
Journal of Chromatography A, 1058 (2004) 89–95

Determination of quaternary ammonium biocides by liquid
chromatography–mass spectrometry
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Abstract

In this study we have developed a method for the direct determination of benzalkonium chloride (BAC) homologues and didecyldimethy-
lammonium chloride (DDMAC), generally used as biocides. The chromatographic separation was performed using a Luna C18 column and
gradient elution. A 50 mM formic acid–ammonium formate buffer at pH 3.5 was used as aqueous phase to allow ion-pair formation with
the quaternary ammonium biocides. The detection was carried out using an ion trap mass analyser and electrospray ionisation (ESI) source.
Parameters such as the magnitude and duration of the resonant excitation voltage and the magnitude of the trapping RF voltage for full scan
tandem mass spectrometry (MS–MS) experiments were studied to establish the optimal experimental conditions. Instrumental quality param-
e -to-run and
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ters of both liquid chromatography coupled to mass spectrometry (LC–MS) and LC–MS–MS methods were studied and good run
ay-to-day precision values (relative standard deviations, RSDs lower than 11%) and LODs down to 0.1�g L−1 (LC–MS–MS) were obtaine
inally, the applicability of the LC–MS–MS method was demonstrated by analysis of a spiked water sample and some commerci
ontaining BAC.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Some quaternary ammonium compounds (QACs) con-
aining at least one long alkyl chain have biocidal properties
nd are widely used as general fabric softeners, disinfectants,
reservatives, pest-control and anti-fouling products. They

requently leak into surface waters from wastewater treatment
lants, disturbing the ecological balance due to their toxicity

o aquatic organisms[1]. Their fate in the environment is of
oncern since there is a lack of data on their degradation[2]
nd some of them are known to be toxic even at low concen-

rations[3]. The Biocidal Products Directive (BPD) aims to
stablish a single European market for biocides and to ensure

hat protection is provided for users as well as for the public
nd the environment[4]. For these reasons, reliable analyti-
al methods for the determination of quaternary ammonium
iocides are required for the effective monitoring of occupa-
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tional and environmental exposure as well as in the qu
control of manufactured products.

Benzalkonium chloride (BAC) is a mixture of alkylbe
zyldimethylammonium chlorides in which the alkyl grou
have a chain length from C8 to C18 [5]. This mixture is
widely used as an active substance in anti-bacterial and
fungal products, in can preservatives, medical disinfec
and ophthalmic systems[6,7]. The most commonly used h
mologues are C12-BAC, C14-BAC and C16-BAC. Each ho
mologue possesses different physical, chemical and b
dal properties. In general, the C12-BAC homologue is mos
effective against yeast and fungi, the C14-BAC homologue
against gram-positive bacteria, and the C16-BAC homologue
against gram-negative bacteria[8]. Other quaternary amm
nium compounds, such as dialkyldimethylammonium c
pounds, are also commonly used as biocides and some
ufacturers of hospital disinfectant products have substi
BAC with didecyldimethylammonium chloride (DDMAC)

Due to their cationic character, liquid chromatogra
(LC) and capillary electrophoresis (CE) are the techniq
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.08.085
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most frequently used for the analysis of quaternary ammo-
nium biocides. In this way, BAC has been analysed using
LC with UV-detection in ophthalmic solutions[6,9–12]
and CE with both direct[13–21]and indirect UV-detection
[20,22]using standards or in nasal and ophthalmic solutions.
Recently, liquid chromatography coupled to mass spectrom-
etry (LC–MS) has also been applied to the analysis of BAC
in several matrices[23–25]. The C12-BAC and C14-BAC
homologues have been determined in water samples after
preconcentration with on-line solid-phase extraction and
using an ion trap analyser but, although MS–MS fragmenta-
tion studies were performed, LC–MS–MS was only applied
for confirmation[24]. Nevertheless, for the determination
of some BAC homologues in sediment samples, accelerated
solvent extraction followed by an on-line preconcentration
procedure and LC–MS–MS was necessary[25]. The same
analyser was also used for the analysis of BAC and other
cationic surfactants in sewage sludge[23]. Moreover, a
triple quadrupole instrument was used for the analysis of
these compounds in environmental media and occupational
hygiene samples by LC–MS, also performing some MS/MS
analysis[26].

The DDMAC biocide does not have chromophore groups,
making MS the ideal technique for its analysis. Ford et al.[26]
determined this compound simultaneously with some BAC
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Fig. 1. Molecular structures of quaternary ammonium biocides and internal
standard.

in acetonitrile. Working solutions were prepared by di-
lution of the stock standard solutions in HPLC Merck
water.

2.2. Chromatography

Chromatographic separation on a Luna C18 column
(50 mm× 2.00 mm, 5�m, Phenomenex) was performed us-
ing a Waters 2695 separation module (Milford, MA, USA)
equipped with a quaternary solvent delivery system and au-
tosampler. Acetonitrile post-column addition was carried out
using an LKB-HPLC Pump 2248 from Pharmacia (Bromma,
Sweden) and a Valco stainless-steel T-piece (Supelco, Al-
cobendas, Spain).

A gradient elution program was used for the separation
of quaternary ammonium biocides; solvent A was formic
acid–ammonium formate buffer (50 mM, pH 3.5) and sol-
vent B was acetonitrile. The elution program started with
an isocratic step of 2 min at 40% solvent B, a linear gra-
dient from 40 to 70% in 3 min and then a 70% solvent B
isocratic step. The flow rate was 300�L min−1, the column
was maintained at room temperature and the injection volume
was 20�L. Post-column addition of acetonitrile was carried
out at a flow rate of 150�L min−1 as an increase in the re-
sponse was observed. A switch valve was used before the
m in at
t
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omologues in environmental and occupational hygiene
les using a triple quadrupole instrument. The presen

hese compounds in oral rinses and disinfectant formula
as also analysed by means of matrix-assisted laser de

ion ionisation-time-of-flight mass spectrometry (MALD
OFMS)[27].

The aim of this work was to develop sensitive a
apid LC–MS and LC–MS–MS methods using an elec
pray ionisation (ESI) source and an ion trap analyse
he analysis of BAC homologues and DDMAC in samp
uch as environmental samples, ophthalmic solutions
ormulations.

. Experimental

.1. Chemicals

Benzyldimethyldodecylammonium bromide, benzy
ethyltetradecylammonium chloride, benzyldimethylhe
ecylammonium chloride, N-benzyl-N,N-dimethylocta
ecylammonium chloride hydrate (90%) and dide
imethylammonium bromide (98%) were obtained fr
igma–Aldrich (Steinheim, Germany) and their struct
re given inFig. 1. HPLC-gradient grade acetonitrile a
ater, formic acid (98–100%), ammonia solution (25
nd hexadedyltrimethylammonium bromide (used as i
al standard) were purchased from Merck (Darms
ermany).
Stock standard solutions of quaternary ammonium

ides and internal standard (1000 mg L−1) were prepare
ass spectrometer to divert the flow to waste for 1.5 m
he beginning of the chromatogram.

.3. Mass spectrometry

Mass spectrometry was carried out using an LCQ C
ic (Thermo Electron Corporation, San Jose, CA, U
quipped with a pneumatically assisted electrospray io

ion source and an ion trap analyser, and controlled by X
bur vs. 1.3 software. A metallic capillary tube was use
lectrospray sample inlet to avoid adsorptions of the
ides on the wall tube. The ESI was pneumatically ass
y nitrogen using a sheath gas flow rate of 70 a.u. (arbi
nits) and an auxiliary gas flow rate of 40 a.u. The he
apillary was held at 200◦C. A tube lens offset voltage
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Table 1
MS and MS–MS acquisition parameters

Segment Time (min) Analyte MS (m/z)a MS–MS

Product full scan (m/z) Diagnostic product ion (m/z) Normalised collision energy (%NCE)

1 0–7.0 C12-BAC 304 150–350 212 46

2 7–10.5 C14-BAC 332 145–350 240 46
C16-BAC 360 155–400 268 47
DDMAC 326 140–350 186 55
I.S. 284 140–350 270 56

3 10.5–15.0 C18-BAC 388 170–400 296 48
a Precursor ion for MS–MS experiments.

1.0 V and an electrospray voltage of 1.0 kV were used. Sin-
gle MS data acquisition was performed in scan mode from
m/z50 to 450 using a maximum injection time of 200 ms and
3�scans. Moreover, the molecular ion [M]+ was used as di-
agnostic ion for quantitation purposes. For LC–MS–MS the
chromatogram was segmented in three windows (Table 1) and
data acquisition was carried out in product ion scan mode. The
m/zrange acquired and the MS–MS transitions monitored for
quantitation purposes are also given inTable 1. The activa-
tion Q (AQ) and the activation time (AT) were set at 0.40
and 30 ms, respectively. Moreover, an isolation width ofm/z
1.5 was applied. The normalised collision energy (%NCE)
selected for each analyte is also indicated inTable 1. The
acquisition was performed with a maximum injection time
of 150 ms and 3�scans. Both single MS and MS–MS data
acquisitions were performed in centroid mode.

F
p

3. Results and discussion

The chromatographic separation of quaternary ammo-
nium biocides has been carried out by ion-pair liquid
chromatography using as mobile phase acetonitrile:formic
acid–ammonium formate buffer[23,25,26]. Buffer concen-
tration and pH were optimised as they affect separation, peak
shape and response. As a compromise, a buffer solution of
50 mM formic acid–ammonium formate at pH 3.5 which
provided a stable spray and good sensitivity and chromato-
graphic efficiency was used. Moreover, the application of a
gradient elution (seeSection 2) reduced both the analysis
time (to less than 12 min) and peak widths.

The ESI–MS instrument parameters such as sheath gas
and auxiliary gas flow rate, electrospray voltage and heated
capillary temperature were also optimised in order to ob-
ig. 2. (a) Variation of ion intensities vs. AQ for C12-BAC and C14-BAC homolo
roduct ions for C12-BAC and C14-BAC homologues.
gues. (b) Effect of the normalised collision energy on both precursor and
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tain the highest response for the molecular ion [M]+. Rel-
atively high flow rate values for sheath and auxiliary gases
(70 a.u. and 40 a.u., respectively) and a temperature of 200◦C
were necessary to obtain the maximal response. Moreover, a
spray voltage of 1.0 kV was enough to obtain the optimum
signal.

3.1. Mass spectrometry

The single MS spectra (full scan) of quaternary ammo-
nium biocides were obtained by infusion under the working
conditions previously established. The molecular ion [M]+
was the base peak in these spectra and no fragmentation
or cluster formation was observed. To perform the MS–MS
experiments, these molecular ions were used as precursor
ions and an isolation width ofm/z1.5 was required to ob-
tain the maximum trapping efficiency without interference
from isotopic species or matrix components. Generally, when
working with low molecular weight ions a precise control
of activation Q voltage is necessary, as this parameter con-
trol the stability range for both precursor ion and product
ion. The AQ voltage was varied from 0 to 0.98 and for this
family of compounds a relatively wide stability range was
observed (AQ from 0.25 to 0.6 for BAC homologues and
from 0.25 to 0.5 for DDMAC) and as a compromise an AQ
v ides
(

t the
b high-
e rsor
i C
h t the
D
U ec-
t tion
p ues
o cor-
r -
u pur-
p er
t on-
t
d ee
w r

T
I

C LC–MS–MS

ay LODs Run-to-run Day − to − day

= 3 × 5) �g L−1 pg injected (%RSD,n = 5) (%RSD,n = 3 × 5)

C 0.01 0.2 4.0 7.2
C 0.1 2 5.5 10.7
C 0.1 2 4.3 7.3
C 0.1 2 4.3 7.0
D 0.1 2 5.5 8.2

Fig. 3. MSn fragmentation for DDMAC biocide.

DDMAC other fragments (m/z 85, 71 and 57) have also
been reported using a triple quadrupole instrument[26].
These ions could be explained by multiple collisions in the
triple quadrupole instrument since they only appeared in the
MS3 spectrum when working with the ion trap analyser.
Fig. 3 shows the multistep fragmentation ion trap spectra
for DDMAC.

3.2. Instrument quality parameters

Instrument quality parameters such as limits of detection
(LODs) and run-to-run and day-to-day precisions were ob-
tained for both LC–MS and LC–MS–MS methods and the
alue of 0.4 was chosen as optimum for the five bioc
Fig. 2a).

The normalised collision energy necessary to fragmen
iocides was studied and the value that produced the
st intensity product ion and at least 10% of the precu

on was chosen as optimum (Table 1). For instance, the BA
omologues required an NCE higher than 45%, whils
DMAC fragmented at values higher than 55% (Fig. 2b).
nder the optimised working conditions the MS–MS sp

ra of the five biocides were obtained. The fragmenta
attern was very simple and for all the BAC homolog
nly two fragment ions were observed. The base peak
esponded to the loss of a CH3C6H5 group and this prod
ct ion was used as a diagnostic ion for quantitation
oses. The other fragment (m/z91) showed abundance low

han 20% and corresponded to the tropylium ion. In c
rast, the DDMAC biocide only gave one ion (m/z 186)
ue to the loss of a C10H20 group. These results agr
ith those obtained by other authors[24,26], although fo

able 2
nstrumental quality parameters

ompound LC–MS

LODs Run-to-run Day-to-d

�g L−1 pg injected (%RSD,n = 5) (%RSD,n

12-BAC 1.0 20 2.0 4.3

14-BAC 2.0 40 1.9 2.5

16-BAC 1.0 20 1.5 2.0

18-BAC 1.5 30 1.7 2.6
DMAC 1.0 20 1.9 2.6
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figures of merit are provided inTable 2. To obtain the LODs,
different standard solutions of the five biocides prepared in
Milli-Q water (Millipore, Bedford, MA, USA) were anal-
ysed. However, when non-spiked Milli-Q water was anal-
ysed, the C12-BAC and C14-BAC homologues were observed.
This was due to contamination of the Milli-Q water with BAC
as a result of the use of benzalkonium chloride as a disinfec-
tant in the Milli-Q exchange resins and not to a memory effect
of the LC–MS system. To overcome this problem, HPLC wa-
ter from Merck was used for both mobile phase preparation
and the determination of the instrument quality parameters.
The LODs, based on a signal-to-noise ratio of 3:1, were ca.
1.0�g L−1 for LC–MS and dropped to 0.01–0.1�g L−1 with
LC–MS–MS. The LC–MS LODs obtained for BAC homo-
logues in this study were between two and four times lower
than those reported by Ford et al.[26] using electrospray
and a triple quadrupole instrument. Ferrer and Furlong[24]
achieved LODs around 3–5 ng L−1 by LC–MS with an ion
trap instrument after an on-line preconcentration of 50 ml
of water using PLRPs cartridges. In addition, both studies
[24,26]used LC–MS–MS for identification but not for quan-
titation purposes.

Calibration curves based on the peak area ratio
(Acompound/Ainternal standard) for the five biocides at concen-
trations between 20 and 250�g L−1 for the LC–MS method
a −1 d
s
L de-
t five

F
B

bioicides at a concentration level of∼50�g L−1 for LC–MS
and∼30�g L−1 for LC–MS–MS method were carried out
under the optimised conditions to determine run-to-run re-
producibility. The relative standard deviations (RSDs) based
on concentration ranged from 1.5 to 2.0% for LC–MS and
were slightly higher for LC–MS–MS (4.3–5.5%). The day-
to-day reproducibility was calculated from 15 replicate deter-
minations of the same standard solutions mentioned above,
performed on three different days (five replicates each day).
The RSD values based on concentration ranged from 2.0 to
4.3% (LC–MS) and from 7.0 to 10.7% (LC–MS–MS), only
slightly higher than those for the run-to-run precision. More-
over, the comparison of the calculated concentration of the
replicates with the target value provided low relative errors
ranging from 0.8 to 6.8% for LC–MS and 0.2 to 7.8% for
LC–MS–MS.

3.3. Application

To assess the applicability of the LC–MS–MS method
(which provided the lowest LODs) a spiked river water
sample and some commercial samples (an ophthalmic so-
lution and a BAC standard) were analysed.Fig. 4a shows
the LC–MS–MS chromatogram of a spiked river water sam-
ple at a concentration level of∼10�g L−1, which is close to
t
A good
e tion
b

nd between 5 and 100�g L for the LC–MS–MS metho
howed acceptable linearity (r2 > 0.996 andr2 > 0.993 for
C–MS and LC–MS–MS, respectively). Five replicate

erminations of a standard solution that contained the
ig. 4. LC–MS–MS chromatograms of (a) a spiked river water sample (∼10�g L−
AC (diluted 1:1000).
he values found in some environmental water samples[24].
s can be seen, the separation of all the biocides was
nough for their analysis in less than 12 min, but co-elu
etween the internal standard and the C14-BAC homologue
1) for each biocide and (b) an ophthalmic solution containing 50 mg L−1 of
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Table 3
Spiked river water sample by LC–MS–MS (n = 3)

Compound LODs Spiked value Mean value
(�g L−1) (�g L−1) (�g L−1)

C12-BAC 0.05 10.1 10.3± 0.4
C14-BAC 0.1 10.3 10.8± 0.5
C16-BAC 0.1 12.2 12.4± 0.6
C18-BAC 0.1 10.2 10.4± 0.5
DDMAC 0.1 10.1 10.0± 0.4

occurred. Nevertheless, as no ionic suppression between the
two species was observed, baseline chromatographic sepa-
ration of both compounds was not required. LODs were es-
timated using a river water sample free of BAC and ranged
from 0.05 to 0.1�g L−1 (Table 3). The values were similar
to those obtained with standards, although for the C12-BAC
homologue the LOD increased five times probably due to ion
suppression caused by the matrix. Moreover, these values are
more than 10 times lower than the lowest concentration found
in environmental samples (1–30�g L−1) [24], allowing di-
rect analysis without on-line preconcentration. Analysis of
the spiked river water samples was performed in triplicate by
external calibration using hexadecyltrimethylammonium ion
as internal standard and both target values and calculated val-
ues are given inTable 3. As can be seen, low relative errors,
from 1.0 to 5%, were obtained.

The LC–MS–MS method was also applied to the analysis
of two commercial products containing BAC, an ophthalmic
solution (Liquifilm Lagrimas, Allergan, Madrid, Spain) con-
taining 50 mg L−1 of benzalkonium chloride, and a BAC
standard from Sigma–Aldrich (Steinheim, Germany).Fig. 4b
shows the LC–MS–MS chromatogram of the ophthalmic so-
lution (diluted 1:1000). As can be seen, only the C12-BAC
and C14-BAC homologues were found. These two homo-
logues are the most frequently used in this kind of sample.
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veloped for the analysis of biocides such as benzalkonium
chloride homologues and didecyldimethylammonium chlo-
ride. The LC–MS–MS method provided LODs in the low ppb
range with a very good linearity and good run-to-run and day-
to-day precisions. The analysis of control samples provided
satisfactory results with bias lower than 8% when compared
with target values. The LC–MS–MS method was applied to
the analysis of a spiked river water sample, an ophthalmic
solution and a commercial product, and the results achieved
showed that the method could be applied to the fast identi-
fication and direct determination of quaternary ammonium
biocides in these kinds of environmental and pharmaceutical
samples without the necessity to apply any additional precon-
centration step and, in the same time, achieving acceptable
limits of detection, being an important advantage over other
existing methods.
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