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bstract

A method has been developed for the determination of zinc pyrithione (ZnPT) in environmental water samples using monolithic reversed-phase
ilica columns for rapid on-line large volume solid phase extraction in tandem with on-line matrix removal using sacrificial strong anion exchange
SAX) columns. This is coupled with reversed-phase liquid chromatography with atmospheric pressure chemical ionisation mass spectrometric
etection. Limits of detection in spiked river water samples, using a 200 mL preconcentration volume, were determined as 18 ng L−1, with a limit
f quantitation of 62 ng L−1. The percentage recovery from spiked river water was found to be 72 ± 9 (n = 3 extractions), whilst overall method

recision, following 10 repeat complete analyses was found to be 27% RSD at 1 �g L−1. Linearity was determined over the concentration range
f 0.25–10 �g L−1 and the calculated regression coefficient was R2 = 0.9802. The method was used to investigate the environmental fate of zinc
yrithione in waters and its partition coefficient between sediment and water phases.

2006 Elsevier B.V. All rights reserved.
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. Introduction

From 1 January 2008 the use of antifouling paints containing
rganotin biocides will be completely banned in accordance with
he International Marine Organisation (IMO), convention on the
ontrol of harmful anti-fouling systems [1]. As replacements
or organotin compounds a number of organic booster biocides
ave appeared on the market. These organic booster biocides
ave attracted increased analytical attention due to their inherent
nvironmental toxicity and the ability of some chemicals such
s Irgarol 1051 and Diuron to persist in the environment and
erhaps bioaccumulate [2].
However, one particular organic booster biocide, zinc
yrithione (ZnPT) (bis-(N-oxopyridine-2-thionato) zinc(II)) has
eceived little attention due to the lack of sufficient analytical
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ethods for its determination, despite concerns of considerable
nvironmental toxicity at ultra-trace concentrations [3–7]. The
se of zinc pyrithione as an organic booster biocide is relatively
ew. To date the majority of ZnPT produced has been used as
ither the active ingredient in anti-dandruff shampoo or as an
dditive in cosmetics and dermatitis treatments. For example, in
weden it was estimated that at least 10 tonnes of ZnPT were
onsumed in the anti-dandruff shampoo sold in 2003, while only
.4 tonnes of ZnPT were used as an organic booster biocide in
arine anti-fouling paints [8]. The permitted levels of ZnPT

sage are a maximum of 4% (w/w) in marine paints and a max-
mum of 1% (w/w) in anti-dandruff shampoo [9].

Therefore, two distinct routes into the aquatic environment
xist for ZnPT that depend principally upon the mode of usage.
n case of marine antifouling paints, ZnPT may leach directly

rom a painted ship surface into the surrounding water. The
ate of ZnPT leaching has been estimated by Turley et al.
o be 1–3 �g cm−2 d−1 for long lasting paint formulations or
–11 �g cm−2 d−1 for self-polishing paints [10]. Using this

mailto:Brett.paull@dcu.ie
dx.doi.org/10.1016/j.chroma.2006.07.068
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nformation further, Turley et al. modelled a predicted environ-
ental concentration (PEC) of 0.04 �g L−1 for ZnPT. In the

ase of anti-dandruff shampoo and other personal care products
nPT and free pyrithione are introduced into the aquatic environ-
ent via municipal household wastewater. Galvin et al. estimate

hat based upon a rate of production of 100–200 L wastewa-
er per person per day, possible concentrations of pyrithione
eing introduced into the aquatic environment are in the region
f 1 × 10−7 M, (∼0.32 �g L−1) and consequently household
astewater is a significant source of pyrithione with possible
ollution of receiving waters [11]. With a reported log Kow
f 9.33 it would be expected that ZnPT would accumulate in
ediments due to very low aqueous solubility [12], however,
tudies to determine the extent of the adsorption of ZnPT onto
ediments are scarce. In contrast to what would be expected,
urley et al. proposed that free or complexed pyrithione will
ot persist or accumulate in sediment due partly to rapid pho-
ochemical attenuation in the water column but also through
naerobic degradation of any pyrithione adsorbed to the sedi-
ent via reduction of the N-oxide group [10].
In many of the above studies authors note the absence

f suitable analytical methods for the determination of ZnPT
n environmental matrices. Chromatographic techniques for
yrithione and ZnPT determination are rare, although the use of
lectrochemical techniques such as polarography, voltammetry
nd amperometry have been investigated [13–17]. Difficulties
ave been reported concerning the chromatographic analysis
f pyrithione complexes due to problematic unwanted interac-
ions with the silica stationary phase. Researchers have reported
hat ZnPT readily transchelates with metallic impurities present
n the silica stationary phase such as Fe(II)/(III), leading to
evere peak tailing [18]. However, the effect of silanol activ-
ty on the chromatography of pyrithione complexes would also
e expected to be of high significance due to the presence of the
yridyl moieties on the ligand. Attempts to avoid such unwanted
nteractions have focused upon the derivatisation of ZnPT with
uorescent reagents such as 5-dimethylaminonaphthalene-1-
ulphonylaziridine (DNS-A) or 7-chloro-4-nitrobenzo-2-oxa-
,3-diazole (NBD-Cl), which stabilises the pyrithione complex
nd aids detection [19]. More commonly, ZnPT is converted to
he more stable CuPT by the addition of Cu(II) that thereby
acilitates more reproducible chromatography [18,20]. Other
roblems noted with the chromatographic analysis of pyrithione
omplexes have included the oxidation of pyrithione by the sil-
ca stationary phase yielding a pyrithione dimmer (PT2) over the
ourse of the chromatographic run [21].

To date only one method has appeared in the literature with
he desired levels of sensitivity for the determination of ZnPT
n the aquatic environment. Thomas [22] surveyed the levels of
nPT in marinas in the southern United Kingdom using liquid
hromatography coupled to atmospheric pressure chemical ion-
sation mass spectrometry (LC-APCI-MS) [22]. However, in all
nstances no ZnPT was detected above the limit of detection

20 ng L−1). Sample preparation was performed using copper
helation liquid–liquid extraction (LLE) to extract any ZnPT
s CuPT. In this paper an improved method for zinc pyrithione
n environmental water samples is described, based upon on-
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ine solid phase extraction and matrix elimination followed by
C-APCI-MS. The sensitivity and selectivity of the developed
ethod is appropriate for the desired environmental application

nd the method has been used for evaluation of the environmen-
al fate of ZnPT in natural waters.

. Experimental

.1. Chemicals and reagents

Reagent water used throughout this study was obtained from a
illipore Milli-Q water purification system (Millipore, Bedford,
A, USA) and was 18.2 M� or greater. Methanol, acetonitrile

nd dichloromethane were received from Labscan, (Dublin, Ire-
and) all solvents used were HPLC grade. Zinc pyrithione (95%)
as received from Sigma–Aldrich (Steinheim, Germany), as
as copper sulphate pentahydrate (99%), copper(II) acetate

98%), 2,6-pyridine dicarboxylic acid (99%), sodium chloride
ACS reagent grade), formic acid (95–97%), ammonium for-
ate (99.995%), ammonium acetate (99%), disodium hydrogen

hosphate (99%), pyridine (99%) and phenol (ACS reagent
rade). Ferric nitrate nonahydrate, hydrochloric acid, nitric acid,
ulphuric acid, glacial acetic acid and ammonia solution (33%)
ll AnalaR grade were received from BDH Chemicals Ltd.
Poole, UK). Copper(II) nitrate trihydrate and anhydrous sodium
ulphate were both received from Riedel de Haen, (Seelze, Ger-
any). Potassium nitrate was purchased from Merck KGaA,

Darmstadt, Germany). Stock 1000 mg L−1 solutions of ZnPT
ere prepared in dichloromethane and stored in the refrigerator

n darkness and replaced monthly.

.2. LC-APCI-MS analysis

For method development a Hewlett Packard HP 1050 series
PLC with a Model 78953C variable wavelength detector was
sed. Agilent ChemStation version A.09.03 was used for instru-
ent control and data analysis (Agilent Technologies, Palo Alto,
A, USA). LC–MS was performed using an Agilent 1100 series
PLC with a Model G1315B photodiode array detector. The
C system was coupled to a Bruker Daltonics esquireLC ion

rap mass spectrometer complete with an atmospheric pressure
hemical ionisation source operated under positive polarity. Agi-
ent ChemStation version A.06.01 (Agilent Technologies, Palo
lto, CA, USA) and Bruker Daltonics esquire control version
.08 (Bruker Daltonics, Coventry, UK), were used for LC–MS
ystem control, Bruker Daltonics Data Analysis version 2.0
as used for data processing. For APCI optimisation, solu-

ions of the analyte in dichloromethane were infused using a
ole Parmer 74900 series syringe pump at a rate of 600 �L h−1

Cole Parmer, Vernon Hills, IL, USA) into a flow of methanol
t a rate of 190 �L min−1 from the LC pump through a mix-
ng tee and then into the APCI source. The optimisation was
erformed using a nebuliser pressure of 50.0 psi, a dry gas

ow of 10.0 L min−1, a drying temperature of 325 ◦C, a corona
oltage of +3200 V and an APCI temperature of 500 ◦C. Gradi-
nt separations were performed on a Merck Chromolith Per-
ormance RP-18e, 100.0 mm × 4.6 mm I.D. monolithic silica
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characteristic of the central zinc atom. The ion at m/z 221.2 was
also observed by Thomas [22], although no definitive molecular
structure was assigned. In an attempt to elucidate the identity of
the species at m/z 221.2 tandem mass spectrometry was per-
J. Bones et al. / J. Chrom

olumn (Merck KGaA, Darmstadt, Germany) with a mobile
hase of methanol and 10 mM ammonium acetate. Quantita-
ion was performed upon extracted ion chromatogram (EIC) m/z
16.0 traces while the ratio of EIC m/z 316.0 to EIC m/z 318.0,
∼100:45) was used for qualitative confirmation.

.3. On-line SPE

On-line SPE was performed using a Rheodyne 7000 six-port
olumn-switching valve (Cotati, CA, USA). The extraction col-
mn used was a Phenomenex Onyx C18 10.0 mm × 4.6 mm I.D.
onolithic silica guard cartridge (Phenomenex, Macclesfield,
K). A Merck Hitachi LaChrom L-7100 isocratic pump was
sed for sample delivery at flow rates of 10 mL min−1. The C18
onolithic column was conditioned with 20 mL acetonitrile and

0 mL of water, respectively prior to use. Environmental sam-
les were filtered through Whatman GF/C 0.45 �m glass fibre
lters to remove particulate matter and adjusted to pH 7.0 prior to
xtraction. A 200 mL portion of sample was extracted using the
18 monolithic column and elution was performed using mobile
hase back flushing onto the analytical monolithic column.
emoval of matrix interference was achieved by the incorpo-

ation of sacrificial strong anion exchange (SAX) column prior
o the monolithic concentrator column along with a solvent wash
tep. The sorbent used was Vydac 301SC anion exchange silica
Si-SAX) packed into a 33.0 mm × 4.6 mm stainless steel col-
mn housing. The Si-SAX column was conditioned with 0.2 M
mmonium acetate and water before use. The clean-up column
as switched off-line prior to elution of ZnPT from the con-

entrator column onto the analytical column. It was noted that
o increase the lifetime of the sacrificial clean-up column for

ultiple analysis, matrix rich samples required 10-fold dilution.

.4. Assessment of environmental fate

In order to examine the effect of contact with common inor-
anic anions solutions of 5 mg L−1 ZnPT were prepared in water
ontaining varying concentrations of chloride, sulphate, nitrate
nd phosphate in the range of 5–20 mg L−1 and 5 mg L−1 Cu(II).
he solutions were then analysed using LC–UV and then reanal-
sed after both 24 and 48 h, respectively in order to determine
he effect of contact time.

The adsorption of ZnPT onto the sediment phase was investi-
ated using two certified reference sediments obtained from the
ational Research Council of Canada. To an amber glass sam-
le vial, 5 mL of 5 mg L−1 ZnPT in water was added to 0.5 g
f sediment and repeatedly shaken by hand several times over
he course of 2 h. For each sediment sample the behaviour of

control and two ZnPT solutions were examined. An aliquot
f the aqueous phase was then withdrawn and placed in an
mber autosampler vial for subsequent LC-APCI-MS analysis.
he remaining aqueous phase was removed via filtration and

he sediment sample was air dried over night. The sediment was

hen transferred to another amber sample vial and extracted with
mL of 50:50, dichloromethane:methanol. The solvent solution
as filtered through nylon filters, reduced in volume under N2

nd finally reconstituted with 200 �L of methanol before LC-
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PCI-MS analysis. Both the nylon and paper filters used were
lso analysed by LC-APCI-MS in order to examine any possi-
le sources of cross contamination. The concentrations of CuPT
ere determined from a prepared five-point calibration curve in

he range of 0–50 mg L−1.
In order to examine photochemical attenuation, a 10 mg L−1

olution of CuPT in river water, along with a control sample was
laced in a Duran bottle an exposed to natural sunlight. Sacrifi-
ial samples were withdrawn from the Duran bottle into amber
ials and immediately frozen until LC-APCI-MS analysis.

. Results and discussion

.1. APCI-MS study of transition metal pyrithione
omplexes

In order to determine the optimum ionisation and ion focusing
arameters a solution of 1000 mg L−1 ZnPT in dichloromethane
as diluted 1/20 with methanol from the LC pump and infused

nto the mass spectrometer. These parameters were automati-
ally fine tuned using the Bruker esquire software for the ZnPT
seudomolecular ion (m/z 317.0) using positive polarity APCI.
nder optimised conditions the resultant APCI-MS spectrum for
nPT is depicted in Fig. 1, which depicts two significant ions,

he pseudomolecular [M + H]+ ion at m/z 317.0 and another ion
t m/z 221.2.

The expanded isotopic pattern for the pseudomolecular ion at
/z 317.0 is depicted as Inset (A) in Fig. 1 and clearly shows the

sotope pattern of elemental zinc with [M + H]+, [M + H + 2]+

nd [M + H + 4]+ ions in the approximate ratio of 100:60:40. It
an also be seen that the recorded experimental spectrum cor-
elates well with the expected theoretical spectrum, depicted as
nset (B) in Fig. 1 [23], which again shows an isotope pattern
ig. 1. APCI-MS spectrum of ZnPT showing the [M + H]+ pseudomolecular
on at m/z 317.0 and a decomposition product ion at m/z 221.1. Inset (A) shows
he expanded isotopic pattern of the pseudomolecular ion and Inset (B) depicts
he theoretical isotopic pattern.
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Fig. 2. The structures of the pyrithione ligand tautomeric pair: (A) 2-
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ercaptopyridine-N-oxide and (B) N-hydroxypyridine-2-thione; (C) the struc-
ure of zinc pyrithione (ZnPT); (D) the structure copper pyrithione (CuPT); and
E) proposed structure the ion at m/z 221.2 and the MS/MS daughter ion at m/z
11.2.

ormed that yielded MS/MS daughter ions at m/z 111.2 and
87.1, with the ion at m/z 111.2 being significantly more intense.
pon studying the isotope patterns for all the ions it was con-

luded that the complex at m/z 221.2 did not contain a metallic
lement and the daughter ion at m/z 111.2 suggests that the
olecule fragments by splitting in half. It is proposed that the

pecies at m/z 221.2 is pyridine disulfide and the daughter ion at
/z 221.2 arises from �-cleavage of the disulfide bond as shown

n Fig. 2(E).
Other metal pyrithione complexes were prepared by LLE

f ZnPT with solutions of Cu(II), Fe(III) and Mn(II) and
ichloromethane, the APCI-MS spectra of the formed com-
lexes, of which CuPT (golden, Fig. 2(D)) and FePT (violet)
ere strongly coloured, were then recorded in a similar manner

s described for ZnPT. Fig. 3 shows the recorded spectrum of
uPT. Again, as was observed for ZnPT, the only significant ion

resent is the pseudomolecular CuPT [M + H]+ ion at m/z 316.0,
he decomposition product at m/z 221.1 can also be observed
lthough at a much lower intensity than was present in the ZnPT
PCI-MS spectrum. Inserted into Fig. 3 are the experimentally

ig. 3. APCI-MS spectrum of CuPT showing the [M + H]+ pseudomolecular
on at m/z 316.0. Inset (A) shows the expanded isotopic pattern of the pseudo-

olecular ion and Inset (B) depicts the theoretical isotopic pattern.
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ecorded and theoretical isotopic pattern of the pseudomolec-
lar ion, (depicted as Inset (A) and Inset (B), respectively),
oth of which clearly show the characteristic copper isotopes
ith [M + H]+ and [M + H + 2]+ ions in the approximate ratio
f 100:45. In the case of FePT no pseudomolecular ion was
bserved in the resulting spectrum (data not shown), the only
ignificant ion present was at m/z 127.2 that corresponds to
pyrithione + H]+, therefore, suggesting that the FePT complex
s quite labile and readily decomposes within the APCI source.

similar observation was observed for MnPT.

.2. Liquid chromatography

Initial work investigated a range of reversed-phase columns
or the determination of ZnPT, in an attempt to identify a sta-
ionary phase that was essentially free from metallic impurities
nd also exhibited very low silanol activity. In order to assess
he silanol activity of possible analytical columns a pyridine
henol test was performed according to accepted procedures
24]. Ideally, pyridine should elute from the column before phe-
ol, symmetrically with minimal tailing. Active silanols cause
xcessive retention and tailing of the pyridine peak. Coelution of
yridine and phenol, although undesirable indicates an accept-
ble level of silanol activity. Fig. 4 shows the resulting traces for
he pyridine phenol test performed upon a Chromolith Perfor-

ance RP-18e 100.0 mm × 4.6 mm monolithic silica column, a
aters Symmetry 50.0 × 2.1, 3.5 �m ODS column, a Hypersil
DS 50.0 × 2.1, 3 �m column and a Hypersil BDS 250.0 × 3.0,
�m column. As can be seen, the Chromolith Performance RP-
8e monolithic column out performs all the particulate columns
ith a narrow co-eluting peak observed for pyridine and phenol.
The effect of metal contamination within the silica station-

ry phase upon the elution of the ZnPT complex was inves-
igated using the Waters Symmetry 50.0 × 2.1, 3.5 �m ODS
olumn and the Chromolith Performance RP-18e monolithic
olumn. Fig. 5(a) demonstrates the effect of metallic impurities
ithin the silica substrate upon the ZnPT peak. Using a sim-

le methanol gradient as depicted in Fig. 5 (with 10 mM acetic
cid/ammonium acetate buffer pH 4.7) the peak for ZnPT on the
aters column eluted as a small fronted peak. In an attempt to

mprove both peak shape and recovery, the column was washed

ig. 4. Pyridine/phenol test chromatograms to examine the silanol activity of
erspective analytical columns. Test conditions: mobile phase 50% MeCN in
ater with UV detection at 254 nm, column temperature 40 ◦C, concentrations
.5 �L mL−1 pyridine, and 4 mg mL−1 phenol.
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Fig. 5. The effect of stationary phase metal contamination upon ZnPT: (a) a 20 mg L−1 ZnPT injection prior to washing the stationary phase with dipicolinic acid;
(b) the same 20 mg L−1 standard after washing the stationary phase with dipicolinic acid; (c) a 5 mg L−1 injection of ZnPT on the Chromolith Performance RP-18e
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onolithic column using the multi step gradient; (d) a 5 mg L−1 ZnPT standard
etection, methanol gradient as (c), buffer = 10 mM ammonium acetate pH 6.5.

ith a selective chelating agent, in this case a solution of 10 mM
,6-pyridine dicarboxylic acid (dipicolinic acid) pH 4.0, accord-
ng to [25]. Fig. 5(b) shows the chromatogram obtained from the
ame standard solution after this washing step, where ZnPT now
lutes as a large sharp symmetrical peak at 16.6 min. No such
ffects were observed when using the Chromolith column, pre-
umably due to the high purity monolithic silica substrate and
lso the superior level of endcapping. For this reason the Chro-
olith column was used for all further studies.
Initial investigations into the LC analysis of ZnPT showed

hat a rather high proportion of organic solvent (>70% methanol)
as required to elute the complex from the column, correspond-

ng well with the reported log Kow of ZnPT = 9.33 [12]. Of the
radients examined a rapid linear sweep changing from 30%
ethanol to 90% methanol in 1 min was initially chosen as it

roduced a sharp ZnPT peak with a retention time of approx-
mately 8.3 min. However, it was later found when using mass
pectrometric detection that the rapid linear gradient was a sig-
ificant source of ion suppression, (data not shown) as the sharp
ncrease in methanol caused a focusing effect of retained matrix
omponents and therefore, a shallower multi step gradient was
eveloped as shown in Fig. 5(c). Some fronting of the ZnPT
eak was seen with the use of the acetic acid/ammonium acetate
uffer at pH 4.6, however, this was eliminated through switching
o an ammonium acetate buffer at pH 6.5.

To couple the optimised LC method with APCI-MS detection
he MS source ionisation parameters were optimised, namely
orona voltage and APCI reaction temperature. The corona volt-
ge was optimised in the region of +1000 to +3400 V and a
igmoidal relationship was observed between the resulting inten-
ity and the applied voltage. The optimum applied voltage was
eemed to be +2600 V, above which no significant increase in
ntensity was recorded. The APCI temperature was optimised
n the range of 200–500 ◦C using 25 ◦C intervals, with a linear
ncrease in intensity with increasing APCI temperature observed

p to ∼325 ◦C, followed by a linear decrease in intensity with
urther increase in the APCI temperature, suggesting that at
emperatures exceeding 325 ◦C ZnPT may begin to decompose.
ig. 5(d) shows the LC-APCI-MS chromatogram for a 5 mg L−1

r
o
q

ion on the Chromolith Performance RP-18e monolithic column with APCI-MS
alculated USP asymmetry value was 0.95.

nPT standard under the final optimised LC and APCI-MS con-
itions (calculated USP asymmetry for peak = 0.95).

.3. On-line extraction and matrix removal

Methods in the literature concerning the determination of
nPT in environmental samples are limited in number. The
ethod of Thomas [22] appears to be the primary reference for

hose wishing to examine the presence of ZnPT, however, the
ethod uses large sample volumes and LLE for sample enrich-
ent with dichloromethane. Little or no work has to be focused

pon the development of preconcentration using SPE for the
race enrichment of ZnPT prior to instrumental analysis.

Based upon a recent study [26] a short reversed-phase mono-
ithic silica column (10.0 mm × 4.6 mm I.D.) was investigated
or the rapid on-line preconcentration of the neutral ZnPT and
uPT complexes. Initial experiments showed that when anal-
sed effluents from the short monolithic concentrator column,
uring sample loading of both ZnPT and CuPT showed no traces
f either complex, whilst the complete elution of the complexes
sing methanol was possible. Due to the monolithic nature of the
oncentrator column it was possible to load the sample at flow
ates of up to 10 mL min−1, thereby reducing analysis times for
race analysis requiring large sample volumes. An optimisation
f the extraction pH and the ionic strength of the sample were
hen performed. The sample pH was optimised in the working
ange of the monolithic silica column, i.e. pH 2–7, by extracting
olutions of 1 �g L−1 ZnPT prepared in either pH adjusted water
r buffer solutions. The resulting percentage recovery, calculated
y peak area comparison with a 5 mg L−1 standard injection, was
elatively low below pH 6 (∼20–30%), but increased rapidly
etween pH 6 and 7 (up to ∼50%). The addition of NaCl, to
he sample to improve recoveries resulted in an almost linear
mprovement in the recovery of ZnPT from 50% (in water, pH
) to ∼95% (1 M NaCl, pH 7).
Primary on-line SPE investigations with spiked tap water and
iver water matrices yielded the problem of excessive natural
rganic matter, (NOM) extraction along with ZnPT and conse-
uent APCI-MS ion suppression. The co-extracted NOM was
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Fig. 6. (a) EIC m/z 316 chromatogram depicting the extraction of 1 �g L−1 ZnPT from river water. (b) The determination of ZnPT as CuPT in anti-dandruff
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calculated levels of precision and recovery also compare well
with the method of Thomas where overall method precision and
recovery were 17% and 77%, respectively [22], whereas using
the on-line SPE LC/APCI-MS method precision and recovery

Table 1
On-line SPE LC/APCI-MS method performance data

Parameter Result

Limit of detection (ng L−1) 18
hampoo samples diluted in river water matrix. The Dove anti-dandruff s
atogram shown = ∼76 ng L−1. Head and Shoulders Classic Clean shampoo

hown = ∼80 ng L−1.

bserved to elute from the analytical column in the same region
s the ZnPT peak with large intensity due to the presence of a
ignificant ion at each m/z value. Attempts to selectively wash
etained NOM from the concentrator column proved unsuccess-
ul. Therefore, a sacrificial clean-up column, containing a strong
nion exchange sorbent, was introduced prior to the concentra-
or column, for the retention of acidic NOM was used [27–29].
he dual column clean-up and preconcentration approach was
pplied to a 1 �g L−1 ZnPT spike prepared in river water and
xtracted under optimum conditions. The resultant LC-APCI-
S chromatogram, shown as Fig. 6(a) showed a clear sharp

ntense peak with minimal matrix interference. To evaluate sam-
le carryover a 10 �g L−1 ZnPT spike was prepared in river
ater, diluted 10-fold and extracted. Possible sample-to-sample

arryover was then evaluated by checking each component of
he analytical system after elution and reconditioning, with no
races of ZnPT detected on either the clean-up and preconcen-
ration columns, or the analytical column.

.4. Speciation and transchelation

It was noted that when using APCI-MS detection that the
nPT complex underwent rapid transchelation during the devel-
ped analytical procedure, such that often a more intense ion at
/z 316.0 was observed rather than the expected 317.0. From

he observed spectra it was clear that transchelation from ZnPT,
log K = 5.3, [30]) to CuPT (log K > 8.5 [30]), complex was
ccurring within the chromatographic system. A similar effect
as also observed by Doose et al. who noted that ZnPT injected
sing LC/ESI-MS was detected only as PT2 and FePT [21]. In
nvironmental samples it would be expected that ZnPT would
lso rapidly transchelate to its most stable metal complex, this
eing CuPT. To take this into account, forced transchelation to
orm CuPT through the addition of Cu(II) salts to the sample

as carried out by Thomas [22] for the LC/APCI-MS analysis
f ZnPT, and this approach was noted by Doose et. al. as a rea-
onable option for the chromatographic analysis of ZnPT [21].
herefore, to ensure unavoidable but quantitative transchela-

L
M
L
R

oo contains 0.37% (w/w) ZnPT, the concentration corresponding to chro-
tins 0.80% (w/w) ZnPT, the concentration corresponding to chromatogram

ion to CuPT, it was deemed necessary to add a small excess of
u(II) ions to all solutions after dilution prior to extraction. It
as found that a small excess (∼20-fold) of copper(II) acetate to

he sample solution allowed for the quantitative transchelation
f ZnPT–CuPT without affecting the APCI-MS response.

.5. Method performance

The performance of the on-line SPE LC/APCI-MS method
as evaluated using river water as a real sample matrix. Before
sage, the river water was filtered to remove suspended material.
pike solutions were prepared in the filtered river water, diluted
0-fold with reagent water, with the addition of 20 �g L−1 Cu(II)
nd pH adjusted prior to extraction. Method performance data
s presented in Table 1. The limits of detection and quantitation
ere calculated as three and ten times the standard deviation of

he baseline noise, respectively for blank extractions of 200 mL
liquots of diluted river water. The signal-to-noise ratio was
alculated by peak height comparison with a 1 �g L−1 ZnPT
pike (as CuPT) also prepared in river water. The calculated
OD also compares well with that obtained by Thomas [22]
ho achieved a LOD of 20 ng L−1 ZnPT, however, the sample
olume extracted was 2 L as opposed to the 200 mL (after dilu-
ion) extracted using the on-line SPE LC/APCI-MS method. The
imit of quantitation (ng L−1) 62
ethod precision (%RSD, n = 10) 27

inearity (R2) 0.9802
ecovery (%, n = 3) 72 ± 9
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Table 2
TOC and metal content of the two certified sediment samples

Component BCSS-1 PACS-1

C (%) 2.19 ± 0.09 3.69 ± 0.11
Zn (�g g−1) 119 ± 12 824 ± 22
Cu (�g g−1) 18.5 ± 2.7 452 ± 16
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a marine water matrix. As observed in this study, anti-dandruff
shampoo appears to be a more significant source than marine
antifouling paints regarding the introduction of ZnPT into the
aquatic environment, especially into fresh water systems and

Table 3
Determined concentrations of CuPT in the aqueous and sediment phases after a
2 h mixing period

BCSS-1 PACS-1

Aqueous phase (mg L−1) 0.11 0.00
Sediment phase (mg kg−1) 0.43 0.86
Sediment:aqueous phase ratio 3.91
J. Bones et al. / J. Chrom

ere found to be 27% and 72%, respectively. Given the com-
lexity of the sample matrix and the trace concentration of the
omplex these values were deemed satisfactory. Linearity was
etermined in the region of 0.25–10 �g L−1 prior to dilution and
he calculated regression coefficient was R2 = 0.9802.

.6. Sample validation

Two brands of anti-dandruff shampoo known to contain ZnPT
s the active ingredient were diluted in river water matrix and
nalysed using the developed method. Dilutions of the sham-
oo samples of 1000-fold (Head and Shoulders) and 500-fold
Dove) were first prepared, with an aliquot of each further diluted
04-fold in the river water. The spiked river water samples
ere finally diluted 1/10 with reagent water prior to analy-

is. As was previous 20 �g L−1 Cu(II) had been added to each
ample in order to ensure transchelation to CuPT. Resulting
hromatograms for the on-line SPE LC-APCI-MS analysis of
he shampoo samples in river water can be seen overlaid in
ig. 6(b). The larger peak corresponds to the sample spiked
ith Dove anti-dandruff shampoo which contained 0.37% (w/w)
nPT, therefore, the concentration of ZnTP in the diluted sam-
le was equal to ∼76 ng L−1. The smaller peak corresponds to
he sample containing Head and Shoulders Classic Clean sham-
oo, which contained 0.80% (w/w) ZnPT, therefore, a diluted
oncentration equal to ∼80 ng L−1 [8]. The similarity in peak
reas found was highly encouraging, given the 108-fold dilu-
ion of the original samples, the ultra-trace concentration and
he sample matrix involved.

.7. Environmental fate of ZnPT and CuPT

Utilising the developed LC–UV and LC-APCI-MS methods
n investigation into the environmental fate of the pyrithione
omplexes was performed. The effect of the concentration of
ommon anions, sorption to suspended materials/sediment par-
itioning and photochemical attenuation were investigated.

Of the anions tested only sulphate had an immediate effect
pon CuPT, with a reduction of the resulting CuPT peak area
een with increasing sulphate concentration. Nitrate, chloride
nd phosphate had no pronounced effect upon immediate con-
act. Contact time also appeared to have no effect upon the
ormed CuPT, with a general reduction in peak area seen with
ime in both control and anion containing solutions. Therefore,
nPT as CuPT in the environment appears to be unaffected by the
resence of most inorganic anions, even though some ions such
s nitrates have been previously observed to act as photosensi-
isers to organic micropollutants no such effects were observed
n this study [31].

Using two certified reference sediments obtained from the
ational Research Council of Canada, the adsorption of ZnPT
nto the sediment phase was determined. The two sediment ref-
rence materials varied in their total organic carbon content

TOC) and also their metal content, of particular importance
ere the concentrations of copper and zinc, values for which are

nserted in Table 2. Table 3 lists the determined concentrations
n the sediment and aqueous phases after a 2 h mixing period. It

A
A
%
%

ampling location Baie des Chaleurs,
Gulf of St. Lawrence

Esquimalt Harbour,
British Colombia

an be seen that the measured concentrations of CuPT in each
hase differ for the two sediment samples. The reason for the
ifference is attributable to the TOC content of the sediments
ith a higher proportion of ZnPT adsorbed and transformed on

he PACS-1 sediment that contains larger quantities TOC and
etals. Therefore, based upon the above findings it can be esti-
ated that sediment aqueous distribution ratio for the BCSS-1

ediment is ∼4:1 and thus, the sediment is likely to preferen-
ially concentrate the pyrithione metal complex from the water.
uch an effect is illustrated more clearly with the PACS-1 sed-

ment whereby all of the detected CuPT was found solely on
he sediment phase. Upon conversion of the measured data to a
ercentage of the initial dose, it can be seen that approximately,
7% of ZnPT introduced into the experimental vial disappeared
ver the course of the experiment. Similar observations were
lso noted by Turley et al. [33] who found that ZnPT rapidly
onverted into 2-pyridine sulphonic acid when also perform-
ng sorption experiments as a result of light exposure. From
uch data it can be deduced that ZnPT and CuPT present in the
nvironment are unlikely to accumulate on sediment due to the
xistence of a more important removal mechanism despite their
igh partitioning behaviour. However, the need therefore, still
xists for further research, to determine the effect of pyrithione
etal complexes on sediment biota and to also determine the

ctual fate of pyrithione metal complexes adsorbed onto sedi-
ent.
As mentioned previously, photochemical attenuation appears

o be the most important removal mechanism of pyrithione metal
omplexes introduced into the aquatic environment. However, of
he photochemical attenuation studies reported in the literature,
he majority were performed using bioassays and primarily in
mount of residue in aqueous phase (�g/vial) 0.55 0.00
mount of residue in sediment phase (�g/vial) 0.22 0.43
Initial dose in aqueous phase 2.20 0.00
Initial dose in sediment phase 0.88 1.72
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ig. 7. Degradation of CuPT in filtered river water upon exposure to natural
unlight under laboratory conditions.

nPT introduced into the environment will transchelate to form
uPT. Therefore, a brief study was performed to examine the
hotochemical attenuation of CuPT in filtered river water. The
elative presence of CuPT was plotted against time as in Fig. 7.
he resulting plot correlates well with previously published data

10,22,32,33] with a relatively rapid decline of CuPT observed,
he estimated half life from the graph is ∼45 min.

. Conclusions

An on-line sample clean-up and preconcentration procedure
oupled with LC-APCI-MS detection has been developed for
he analysis of ZnPT (as CuPT) in aquatic environmental sam-
les. The method was validated in a real sample matrix and
howed high sensitivity with acceptable analyte recovery and
eproducibility. Based upon results of a brief environmental fate
tudy it appears that photochemical attenuation appears to be
he most important removal mechanism of CuPT, however, sed-
ment adsorption has also been shown to occur, particularly in
ediments with a high proportion of TOC.
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