |ar concentrations, the pyrithionata exhibiting the largest
to develop stationary phases that do not interfere with portion. In the mobile phase the sample is being perma-
PT. The use of Chromolith columns for PT analysis nently diluted, causing further speciation, and each species
however is inadequate due to short retention times of PT. possesses different retention times in the stationary phase.
Kromasif® exhibited tailing of the PT signal, which was  This results in peak broadening and loss of the zinc(ll)
due to transformation yielding iron-containing species. moiety. [Fe(PT}] might be subject to a similar specia-
Nevertheless, qualitative identification of PT and separation tjon.
from PT, and other impurities was possible with this  Thetransformations of pyrithiones identified on stationary
column. P% and [Cu(PT}] showed no transformation HPLC phases are summarizedFiiy. 8.
during chromatography on Kroma&il

[Zn(PT)] and [Fe(PT3] could not be identified by means
of HPLC-DAD and HPLC-ESI-M8D with any column 5. Conclusion
employed. [Zn(PT] completely transformed during chro-
matography resulting in iron-containing species ang.PT The combined use of HPLC-DAD, HPLC-ESI-MB and
[Fe(PT)] gave broad, not separated signals of iron- con- offline detection of UV—vis spectra has proven to be an
taining pyrithione species different from the original com- adequate approach for the elucidation of the reactions of

pyrithiones inthe chromatographic system. This study clearly

pK, = 4.6 [29-31] log K' = 5.9 [5] demonstrated that the sole use of fixed or variable wavelength

“4H +27n% N detectors or mass detectors is not sufficient for the method

4PTH) ———— 4PT —— [2 ZnPT] development for the analysis of labile compounds. Transfor-
mation is not always seen as a broad signal, fronting or tailing,

log K" = 5.4 [5] and the detection of only one wavelength does not provide
.2 7% Koies univocal information on the analyte. Fragmentation and/or
2 ZnPT, ———= ZnpPT, redox reactions of the analyte in the mass detector may ob-

scure the identity of the solute as it leaves the column. Without
Fig. 7. Equilibria of [Zn(PT)] [28-31] DAD possible transformations of analytes according to those
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described herein can be easily overlooked. This may have [7] Olin Corporation, Harmful effects of the use of anti-fouling paints
happened in previous studies. for ships: environmental risk assessment of zinc pyrithione anti-
Principally analysis of pyrithione viaHPLCmight be pos- fouling biocides, MEPC 42/5/10, International Maritime Organiza-

ible. However. the stationary ph not onlv must be metal tion, Marine Environment Protection Committee, 4 September 1998,
sible. However, the stationary phase not only must be metal- http://www.imo.org/index.htm

free; the proneness of pyrithione to oxidation requires that [g] N. voulvoulis, M.D. Scrimshaw, J.N. Lester, App. Organomet. Chem.
the redox potential of the sationary phase is lower than that 13 (3) (1999) 135.
of the analyte. The material used for Chromdtitbolumns [9] D.E. Audette, R.J. Fenn, J.C. Ritter, G. Polson, P. A. Turley, The
appears appropriate to avoid both oxidation as well as trans- Euro-l‘\/led_lterranean Ceqtre on Insular Coastal Dynaml(_:s, Costs and
. . . . . Benefits, in: An International Conference on From Antidandruff to
metalllzatlon' However, in order to obtain adequate retentlgn Antifoulant: A Non-Persistent Alternative to TBT and Alternative
times the column should be more polar/less hydrophobic. Antifoulants, Foundation for International Studies, Malta, 4—6 De-
Phenyl derivatized stationary phases could also constitute ap-  cember 1995.
propriate tools for the analysis of pyrithiones as long as the [10] R. Martin, PCI interview, Arch Chemicals, 20 September 2002,
other conditions mentioned herein are met. The approach 0f[11] ‘}’(“N‘C’;Vi;hgg\‘;'iis-?g/ ”;i”(”l‘;’ r(‘i‘;";é?zpl
trans-metallization of [Zn(PE] to [Cu(PT)] as described 15 N obayashi, H. Okamura, Mar. Pollut. Bull. 44 (2002) 748.
in [22] appears reasonable; the reasons for the difficulties[13] H. cheng, R. Gadde, J. Chromatogr. 291 (1984) 434.
encountered for this method noted [R4] remain obscure  [14] C. Mitoma, T. Steeger, J. Rogers, D. Thomas, J.H. Wedig, Fundam.
calling for further investigations. Appl. Toxicol. 3 (4) (1983) 256. _
It should be underlined that published methods for [15] B. Steinbrech, K.H. Koenig, Z. Fresenius, Anal. Chem. 316 (7)
L . . S (1983) 685.
pyrlthlone anaIySIS nee(_j to be re\,”sed In Ilght of the present 16] K.H. Koenig, G. Schneeweis, B. Steinbrech, Z. Fresenius, Anal.
results. The same applies to environmental fate studies an Chem. 316 (1) (1983) 13.
risk assessments that rely on data obtained through thesL7] A.R. Jeffcoat, W.B. Gibson, P.A. Rodriguez, T.S. Turan, P.F. Hughes,
methods. M.E. Twine, Toxicol. Appl. Pharmacol. 56 (1) (1980) 141.
Since oxidants and metal cations like Cu(ll) and Fe(lll) [18] R.J. Fenn, M.T. Alexander, J. Liq. Chromatogr. 11 (16) (1988) 3403.

biquit the t f ti ducts ob din th [19] V. Ferioli, C. Rustichelli, F. Vezzalini, G. Gamberini, Chro-
are upiquitous, the transtormation products opserved In the matographia 40 (11-12) (1995) 669.

present study (P [Fe(PT}] and [Cu(PT}]) are also po- [20] L. Gagliardi, G. Multari, G. Cavazzutti, D.D. Orsi, D. Tonelli, J.
tential environmental transformation products. Cupric and Lig. Chromatogr. Relat. Technol. 21 (15) (1998) 2365.

ferric ions are in particular present in high concentrations in [21] K. Nakajima, M. Ohta, H. Yazaki, H. Nakazawa, J. Lig. Chromatogr.
shipping environments (shipping lanes, harbors). Cupric ox- 16 (1993) 487.

. . L - . . . [22] K.V. Thomas, J. Chromatogr. A 833 (1) (1999) 105.
ide is used as an additive in antifouling paints. As shown in [23] K. Nakajima, T. Yasuda, J. Chromatogr. 502 (1990) 379,

[26], these compounds exhibit highly toxic potential. Their [24] personal communication, 10 March 2004. In preparation for bal-
environmental occurrence and fate should therefore be inves-  Ioting, ASTM volunteers are currently editing analytical methods

tigated and monitored in order to validate sustainability of for the determination of leach rates of [Zn(BJrfrom antifouling
pyrithione antifoulants that has been recommended by man- coat?ngs. The method Qescribed [22] has been included in these
facturers studies. Results unpublished.
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