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Abstract 

A method was developed for the extraction of diquat and paraquat from environmental water samples by 
ion-exchange column chromatography. Determinations were performed using high-performance liquid chromatog- 
raphy with diode array detection. The HPLC method was d~v~l~p~d to be c~~p~tib~~ with LC-MS techniques. 
Results were confirmed with U-particle beam (electron ~oniz~tt~~~} MS, where a unique ionization process was 
observed. 

Recoveries in drinking water were over 75% for both diquat and paraquat spiked at concentrations of 5-10 @g/l, 
The method presented is uniquely specific since a diode array UV spectrum is obtained as well as an particle beam 
mass spectrum, insuring correct identification and quantitation of diquat and paraquat. 

1. Introduction 

Since their introduction approximately 35 

years ago, the bipyridi~ium cumpo~nds paraquat 
( 1 ,l’-d~methy~-4,4’-b~pyrjd~~ium diba~jde. PQ> 
and diquat (1,l ‘-ethylene-2,2’-b~pyridinium di- 

halide, DQ) have been extensively employed as 
rapid-acting herbicides. They are effective for 
terrestrial and aquatic weed control and as an aid 

in crop desiccation, pasture renovation and seed 
bed preparation [1,2]. 

Both herbicides are extremely soluble in water 
and essentially insoluble in organic solvents. 

* Corresponding author. 

They are thermally stable, non-volatile, and 

retain their identity in both acidic and neutral 
conditions. However, DQ is known to degrade 
slowly at pH greater than 9 [3] and PQ hydro- 
lyses at pH above 12 fl]. 

A variety of analytical techniques have been 
developed to determine residues of PQ and DQ 
in various matrices. Previously developed meth- 
ods have included utilization of gel-filtration and 

ion-exchange liquid chromatography (LC) [3], 
gas chromatography with nitrogen-~hosph~r~us~ 
specific detection (GC-NPD) /4]) enzyme-linked 

immunoassay (ELBA) [5,6] and high-perform- 
ance liquid chromatography (HPLC), An inher- 
ent disadvantage of many published methods is 



68 1. Kambhampati et al. : J. Chrotnatogr. A 688 (1994) 67-73 

lack of analytical specificity which may result in 
identification and quantitation difficulties, espe- 
cially in complex matrices. The United States 

Environmental Protection Agency (EPA) prefers 
methodology where confirmation of identity by 
mass spectrometry (MS) is possible. Yoshida et 

al. (71 and Barcelo et al. [8] both in 1993, 
published work on the determination of PQ and 
DQ by HPLC using thermospray MS to confirm 

their presence. The thermospray spectra of 
Yoshida et al. showed a single ion, at m/z 186 
for PQ and m/z 183 for DQ, but Barcelo et aI.% 
work showed major ions present at m/z 187 and 
184. This indicates an instrument-specific spec- 
trum. Both papers used the same solvents and 
modifiers in the mobile phase. Brown et al. [9] 

published a particle beam (PB; 70 eV) mass 
spectrum of PQ, identical to the one presented 
in this paper, as well as a calibration curve. Few 
details were presented in this paper concerning 

HPLC conditions or recoveries, but the work 
confirms that the particle beam mass spectrum 

can be consistently obtained. 
Behymer et al. [lo] of the EPA concluded that 

thermospray HPLC-MS, because of the rela- 
tively soft ionization process, did not provide the 
variety of structurally significant fragment ions 
characteristic of conventional electron ionization 

(EI) mass spectrometry. Therefore, thermospray 
mass spectra are not considered absolute con- 
firmation of identity. However, HPLC-PB-MS, 
since it provides 70 eV EI library-searchable 

spectra, is useful in identifying target as well as 
additional analytes. Previously published works 

have explored the use of HPLC-PB-MS meth- 
ods for the determination of less volatile organic 

environmental pollutants [ 1 l- 131. 
HPLC techniques have been developed for the 

determination of DQ and PQ in water, but these 
methods rely upon non-volatile ion-pairing re- 

agents to facilitate chromatography. These re- 
agents contain insoluble sodium and potassium 
salts, phosphates and sulfonates, which are not 
amenable to MS confirmation of DQ and PQ, 
since these salts quickly precipitate and clog the 
LC-MS interface. 

In our study, we focused on developing a 
simple yet specific and sensitive method for 

determining DQ and PQ in drinking water. The 
method utilizes HPLC with a diode array UV 

detection. The mobile phase is MS compatible so 
that confirmation can be obtained via PB-MS (EI 
mode). 

2. Experimental 

2.1. Chemicals and reagents 

Analytically pure paraquat dichloride and di- 

quat dibromide were obtained from Chem Ser- 
vice (West Chester, PA, USA). Ethyl viologen 
was purchased from Aldrich (St. Louis, MO, 

USA). Caffeine was purchased from Sigma (St. 
Louis, MO, USA). Ammonium hydroxide, am- 
monium acetate, HPLC-grade acetonitrile and 

HPLC water were purchased from Fisher Sci- 
entific (Pittsburgh, PA, USA). 

2.2. Standard solutions 

PQ (100 mg) was dissolved in 100 ml HPLC- 
grade water to obtain a stock solution of 1 pg/pl 
and was further diluted to concentrations of 0.1 

and 0.01 hg/pl. Standard solutions of DQ were 
prepared in the same manner. The concentration 
of both the DQ and the PQ solutions were 

recalculated to reflect the dissociation of the 
bromine and chlorine anions. The internal stan- 
dard caffeine (50 mg) was dissolved in 100 ml of 

HPLC-grade water to obtain a concentration of 
0.5 pg//&l. 

2.3. Sample preparation 

A 1-4-1 sample of drinking water (pH adjusted 

to pH 8.5 with ammonium hydroxide) was de- 
canted into a Millipore (Milford, MA, USA) 10-l 
stainless-steel pressure vessel, sealed and at- 

tached to a nitrogen tank. The vessel was then 
connected via PTFE tubing to a 30 cm X 1.5 cm 
glass column equipped with PTFE end fittings. 

The glass column was packed with 10 g of 
Dowex ion retardation resin (Sigma) which was 
previously conditioned by sequentially washing it 

with 100 ml of hexane, 100 ml of methanol and 



100 ml of HPLC-grade water. The drinking 
water sample was then pumped through the ion- 
exchange column at a flow-rate of 25 mlimin. 
The DQ and PQ were eluted from the resin with 
800 ml of 90% 0.2 M ammonium acetate and 

10% acetonitrile. The eluate was collected in a 
2000-ml round-bottom flask and rotary evapo- 
rated to 10 ml in a water bath at 70°C. 

Analyses of DQ and PQ were performed by 
injecting a 200-~1 aliquot of the sample into a 
Varian (S~~~yvale~ CA, USA) Vista 5.500 high- 
performance liquid c~romatograph linked to a 

Varian Polychrome 9065 diode array detector 
and interfaced to a Techouse PC 386 DX data 

system. The column used for chromatographic 
separation was an Alltech (Deerfield, IL, USA) 

250 mm X 4.6 mm, 100 A rni~~d-phase C,,/cat- 
eon-exchange column. The initial mobile phase 
consisted of lOOF& O.OS M ammonium acetate 
(adjusted to pH 5.7 with glacial acetic acid). At 4 
min. the mobile phase was switched to 90% 0.05 

M ammonium acetate and 10% acetonitrile (ad- 
justed to pH 4.5 with gtacial acetic acid). The 
flow-rate of the system was 1 ml/ min. The 

column temperature was held at 25°C. DQ and 
PQ were quantitated via diode array detection at 

306 and 254 nm, respectively. Confirmation was 
obtained using the HPLC interfaced to a Vestec 
(Houston. TX. LISA) Model 201 LC-MS system 
which was equipped with a PI3 (universal) inter- 

face. The mass spectrometer was operated in the 
EL mode. The filament voltage was 70 cV. The 

filament current was 200 PA. The source tem- 
perature was held at 2WC. The HPLC con- 
d~tions were jdentical to those obtained off-line. 
A Teknivent (St. Louis, MO, USA) Vector/One 

MS data system was used for acquiring and 
processing data. 

A 2SO-pg amount of caffeine (Sigma) was 
added to the final sample to obtain a 2S pg!ml 
concentration 

2.6, Quantitatian 

A calibration curve consisting of 14.5, 7.25, 
1.45, 0.145 and 0.0725 pg standards (on-~ol~rn~, 
in triplicate) was constructed for PQ. A cali- 
bration curve consisting of 10.7, 5.35, 1.07, 0.107 
and 0.0535 kg standards (on-column, in trip- 
licate) was constructed for DQ. Caffeine was 
used as the internal standard (254 nm) and a 

response factor consisting of the area of the 
sample divided by the area of the internal 
starrdard was calculated for each level. The 

response factor for each standard was plotted 
against the on-column pg amount. 

3. Results and discussion 

_?. 1. Extraction procedure 

Initial experiments to extract DQ and PQ 
from distilled water were conducted with various 
ion-exchange resins including a strong cation- 

exchange resin and a mixed-bed ion-exchange 
resin. Recoveries from these resins were below 
30% for both DQ and PQ. However, extraction 
with Dowex ion retardation resin (50-100 mesh) 
resulted in acceptable recoveries (see Section 
3.3) for both DQ and PQ in distilled water as 

well as drinking water, provided that the PI-I 

of the sample was adjusted to pH 8.5 with 
am~~o~iurn hydroxide before being pumped 

tb~~~gh the ion-exchange column. 

An Alltech 250 mm x 4.6 mm, IO0 A mixed- 

phase C,,/cation-exchange column was used to 
separate DQ and PQ from other components of 
the drinking water matrix. A chromatogram of 
DQ and PQ displaying separation of these two 

components is presented in Fig. 1. Retention of 
analytes on the mixed-mope cohrmn that is used 
for our method is highly dependent on the pH of 

the mobile phase. Attempts to improve the 

resolution of DQ and PQ by increasing the pH 
of the mobile phase however, resulted in un- 
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acceptable chromatography. Lowering the pH of 
the mobile phase resulted in two very sharp 
peaks with identical retention times. In the ease 
of coelution, however, it is still possible to 
quantitate each component as their diode array 
spectra are significantly different. DQ strongly 
absorbs at 306 nm while PQ exhibits virtually no 
absorbance at this wavelength. In systems where 
DQ and PQ coelute, diode array detection, as 
well as P&MS, are useful in con~rmi~g the 
presence of PQ or DQ in the sample. The initial 
mobile phase to affect the separation of DQ 
from PQ consisted of 100% 0.05 M ammonium 
acetate (adjusted to pH 5.7 with glacial acetic 
acid). At 4 min, the mobile phase was switched 
to 90% 0.05 M ammonium acetate and 10% 
acetonitrile (adjusted ts pH 4.5 with glacial 
acetic acid). This system contains only volatile 

buffers and is compatible with LC-MS, which is 
used to confirm the presence of DQ and PQ. 

Studies were conducted to choose an appro- 
priate internal standard and surrogate standard 
for all subsequent analysis for DQ and PQ in 
drinking water. Caffeine was chosen as the 
internal standard whereas experiments con- 
ducted in our laboratory indicate that ethyl 
viologen (a homologue of PQ in which the 
methyl groups are replaced with ethyl groups) is 
a suitable surrogate standard since it is str~ctur- 
ally very similar to DQ and PQ and is recovered 
from drinking water via our method for ex- 
tracting DQ and PQ (recovery of surrogate 
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standard = 85.9% at the 1 pglml spiked level, 
average of duplicate analyses). A chromatogram 
of PQ and ethyl viologen is presented in Fig. 2. 
Recovery of DQ at 0.535 pg/ml in distilled 
water was conducted in triplicate and was de- 
termined to be 85.3% (R.S.D. =2.8%). Re- 
covery for PQ at 0.725 pg/ml was found to be 
96.1% (R.S.D. =0.9%). Recovery for DQ at 
the 5.3 pg/l level in distilled water was con- 
ducted in duplicate and was determined to be 
86.3% (R.S.D. = 1.5%). That of PQ at the 7.3 
pg/l level was 97.6% (R.S.D. = 4.0%). In 
drinking water, the same spiked levels were 
extracted and analyzed. Recoveries were deter- 
mined to be 82.8% (R.S.D. =2.4%) for DQ at 
the 0.535 pg/ml level, 84.2% (R.S.D. = 3.6%) 
for PQ at the 0.725 pg/ml level, 78.0% 
(R.S.D. = 2.0%) for DQ at the 5.3 pgil level 

and 83.0% (R.S.D. =4.X%) for PQ at the 7.3 
pg/l level. All recovery studies were performed 
employing diode array as the detection system. 

3.4. Mass spectrometry 

EI (70 eV) particle beam mass spectra for DQ 
and PQ were generated and are presented in 
Figs. 3 and 4. The mechanism of ion formation 
of the compounds PQ and DQ is different than 
for non-ionic covalent molecules. With PQ and 
DQ, a singly charged mass spectrum results from 
a doubly charged species and must involve elec- 
tron capture with subsequent charge elimination 
from one site, leaving an ion with a + 1 charge 
state. With DQ, a M’+ - H* ion is also observed 
at m/z 183 and is larger than the M+ at m/z 184. 
We believe the mechanism of the formation of 

Fig. 2 Chromatogram of 25 wg of paraquat and 10 /*g of ethyl viologen (surrogate standard). 
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Fig. 3. Particle beam mass spectrum of diquat. 

the ions for the above quats involves a disruption 
of the solvated particle (exiting from the PB 
interface) containing PQ and DQ with a sub- 
sequent release of the preformed molecular 
cations. This phenomenon is caused by the 
impact of electrons with the water particles 
containing the analyte. The observation support- 
ing this hypothesis is that ions were not observed 
with the filament emission set to zero, no matter 
what changes were made in the focusing con- 
trols, and assuring that all other source voltages 
were indeed on. The observations described 
above support a secondary ionization process, 
i.e. desorption ionization. It was also observed 
that PQ does partially decompose with heat in 
the ion source of the mass spectrometer. While 
the mass chromatogram for the molecular ion 
shows a very sharp peak with no tailing eluting 
from the HPLC, the ions corresponding to the 
free base (m/z 156 and below} do show tailing. 

( MOL. CATION M/Z 186 1 

Fig. 4. Particle beam mass spectrum of paraquat 

This relates to material hitting the ion source 
walls. 

In general, LC-PB-MS is not as sensitive as 
other HPLC methods of detection (this relates to 
electrostatic particle loss in the aerosol portion 
of the Vestec universal interface [13]) and abso- 
lute confirmation of these pesticides at low pg/l 
levels ( < 25 pg/l) may only be possible by 
selected ion monitoring (SIM). However, levels 
above 25 pg/l can be easily confirmed in the full 
scan mode. 

The method presented allows the reliable 
identification of both DQ and PQ in drinking 
water samples. Work will continue and different 
water samples from other environmental sources 
will be tested to ascertain the ruggedness and 
uniformity of this method. 
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