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Abstract

A method for the direct determination of diallyldimethylammonium chloride (DADMAC) in water samples, using ion-pair liquid
chromatography—mass spectrometry system was developed. The chromatographic separation was performed using a C18 column. The ty,
the concentration of ion-pair reagent and the pH were optimized to give good chromatographic retention and sensitivity for DADMAC. Quantifi-
cation was achieved in the positive electrospray ionization mode using selected ion monitoring. The cone voltage was also studied to establis
the optimal experimental conditions. Finally, the reproducibility of the proposed method was shown by good run-to-run and day-to-day precision
values. No sample preparation was required and the detection limit wag/L1The method was used to detect residual DADMAC at drinking
water treatment plants in Tianjin, north China. The concentration of DADMAC observed in drinking water ranged from below quantitation limit
to 22.0pg/L.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction DADMAC, a positive result for the genotoxicity of DADAMC
was found using the SOS/umu test in our lab in unpublished
Synthetic polyelectrolytes are widely used in drinking waterdata. To assess the risk of DADMAC, the need for sensi-
treatment, either as flocculants in conjunction with a metative identification of DADMAC in environmental water has
salt coagulant or, less commonly, as coagulants in their owmcreased.
right. Poly-diallyldimethylammonium chloride (PDADMAC) is To the best of our knowledge, no studies on the analysis and
a water-soluble cationic polymer, which is widely used as aoccurrence of DADMAC in environmental and drinking water
coagulant in potable water treatment for the last thirty yeardiave been reported in the literature. Several analytical methods
[1-3]. The maximum dose of PDADMAC used in drinking for cationic surfactants and quaternary ammonium compounds
water treatment process has been regulated in Canada and {l@@ACs), have been developed for water quality investigation
USA, and its residual concentration in drinking water has beein water treatment industries. These methods typically use the
regulated to be 5Qg/L in the USA[4]. However, there is no complex reaction between QACs and anionic dye, which can be
regulation of the monomer, diallyldimethylammonium chlo- measured colorimetricalfp]. However, they are unsuitable for
ride (DADMAC, Fig. 1), which is thought to be released and monitoring DADMAC in drinking water due to the trace lev-
become a potential contaminant in drinking water. Althoughels. The reversed-phase ion-pair chromatography—electrospray
no peer-reviewed literature reported the toxicity data aboutonization mass spectrometry technique has been successfully
applied to analyze quaternary ammonium compounds in water,
such as diquat, mepiquat and paradéatl?]. The method of
* Corresponding author. Tel.: +86 10 62765520; fax: +86 10 62765520.  liquid chromatography—electrospray ionization mass spectrom-
E-mail address: hujy@urban.pku.edu.cn (J. Hu). etry (LC—-ESI-MS) allows for unequivocal identification of the
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AECHz—CH (I“,H —CH;% PDADMAC 2.3. LC-ESI-MS analysis
(lin CH, n LC-ESI-MS, in positive ion mode, was used to analyze the
N d e b DADMAC in the water samples. The analyte was separated by
H,C N CH, using a Waters 2695 HPLC (Milford, USA) equipped with a qua-
' ’ ternary gradient pump, column oven, and an autosampler with
a 100p.L injection loop. The analytical column was an XTerra
H;C CH,-CH=CH, DADMAC C18 column (150 mnx 2.1 mm, 3.5um; Waters, USA). Col-
\N ;/ . Cl- umn temperature was maintained at°80 The mobile phase
L VRN CH,-CH=CH, used for eluting the analyte from the HPLC column consisted

of acetonitrile and 5 mM HFBA aqueous solution (pH 4.2), ata
Fig. 1. Structures of PDADMAC and its monomer (DADMAG).the number  flow rate of 0.2 mL/min. A gradient elution was performed as a
of monomers of DADMAC. linear gradient from 99.5% A (5 mM HFBA, pH 4.2) and 0.5%
B (acetonitrile) to 60% A and 40% B in 10 min and then held
compound in drinking water samples because of its specificitysocratic at 60% A for 2min, followed by a stepwise elution
and sensitivity. carried out from 60% A and 40% B to 0% A and 100% B. The
In this study, we developed a reversed-phase ion-paifjection volume was 2p.L. The HPLC system was connected
chromatography-mass spectrometry method for identifyingo a platform ZQ single quadrupole mass spectrometer (Micro-
trace DADMAC in drinking water. To the best of our knowledge, mass, Manchester, UK) equipped with an ESI probe operated
thisis the first description of a methodology for quantitative analin positive ionization mode. The orthogonal Z-Spray interface
yses of DADMAC and the first instance where DADMAC has allowed the entire column effluent from the LC to be directed

been observed in drinking water. into the source without flow splitting, and contributed to the
greatly enhanced sensitivity. In the positive mode, typical ion
2. Experimental source parameters were used as follows: ESI capillary voltage
at 2.8 kV; extractor voltage at 4 V; source block temperature at
2.1. Reagents and materials 130°C; desolvation temperature at 400; ion energy at 0.8V,

multiplier voltage at 650 V. Nitrogen was used as the desolva-

Anagueous DADMAC solution (60% (w/v, %)) was obtained tion gas with a flow rate of about 440 L/h and as the cone gas
from Tokyo Chemical Industry (Tokyo, Japan). The exact conwith a rate of 60 L/h; the cone voltage was ramped from 20 to
tent of DADMAC was determined to be 62.99% (w/v) by weigh- 60 V with the full scan mass ranging from 50 to 500 Da with a
ing the weight after freeze-drying the solution of 1.000 mL. Hep-scan time of 0.5s. The Mion (m/z, 126) for DADMAC was
tafluorobutyric acid (HFBA) was obtained from Sigma—Aldrich used in selected ion monitoring (SIM) mode, with a dwell time
(Steinheim, Germany). Trifluoroacetic acid (TFA) was from of 100 ms and inter channel time of 1 ms.
Acros (New Jersey, USA). ASC-grade dimethyl sulfoxide
(DMSO) was obtained from Amresco (Solon, USA). HPLC- 3. Results and discussion
grade acetonitrile and methanol were purchased from Fisher
(New Jersey, USA). Ultra-pure water was prepared using aB.]. Effect of cone voltage on the fragmentation of
Easypure UV Compact Ultrapure System (Fisher ChemicalpADMAC
China) under a resistivity of 18.2f¥/cm. Formic acid and
ammonium formate were analytical grade obtained in China. Based on the fact that the cone voltage is one of the most
The pH meter was from Leici (Shanghai, China). Stock standaréimportant characteristics influencing fragmentation in LC-ESI-
solution of DADMAC (3.150 mg/mL) was prepared in water and MS, its effects on the fragmentation and sensitivity of DADMAC
the working solutions were obtained by serially dilution with were investigatedrig. 2 shows LC-ESI-MS mass spectra for

water. All solutions were stored at€. DADMAC by direct injection at different cone voltages. Cone
voltages at 20, 40 and 60 V were applied to study the main frag-
2.2. Sample collection ment ions formed under LC—ESI-MS. At the low cone voltage

of 20V, the compound produced the molecular ioh(#/z 126)

Sampling was generally carried out at raw water and drinkas a base peak, and a fragment ion{MzHg]*™ (m/z 84) with
ing water from a drinking water treatment plant in Tianjin, north 10% relative intensity which resulted from the breaking of the
China. Luhe River (888 km) is the source of drinking watercarbon—nitrogen bond between the quaternary amine and the
for the Tianjin area. Water samples were collected in polyethypropylene substituent. At a cone voltage of 40V, the fragment
lene bottles prior to filtering through a 0.4 filter (Whatman  ion [M — C3Hg]* was the base peak in the mass spectrum of
GF/F, Whatman, Maidstone, UK). Before tap water sampleDADMAC and the relative intensity of Mwas reduced to 10%.
were stored, N5,03 (1 mol/L) was added to decompose the Substantial fragmentation occurred at 60 V and the[idh (/7
residual HOCI. To avoid adsorption, all samples were stored i126) was completely fragmentized. At a cone voltage of 60V,
disposable, precleaned polyethylene bottles°&t dntil analy-  the fragment ion [M- C3Hs—CoH3]™ was the base peak in the
sis. And all samples should be analyzed as soon as possible. mass spectrum of DADMAC. As expected, higher cone voltage
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apd2 Bor s 129 15 matograms obtained at different HFBA concentrations. While
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Fig. 2. LC-ESI-MS mass spectra for DADMAC (157.4/L) in positive ion SuPpr_eSSE(_j’ a phen_omem_)n WhiCh was also found by Gustavsson
mode. Cone voltage: (a) 20 V; (b) 40V and (c) 60 V. et al. in their analysis of eight amine analyf&d]. As a result,

5mM HFBA aqueous solution (pH 4.2) was used as the mobile
leadsto decrease of abundance of the molecularion and intensipbase in this study.
fragmentation. Although the substantial structural information
was at 60V, the highest sensitivity occurred at 20V, which was3.3. Accuracy, precision and detection limit for LC-MS
four times higher than the sensitivity at 60 V. Considering the
probable trace level in the environment, all samples were subse- Precision, linearity and limits of detection were determined
guently analyzed with multi-channel mode with quantificationusing standard aqueous solutions. Calibration curves were con-
performed at 20V to ascertain the sensitivity and qualitativestructed for the standard solutions between 0.1 and 1&Y14

analysis performed at 60 V simultaneously. and good linearity was observed & 0.99), indicating good
performance of the methodology developed in this work. Six
3.2. Optimization of the ion-pair chromatograph replicate determinations of 15.74)/L standard agueous solu-

tions were carried out on the same day under the optimum

lon-pair chromatographic separation by using a Cl18conditionstodetermine the run-to-run precision of LC—MS anal-
reversed-phase was achieved for DADMAC. In this study, inysis using the ESI ionization technique. The relative standard
order to suppress the broad and tailing of peak due to the silandeviation (RSD) was 6.6%. DADMAC is a cationic, and can
interaction with DADMAC, the mobile phase was adjusted tobe adsorbed on the walls of the sample container. Polyethylene
pH 4.2 resulting in narrower and symmetrical peaks. Howevergontainers were tested in this study. The drinking water sample
a very low retention was observed using the Xterra C18 colspiked with DADMAC at levels of 15.74g/L was analyzed.
umn mainly due to the DADMAC ionic character. An attempt During 15 days, there was no obvious variation in the concentra-
to improve the retention of DADMAC was made by adding ion- tion. The RSD was 12% by day-by-day replicate determinations,
pair reagents such as HFBA and TFA to the mobile phase. Thiadicating good repeatability of the method developed in this
retention time and the relative responses of DADMAC had a sigwork. The detection limit was estimated to be Qd/L based
nificant difference when using the two ion-pair reagents at then a signal-noise ratio of 3:1 using standard solutions in the
same concentration (5 mM), as showrFig. 3a. As expected, SIM mode. The above result suggests the method established in
HFBA produced the better sensitivity than TFA, which was sim-this study has the capability of selectively detecting low con-
ilar to the results reported in previous pafi8]. Fromthe view  centrations of DADMAC in environmental and DWTP water
of retention on the column and analytical sensitivity for DAD- samples.
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Concentrationsi(g/L) of DADMAC in water samples from Tianjin Drinking

Water Treatment Plant

Sampling date Raw water Drinking water
04/21/2003 nd nd

05/25/2003 nd nd

07/03/2003 nd 5.4

08/28/2003 nd 11.7
09/26/2003 nd 17.8
04/20/2004 nd nd

06/20/2004 nd 15.7
08/24/2004 nd 22.0

Note: nd, not detected (below quantitation limited).
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Moreover, the residual amounts of DADMAC in commercial
PDADMAC made in China were analyzed by the method devel-
oped in this study. The commercial PDADMAC (Tianjin, China)
is a slurry containing 38% (w/v) PDADMAC. After diluting the
concentration of PDADMAC to 4hg/L from the commercial
PDADMAC, DADMAC was detected to be 2iy/L (Fig. 4b).
Thus, the percentage of DADMAC was estimated to be 4% by
weight on an active polymer of this commercial product. This
abundance of DADMAC in PDADMAC is higher than the low-
est level of monomeric DADMAC (1%) that can be achieved
with the current, best-available manufacturing technology.

4. Conclusions

An ion-pair LC-ESI-MS method with high sensitivity and
specificity was established for analyzing DADMAC in environ-
mental water and drinking water by adapting a C18 column with
acetonitrile/water (pH 4.2) for chromatographic separation. The
DADMAC concentration detected in drinking water shows that
more attention should be pay to its residue in drinking water.
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3.4. Environmental application
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