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Fate of Benzalkonium Chloride in a Sewage Sludge
Low Temperature Conversion Process Investigated
by LC-LC/ESI-MS/MS

Thermocatalytic low temperature conversion (LTC) is a new method for the disposal
of sewage sludge. Using this method, sludge is converted into a residual solid (coal)
along with reaction water, oil, and non-condensable gases. The oil can be used as an
energy source and the coal as a substitute for charcoal. To this end, it is important to
determine whether there are any easily available contaminants present in the coal
generated by the process. Contaminants that can be strongly sorbed by sewage sludge
solids are, e.g., pharmaceuticals and disinfectants. As an example the fate of the
persistent and strong adsorbing disinfectant benzalkonium chloride (BAC) has been
investigated within the LTC process. The sewage sludge was spiked with BAC and then
subjected to the LTC process. The resulting coal was extracted and analyzed using LC-
LC/ESI-MS/MS (ion trap). BAC could not be detected in the LTC coal, although it could
be extracted from the spiked sludge before the LTC treatment. It can thus be conclu-
ded that the investigated compound is not easily available in the coal, and hence that
its use does not present a risk.
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1 Introduction

Disinfectants, widely used, e. g., in the food and glue industry, medi-
cine, or livestock rearing, are a group of chemicals which have only
recently been studied intensively in the aquatic environment. Qua-
ternary ammonium compounds (QAC), cationic microbicidal com-
pounds which are important ingredients of disinfectants used for
the disinfection of surfaces and medical instruments [1], show a
strong sorption affinity to organic solids and, therefore, tend to
accumulate in sewage sludge [2, 3]. QAC from disinfectants dis-
charged into household and hospital effluents are only partially
eliminated in wastewater treatment plants. Therefore, residual
amounts can reach ambient waters or the groundwater [4, 5].

Sewage sludge is, e. g., used as fertilizer in agriculture and for
land amendment purposes. Because of possible contamination with
heavy metals, pharmaceuticals, and other persistent organic chemi-
cals, this has become a subject of increasing restrictions, and in
some countries such as Switzerland, it has already been banned.
Landfill disposal of sludge is under scrutiny in the European Union
since several years [6]. Thus, in order to obtain reusable products
from sewage sludge, an alternative to waste incineration is desir-
able [7, 8]. One such possibility is the conversion of organic residues
into oil, carbon, or phosphorus-rich residual solid by means of ther-
mocatalytic low temperature conversion (LTC) [9]. Because of its con-

centration of phosphorus, the LTC coal can be used as fertilizer. A
further utilization of the LTC coal could be its use as filter medium
in the wastewater treatment as a replacement for expensive acti-
vated carbon, although this was not yet tested.

To introduce a new sewage sludge treatment and disposal tech-
nique such as the LTC to the market, knowledge about the fate of
contaminants within the disposal process is of paramount impor-
tance. As an example, the fate of the persistent and strong adsorbing
disinfectant benzalkonium chloride (BAC) has been investigated in
this study.

BAC is one of the most important QACs used for the disinfection
of surfaces in medical care and in industry. In Germany 12,349 t/y of
QACs were used by industry and 95.3 t/y in hospitals in 1997, while
in Great Britain the figure was 28,852 t/y in total [10]. In the Rote
Liste from 2006 (Drug Index for Germany), BAC was scheduled in
eight drugs as an active agent and in 228 drugs as an excipient [11].
Concentrations of up to 6 mg/L have been measured in hospital
effluents and 0.05 to 0.1 mg/L were expected in municipal sewage
[12, 13]. It was found that BAC strongly sorbs to sewage sludge [14,
15]. High concentrations of BAC and other QACs were found in sedi-
ments [16–18]. For example, in sewage sludge in Spain (2003) QACs
were found in the concentration range from 0.1 to 34 mg/kg [19];
maxima of 25 mg/kg for BAC C12 and 23 mg/kg for BAC C14 were
determined for sludge samples in Austria (2006) [20].

Several methods for the analysis of QACs are known, however,
there are only a few available for their determination in sewage
sludge [19, 20] and non for their determination in LTC coal. For this
reason, an analytical method to determine the QAC benzalkonium
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chloride (BAC) in conditioned dewatered sewage sludge as well as in
the emerging product LTC coal was investigated. The experiments
were carried out with a LTC bench-scale unit.

2 Experimental Section

2.1 Reagents

BAC (CAS 63449-41-2) was purchased from Fluka Chemie (Buchs,
Switzerland). The main constituents were homologues C12:C14 (60:40
by weight), and a small amount of C16. PBS (Phosphate Buffer Solu-
tion) was Dulbecco’s PBS from Cell Concepts GmbH (Umkirch, Ger-
many). Acetonitrile (LiChrosolvm), formic acid, hydrochloric acid,
and trifluoroacetic acid (Urasolm) were purchased from Merck KG
(Darmstadt, Germany). Acetonitrile was of HPLC grade and formic
acid was of analytical grade. HPLC-grade water was generated using
a Milli-Q water-purification system from Millipore (Molsheim,
France). A 100 lg/mL stock standard solution of BAC was prepared
in water. Calibration standards of BAC of 0.1, 1.0, and 10.0 lg/mL in
PBS were prepared by appropriate dilution of the stock solution
with PBS. The stock standard solution was stored in the dark at
–208C until analysis.

2.2 Conversion Process

The thermocatalytic bench-scale unit consisted of a Pyrex glass-tube
(wall thickness 1 mm, inner diameter 36 mm, length 800 mm) in a
heat controlled block furnace (Linn Hightherm, FRHT-3-40/750/110),
rated power 1.8 kW with a digital control unit (iTRON 16). One end
of the tube was connected to a nitrogen supplier. A separating fun-
nel, a condenser with cooling water, and a gas trap were attached to
the other end. Up to 90 g of dewatered sewage sludge were packed
into the glass tube and sealed with two glass wool stoppers. The tem-
perature of the sample was monitored with a thermocouple. Experi-
ments were run by gradually heating-up (at 408C/min) the reactor to
4008C under the exclusion of oxygen, and maintaining this tem-
perature for approximately 1 h.

The resulting products are oil and reaction water, both liquefied
in the condenser from the emerging vapors and collected in a separ-
ating funnel. Additive products were non condensable gases (NCG)
and a solid residual (coal), remaining in the glass tube [9].

3 Analytical Procedure

3.1 Recovery Experiments

All samples described were obtained from a sewage treatment plant
(STP) (F�ssen, Germany). The dewatered sewage sludge and the LTC
coal (100 g of each) were stored in the dark at room temperature.
The extractability of BAC from different matrices was investigated
as follows:

i) Dewatered sewage sludge was spiked with BAC and then
extracted (further called “dewatered sewage sludge”).

ii) LTC coal was spiked with BAC and then extracted (further
called “LTC coal”).

iii) Dewatered sewage sludge was spiked with BAC, subsequently
dried (1058C), and then treated by the LTC process. A retain sample
of dried sewage sludge and the resulting LTC coal were then
extracted.

Spiking of Samples
The samples “dewatered sewage sludge” and “LTC coal” were

spiked to a final concentration of 0.1 mg BAC per g of matrix. To
150 mg of each sample three different concentration levels (see
Tab. 1) were added. The respective matrices were constantly mixed
with a vortexer, placed in the ultrasonic bath for 1 min and then
left in it for 30 min. The test samples were centrifuged (g = 20150
rcf, 10 min) and 1 mL of the supernatant was transferred to an
HPLC-vial. The BAC concentration of the solutions was measured.
The solid residues of the spiked samples were further used for the
reextraction procedure.

Extraction of Samples
Three different solvents (0.1 M hydrochloric acid, 0.1 M hydro-

chloric acid/acetonitrile (30:70) (v/v), and 0.1% trifluoroacetic acid/
acetonitrile (v/v) (30:70)) were tested as extraction system. The
experiments showed that 0.1 M hydrochloric acid did not extract
BACs from the samples. 0.1 M hydrochloric acid/acetonitrile (30:70)
(v/v) did only extract BAC C12 with best recoveries ranging from 53 to
59%. 0.1% trifluoroacetic acid/acetonitrile (v/v) (30:70)) did extract
both, BAC C12 and C14, with good recoveries (see Tab. 3 and 4) [22].
This solvent mixture was, therefore, used for the ultrasonication
extraction of the dewatered sewage sludge and the LTC coal.

For each measurement, 1.5 mL of 0.1% trifluoroacetic acid/aceto-
nitrile (30:70) was added to the solid residue. This was followed by
vortexing and a 2 min ultrasonic treatment. The samples were
allowed to stand for 1 h and were then centrifuged (g = 20150 rcf, 10
min). Afterwards, 1 mL of the supernatant was transferred to an
HPLC-vial and measured. The extraction was performed once per
sample.

For automatic sample pre-treatment and enrichment of the
extract, an automatic column-switching configuration was devel-
oped, as shown in Fig. 1. There was no further sample pre-treatment.
The extracted samples were injected directly into the LC-LC/ESI-MS/
MS system. The injection volume was 5 lL. Extraction and chroma-
tographic separation of the analyte was carried out automatically
by the LC-LC system.

3.2 Chromatography

The in-line-extraction system was constructed with a LiChroCARTm
cartridge (25 mm64 mm) and packed with LiChrospherm ADS C8,
cartridge holder manu-CARTm, Merck KG (Darmstadt, Germany).
Chromatography was performed using the analytical column
Nucleosil 100-5 C18 CC 250 mm64.6 mm, 5 lm proceeded by a
guardcolumn CC 8/4 Nucleosil 100-5 C18 (both from Macherey &
Nagel, D�ren, Germany). The column oven was set to 408C.

An Agilent Series 1100 LC (Agilent Technologies, Walldbronn,
Germany) equipped with two binary pumps, a degasser, two six-port
switching valves, and a column oven was used. The samples were
injected via the automatic sample injector. The Chemstation soft-
ware (Agilent Technologies) was used for instrument control.

Double Chromatography: LC-Integrated Extraction and Chromatographic
Separation (LC-LC)

The LC-integrated extraction procedure steps were: i) sample
application and extraction, ii) transfer of the analyte fractions and
chromatographic separation, and iii) purification and re-equilibra-
tion of the extraction column.
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The configuration of the LC-LC/ESI-MS/MS system with the two
switching valves is shown schematically in Fig. 1 [23]. The autosam-
pler and pump 1 were used to load 5 lL of the extract containing
BAC onto the clean-up column. The mobile phase of pump 1 was
0.1% formic acid (v/v) for the first 8 min and was delivered to the
clean-up column with a flow-rate of 0.8 mL/min. BAC was retained
on the sorbent, while the matrix compounds were flushed to the
waste with the eluent.

After 8 min, the matrix was fully washed out of the extraction col-
umn. According to the software time-schedule the two high-pres-

sure valves were automatically switched into transfer position and
chromatographic separation position (see Fig. 1b)), thereby cou-
pling the clean-up column with the analytical column. The reser-
voir of the pump 2 A contained 0.1% trifluoroacetic acid (v/v) in
water and the reservoir of pump 2 B contained acetonitrile (100%).
In this valve position, the analytical mobile phase was delivered
from pumps 2 A and 2 B in a ratio of 80:20 (v/v). The mobile phase
gradient started after 8 min. Within the time period from 8–15 min
the analyte was eluted from the clean-up column by back flushing
at a flow rate of 0.4 mL/min. After 20 min the mobile phase gradient

i 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com

Figure 1. Scheme of the HPLC-integrated sample preparation. (a) System in initial position, ready for sample injection: HPLC/MS circulation is isolated
from extraction side. (b) Transfer and chromatographic separation step: the extraction column is connected to the analytical column. According to [23],
modified.
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Figure 2. (a) Mass spectrum of benzalkonium chloride. The MS ion mode is positive. m/z 332.6 is the relative mass of benzalkonium chloride C14, m/z
304.5 is the relative mass of benzalkonium chloride C12. (b) MS-MS spectrum of the fragmented benzalkonium chloride C14 after isolation of the specific
mass m/z 332 and fragmentation with amplitude of 1.0 V. The major benzalkonium chloride C14 ion is the specific mass m/z 240.6. (c) Mass spectrum of
the fragmented benzalkonium chloride C12 after isolation of the specific mass m/z 304.5 and fragmentation with an amplitude of 1.0 V. The major ben-
zalkonium chloride C12 ion is the specific mass m/z 212.6. (d) Fragmentation of benzalkonium chloride in the ion trap, performed in MRM-mode.
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reached its maximum with a ratio of 95% acetonitrile to 5% trifluor-
oacetic acid (0.1%). At 20.01 min the gradient changed to a ratio of
20% acetonitrile and 80% trifluoroacetic acid (0.1%) and remained
isocratic. After 25 min all the analyte was eluted from the analytical
column. 27 min after starting the analysis, the high- pressure valves
switched back to the initial position. The extraction column was re-
equilibrated by pump 1 with formic acid (0.1%), while the discon-
nected HPLC circulation simultaneously re-equilibrated the analyti-
cal column. The total sample preparation time and the analysis
time were 28 min. BAC was detected and quantified with LC-LC/ESI-
MS/MS (ion trap).

Detection with Mass Spectrometry: Ionization/Isolation and Fragmentation
The LC column effluent was directly transferred to the ion-trap

mass spectrometer equipped with an ESI source operated in the
positive ion mode. The MS-system consisted of an Esquire 3000 plus
(Bruker Daltonics, Bremen, Germany) with an orthogonal electro-
spray ionization source and an ion trap. The software used was Bru-
ker Daltonics esquire 5.1 Build 230 (Bruker Daltonik GmbH, Bre-
men, Germany).

The instrument was tuned by direct injection of an aqueous solu-
tion of 10 lg/mL of BAC at 5 lL/min. The following tune parameters
were retained for optimum BAC detection: nebulizing gas pressure
206.8 kPa; drying gas flow 12.0 L/min; drying temperature 3508C;
spray voltage 4 kV; capillary exit 115.9 V; skimmer 40.0 V; octopole
1 DC 12.0 V; octopole 2 DC 1.7 V; octopole r.f. amplitude 150.0 V p.–
p.; trap drive 39.3; lens 1 Voltage –5.0 V; lens 2 Voltage –60.0 V. The
following optimum trap conditions were determined: rolling, on;
rolling averages 5 cts; scan begin 100 m/z; scan end 1000 m/z; max-
imum accumulation time 200 ms; ion charge control target
100 000; charge control, on.

The masses for the BAC homologues were isolated and fragmen-
ted as shown in Fig. 2. The MS-parameters for BAC C14 are: isolated
specific mass 332.5 m/z with width 4.0 m/z; cut off 90 m/z; and for
BAC C12: isolated specific mass 304.7 m/z with width 4.0 m/z; cut off
82 m/z.

4 Quantification and Validation/Qualification

The chromatographic peaks of BAC were identified by their reten-
tion time and the detected mass of the fragment ions (see Fig. 2).
The main BAC C12 product ion after fragmentation, i. e., MS-MS, was
212.6 m/z, and for BAC C14 240.6 m/z. Other daughter ions were
136.6 m/z and 91.8 m/z showing minor peaks. Quantification was
carried out under full-scan conditions. The extracted molecular ion
chromatograms were used for each homologue. The corresponding
peak area was used for the quantification.

The retention time of BAC C12 was 22.9 min and 24.1 min for BAC
C14, respectively. The analytical background was investigated and
considered. The limit of quantitation (LOQ) was defined as being the
signal of at least 10 times of noise from the base line of the lowest
standard concentration [24]. The limit of detection (LOD) was
defined as being the signal of at least 3 times of noise from the base
line of the lowest standard concentration (c = 0.1 lg/mL). Method
detection limits were calculated using this criterion, too. No BAC
was detected in the blank samples which were as well extracted and
analyzed. The calibration curves were based on the peak area of
each standard plotted versus the nominal compound concentration
using least-squares linear regression.

5 Results

5.1 Quantification

BAC standards were tested in a concentration range from 0.1–10.0
lg/mL. The precision and the calibration curves of the different BAC
homologous are summarized in Tab. 1.

The LOQ of BAC C12 was 1.1 lg/mL and of BAC C14 2.2 lg/mL, respec-
tively. The LOD of BAC C12 was 0.3 lg/mL and 0.6 lg/mL for BAC C14.
The precision of the extraction procedure was evaluated by using
three independent extractions of BAC from spiked dewatered sew-
age sludge. The coefficients of variation were 7.5 and 16.6% for BAC
C12 and BAC C14, respectively, indicating good reproducibility of the
method developed (see Tab. 3). The method detection limits of BAC
C12 and BAC C14 were 0.02 g/kg in dewatered sewage sludge. In LTC
coal the method detection limit was 0.02 g/kg for BAC C12 and
0.04 g/kg for BAC C14, respectively.

The putative fragmentation scheme of BAC is shown in Fig. 2 [25].
The loss of C7H7 is not specific for differentiation of the two BAC iso-
mers; however, loss of C14H30N (m/z 212.6) and C16H34N (m/z 240.6)
are characteristic features of BAC C12 and BAC C14, respectively.

5.2 Recovery of Test Compound

On the basis of the measured concentration in the supernatant after
sorption, a strong sorption rate of BAC to the matrices of the sewage
sludge and the LTC coal has been calculated as can be seen form
Tab. 2.

Up to 73% of BAC has been extracted from the spiked dewatered
sewage sludge (see Tab. 3) and up to 71% from the spiked LTC coal
(see Tab. 4). The recovery of the dried dewatered sewage sludge
decreased to a range of 54–65%. Tab. 4 shows that it was impossible
to detect BAC in the extract of the LTC coal.

6 Discussion

The reextractability of BAC from LTC coal was investigated.
BAC was extractable from the two matrices “dewatered sewage

sludge” and “LTC coal”. Extractions of the samples were performed
with ultrasonication, the extraction solvent was 0.1% trifluoroace-
tic acid/acetonitrile (30:70).

Up to 73% of BAC was extracted from spiked dewatered sewage
sludge. The relative size distribution (RSD) values were ranging
between 8–17%.
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Table 1. Precision of the standards. (TFA/ACN: trifluoroacetic acid/aceto-
nitrile (v/v) (30:70), BAC: benzalkonium chloride; CV: coefficient of varia-
tion; n: number of measurements).

BAC C12 BAC C14

Nominal
concentration

Precision
Y = 150781.0x + 30656.8
R2 = 0.999

Precision
Y = 226235.9x + 33704.0
R2 = 0.997

(lg/mL) n Mean
(lg/mL)

C.V. (%) Mean
(lg/mL)

C.V. (%)

0.1 3 0.2 13.1 0.4 0.02
1.0 3 0.9 18.2 0.6 19.8

10.0 6 10.4 12.9 10.0 9.5
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Drying at 1058C had only little effect on the recovery of BAC. This
is in agreement with chemical knowledge: QACs are thermally
degraded at temperatures between 100–2008C in a Hofmann-Elimi-
nation reaction [26, 27]. The LTC process was performed at a tem-
perature of 4008C for approximately 1 h. Therefore, it can reason-
ably be assumed that BAC was thermically degraded in the LTC pro-
cess.

The recovery from the spiked LTC coal was up to 71%. The range
of RSD values was 10%. BAC was not detected in the extract of the
LTC coal after the LTC process.

The found data are in good agreement with data from the litera-
ture: Mart�nez-Carballo et al. [20] achieved recoveries for BAC C12

and BAC C14 from sediment and sludge samples of 75% and 73%,
respectively. The results show a deviation range of 8 – 13% for BAC.

Merino et al. [19] found BAC in activated and dehydrated sludge
collected from two waste water treatment plants in Spain. Concen-
trations ranged for BAC C12 and C14 between 0.4 and 28 mg/kg,
respectively. BAC was extracted and concentrated from the sludge
samples using the acid-induced cloud-point extraction (ACPE) tech-
nique which is based on the formation of mixed aggregates between
analytes and extractant. Mean percent recoveries (based on three
replicates) obtained for the extraction of BAC C12 and C14 from sew-
age sludge, as a function of sodium dodecanesulphonate concentra-
tion, were between 59–95%. The range of RSD values was 2–6%.

Mean percent recoveries obtained for the extraction of BAC C12

and C14, as a function of HCl concentration, were between 80–95%.
The range of RSD values was 3–10%. The results are in good agree-
ment with the results obtained by the LTC process.

7 Conclusion

A possibility to obtain reusable products from sewage sludge is the
conversion of organic residues into oil, carbon, or phosphorus-rich
residual soil by means of thermocatalytic low temperature conver-
sion (LTC). To gain knowledge about the fate of contaminants within
the disposal process the persistent and strong adsorbing disinfec-
tant benzalkonium chloride has been investigated.

The experiments showed that BAC has been destroyed in the LTC
process. Even if not fully destroyed, the remainder was very tightly
bound to the LTC coal. It can thus be concluded that the investi-
gated compound is not easily available in the coal, and hence that
its use as, e.g., fertilizer does not present a risk.

The fate of other disinfectants and other trace compounds in the
LTC pilot plant of technical scale is the subject of further investiga-
tion.
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