
Besides microbiological methods, fecal pollution of surface waters 
is estimated by gas chromatographic (GC) determination of sterols
present in human and animal sewage effluents. The most frequently
used biomarkers for the evaluation of contamination levels include
coprostanol, cholesterol, dihydrocholesterol, stigmasterol, 
ββ-sitosterol, and stigmastanol. Although several GC techniques are
used to measure these compounds in aquatic systems, the analytical
performance of GC–mass spectrometric (MS) determination of these
sterols has not been systematically characterized. Therefore, the aim
of this work is to validate a simple and rapid GC–MS method for the
simultaneous analysis of six sterols, considering all parameters and
requirements defined by Good Laboratory Practice. Following
liquid–liquid extraction of spiked surface water samples, the
extracts are silylated and analyzed by GC–MS. The method is
evaluated for linearity and limits of detection and quantitation, as
well as for precision, extraction efficiency, and stability. The assay is
linear up to 160 ng; the limits of detection and quantitation are
5–10 ng and 20 ng, respectively. The within- and between-day
precision ranged from 1% to 9% and 1% to 16%, respectively. The
extraction efficiency was 65–80%. The stability studies indicate that
the sterols in surface water samples begin to degrade after 24 h of
refrigerated storage. However, three freeze/thaw cycles could be
performed without their decomposition. The method is applied to
the analysis of surface water and wastewater samples. The technical
advantages make this GC–MS analysis suitable for routine
environmental monitoring of fecal pollution in aquatic systems.

Introduction

Fecal pollution of surface waters by human and animal sewage
effluents, which can contain a variety of pathogenic micro-organ-
isms, has been considered as a risk not only to human health, but
also to the integrity of aquatic ecosystems (1,2). Therefore, mon-

itoring of fecal contamination plays an important role in the pre-
vention of waterborne infectious diseases and the protection and
improvement of the quality of the aquatic environment (3,4).
Fecal pollution has traditionally been examined by microbiolog-
ical methods based on the isolation, cultivation, and enumeration
of indicator bacteria, including fecal coliforms, streptococci, and
clostridia (5,6). However, the reliability of these measurements
has been questioned because the culture media, conditions of
incubation, and time delay between sample collection and begin-
ning of analysis can significantly influence the species isolated
and colony count (7–9). In addition, humans and nearly all warm-
blooded animals host bacterial groups used to evaluate fecal con-
tamination. Consequently, microbiological methods do not
provide information for the identification and distinction of pol-
lution sources (10,11). To overcome these limitations, in the past
few decades, several biologically derived low-molecular-weight
organic substances present in human and animal wastes have
been proposed as biological indicators (biomarkers) of fecal con-
tamination (12,13). Because of their high amounts in feces and
untreated sewage effluents, sterols from the gastrointestinal
absorption of dietary steroids as well as endogenous cholesterol
(CHL) synthesis and metabolism have been proven to be the most
suitable biomarkers among the potential compounds (14–16).
When wastewater containing fecal matter is discharged into
aquatic systems, sterols can be detected directly in water samples
(17,18). Although sterols can be degraded in surface waters under
aerobic conditions, they are rapidly bound to waterborne micro-
particulates, subsequently deposited at the water–sediment
boundary, and finally incorporated into the anaerobic sediments
where their decomposition is very limited (18,19). Thus, the con-
centrations of fecal sterols in surface waters and their sediments
have been reported to correlate with current and previous con-
tamination levels, respectively (17–20). Because significant differ-
ences have been recorded in the individual sterol composition of
human and animal feces because of alterations in dietary intake of
steroids and endogenous CHL production and metabolism, the
sterol patterns of water and sediment samples can provide infor-
mation required to distinguish and determine the sources of fecal
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pollution (21–23). For example, the sterol coprostanol (COP),
which is produced in the gastrointestinal systems of humans and
higher animals by the microbial reduction of CHL, has been
extensively used as an indicator of human fecal pollution (24,25).
It can also be metabolized to cholestanol, which is the 
corresponding 5α epimer of COP (22,25). High ratios of
COP/COP–CHL have been reported to be associated with anthro-
pogenic fecal contamination in seawater and sediment samples,
and the differences in the relative amount of COP epimers have
been used to discriminate fecal input from human and marine
mammal sources in the vicinity of a sewage outfall (25). An abun-
dance of CHL and β-sitosterol (β-SIT) with minimal level of COP
in surface waters has been suggested as an indicator of fecal pol-
lution from dogs and birds (24). In addition, the distribution of
COP and other fecal sterols in the sediment cores of urban estu-
aries has been shown to correlate with historical trends in
wastewater contamination (26). The ratios of plant-derived
sterols and those of animal origin in overland flow samples from
grazing-land have also been used to trace pollutant sources (27).

Fecal sterols in environmental and biological samples are usu-
ally quantitated by gas chromatography (GC) with flame ioniza-
tion detection (FID) (28–30) and GC–electron capture detection
(31), and their identification is verified by GC–mass spectrometry
(MS) (28,30,32–38). Although these GC techniques have been
widely used to measure the sterol concentrations in fresh,
marine, storm, and sewage waters (28,32–38), the analytical per-
formance of GC–MS determination has not been completely
characterized. Because cost and time effectiveness are of high
concern in environmental monitoring, the identification and
quantitation of sterols in a single chromatographic run are also
desirable. Therefore, the objective of this study was to validate a
simple and rapid GC–MS method for the simultaneous identifica-
tion and quantitation of the most frequently measured fecal
sterols, including COP, CHL, dihydrocholesterol (DCHL), stig-
masterol (SROL), β-SIT, and stigmastanol (SNOL). This GC–MS
analysis was evaluated for linearity, precision, extraction effi-
ciency, limit of detection (LOD), limit of quantitation (LOQ), and
stability according to the guidelines and regulations of Good
Laboratory Practice specified for chromatographic techniques
(39). Finally, the method was applied to quantitative analysis of
fecal sterols in Hungarian surface waters and wastewater samples
from urban sewage treatment plants. The results presented in
this paper show that because of the time-effectiveness and validity
parameters, this GC–MS method is suitable for routine moni-
toring of fecal pollution in aquatic systems. 

Experimental

Materials
Dichloromethane [high-performance liquid chromatography

(HPLC) grade], acetonitrile (HPLC grade), sodium hydroxide, and
standards of fecal sterols, including COP (5β-cholestan-3β-ol),
CHL (5-cholesten-3β-ol), DCHL (3β-hxdroxy-5α-cholestane),
SROL (3β-hydroxy-24-ethyl-5,22-cholestadiene), β-SIT (24β-
ethylcholesterol), and SNOL (24α-ethyl-5α-cholestan-3β-ol)
were provided by Sigma-Aldrich Chemical Company (Stenheim,

Germany). Perylene-d12 and N,O-bis(trimethylsilyl)trifluoroac-
etamide (BSTFA) with 1% trimethylchlorosilane (TMCS) were
obtained from Supelco (Bellefonte, PA). Perylene was purchased
from Fluka Chemie AG (Buchs, Switzerland). 

Preparation of standard solutions 
For the optimization of GC–MS conditions, a standard mixture

of COP, CHL, DCHL, SROL, β-SIT, SNOL, and perylene (surrogate
standard) was prepared in dichloromethane at a concentration of
1.0 mg/mL for each of component. For quantitative determina-
tion, perylene-d12 was used as an internal standard (IS) and dis-
solved in dichloromethane to obtain a stock solution of 1.0
mg/mL. To check the extraction efficiency (recovery) of the fecal
sterols in unknown water samples, a 0.125-mg/mL perylene sur-
rogate standard solution was prepared in acetonitrile. 

Derivatization procedure 
The GC–MS analysis of target sterols was carried out after

derivatization with BSTFA–TMCS. A 25-µL aliquot of the stan-
dard mixture and 20 µL of IS solution were pipetted into a 1.5-mL
autosampler vial (Supelco) and dried completely under a nitrogen
flow. The residue was reconstituted in 125 µL of dichloromethane
and mixed with 125 µL of BSTFA–TMCS. The vial was closed with
a Teflon-lined screw cap, and the sample was silylated at 70°C for
30 min. Following derivatization, 1 µL of the mixture was injected
into the GC–MS system.

Instrumentation and GC–MS conditions
The samples were analyzed on a Hewlett-Packard (Palo Alto,

CA) GC–MS system consisting of an HP 5890 GC with an HP 5973
mass selective detector (MSD) and an Agilent 7683 automatic
liquid sampler (Agilent Technologies, Palo Alto, CA). Separations
were accomplished using an HP-5MS fused silica capillary
column (Hewlett-Packard) coated with phenylmethylsiloxane
(30-m × 0.25-mm i.d., 0.25-µm film thickness) using the
Environmental Protection Agency (EPA) Method 8270 (40) with
minor modifications. Briefly, the GC–MS parameters were as
follow: carrier gas, helium, 1.4 mL/min, constant flow; injection,
splitless, 1 µL sample; inlet temperature, 280°C; oven ramps,
150°C for 0.5 min, 150–300°C at 20°C/min, and 300–310°C at
25°C/min; GC–MS interface temperature, 280°C; MSD ion source
temperature, 230°C; MSD quadrupole temperature, 150°C; ion-
ization energy, 70 eV; and solvent delay, 7.0 min. System control,
data acquisition, and analysis were performed with the HP
G1701AA MSD Productivity ChemStation software, Rev. A.03.01
(Agilent) on a HP Vectra XA 5 computer (Hewlett-Packard). Data
were acquired in the full scan mode between ions of m/z 50 and
550.

Preparation of calibrators and calibration curves 
The target sterols and surrogate standard were dissolved in

dichloromethane to prepare the standards as 1.0 mg/mL stock
solution. The calibrators were prepared by measuring 20 µL of IS
and 5-, 10-, 15-, 20-, 25-, 30-, 35-, and 40-µL aliquots of the stock
solution into autosampler vials and dried under a nitrogen flow.
The residues were reconstituted in 125 µL of dichloromethane,
mixed with 125 µL of BSTFA–TMCS, and derivatized as described
previously. The final mass concentrations of calibration standards
were 20, 40, 60, 80, 100, 120, 140, and 160 ng for each of the com-

                                                   



ponents and that of IS was 80 ng in 1-µL injected volume. The cal-
ibration curves were obtained by plotting the target com-
pound–IS response ratios of characteristic ions selected from the
mass spectra as a function of the respective concentrations of the
individual components. The target (T) and qualifier ions of m/z
(Q1 and Q2) applied for the GC–MS quantitation are shown in
Table I. The identity of the target sterols was examined by com-
paring the obtained mass spectra with those of the corresponding
reference substances using the HP 5973 MSD reference collec-
tion, NIST MS search program, and spectrald database collection,
Version 1.5 (1996) (Hewlett-Packard). 

Precision studies 
The within- and between-day precisions were determined at

low, medium, and high concentrations that spanned the linearity
range using 20 replicate chromatograms (39). Standards of the
sterols and surrogate were dissolved in dichloromethane to
obtain solutions at concentrations of 80, 160, and 320 µg/mL. At
each concentration, 20- × 125-µL aliquots of these solutions and
20 µL of IS were pipetted into autosampler vials and dried under
a nitrogen flow. The residues were dissolved in 125 µL of
dichloromethane and mixed with 125 µL of BSTFA–TMCS, and
they were then prepared for GC–MS analysis as detailed in the
derivatization procedure. Eight vials were inserted into the
autosampler, and the remaining were stored at –20°C until
GC–MS analysis. The within- and between-day precision were
expressed in percent relative standard deviation [coefficient of
variation (CV)].

Recovery studies
The extraction efficiency (recovery) was determined at three

different concentrations, adjusted by adding known amounts of
COP, CHL, DCHL, SROL, β-SIT, STOL, and perylene (surrogate
standard) to a surface water sample. The standards were dissolved
in dichloromethane to obtain a 160-µg/mL stock solution, and
62.5-, 125.0-, and 250.0-µL aliquots of this were mixed with 250
mL of surface water and 10 g of NaOH (three replicates at each
concentration). The spiked water samples were shaken in an
incubator at 250 rpm/min at 60°C for 1 h. After transferring to a
separatory funnel, the samples were vigorously shaken with 3 ×
50 mL of dichloromethane. The dichloromethane extracts were
completely dried in a Rotavapor (Büchi, Flawil, Switzerland), and
the residues were washed into autosampler vials with 4 × 0.5 mL
of dichloromethane and mixed with 20 µL of IS. The mixtures

were then evaporated to dryness under a nitrogen flow and recon-
stituted in 125 µL of dichloromethane, mixed with 125 µL of
BSTFA–TMCS, derivatized, and analyzed by GC–MS as described
previously. The recovery was calculated by comparing the
amounts of analytes obtained from the extracted water samples
with those measured for the corresponding sterols dissolved in
dichloromethane (39) and analyzed directly.

LOD and LOQ
The LOD and LOQ were determined by adding 4.2-, 8.3-, 16.6-,

31.3-, and 62.5-µL aliquots of a 160-µg/mL stock solution con-
taining the target sterols and perylene to a mixture of 250 mL of
surface water and 10 g of NaOH. The spiked water samples (two
replicates at each concentration) were then shaken in an incu-
bator at 250 rpm at 60°C for 1 h and extracted, derivatized, and
analyzed by GC–MS as detailed in the Recovery studies section.
The LOD and LOQ were defined as previously described (39).

Stability studies 
To characterize the stability of the compounds under typical

working conditions, the effect of storage at 4°C and freeze/thaw
cycles on the stability of the analytes and surrogate was investi-
gated by adding 62.5-, 125-, and 250-µL aliquots of a 160-µg/mL
stock solution containing the target sterols and perylene to a mix-
ture of 250 mL of surface water and 10 g of NaOH. The spiked
water samples (two replicates at each concentration) were stored
at 4°C and –20°C for 3 days, extracted, derivatized, and analyzed
by GC–MS daily. The recovery of the compounds was calculated
by comparing the concentrations measured on day 0 with those
obtained on days 1, 2, and 3.

The system stability test was carried out by replicate injections
performed every hour up to 24 h, using a derivatized mixture con-
taining 80 ng of the target compounds (39). The system stability
was calculated by comparing the CV values obtained in the test
with the corresponding data of the within-day precision (CVrel). 

Preparation of water samples for GC–MS analysis 
Surface water samples (n = 38) were collected in various

regions of Hungary. Raw domestic wastewater samples (n = 10)
were purchased from urban sewage treatment plants. The sam-
ples were processed for extraction within 24–36 h. Water samples
(250 mL) were mixed with 200 µL of 0.125 mg/mL surrogate
standard solution and 10 g NaOH. They were then saponified in a
shaking incubator at 60°C for 1 h. Following saponification, the
surface water samples were extracted, derivatized, and analyzed
by GC–MS, as described in the previous sections. The wastewater
samples were prepared for GC–MS in the same manner, but they
were mixed with 50 mL of dichloromethane and ultrasonicated
with a 10-µm amplitude for 10 min before extraction. The con-
centrations of target sterols and surrogate were calculated on the
basis of calibration curves by the data analysis software. 

Results

Representative total ion chromatograms of standard sterol mix-
ture, spiked surface water, and sewage water samples are pre-
sented in Figure 1. The run time was 22.5 min, and the six sterols,
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Table I. Target (T) and Qualifier (Q1 and Q2) Ions of m/z
Applied for the GC–MS Quantitation of Fecal Sterols

Target compound T Q1 Q2

Perylene 252 253 250
COP 370 215 355
CHL 329 368 353
DCHL 215 445 355
SROL 255 394 484
β-SIT 357 396 381
SNOL 215 473 383
Perylene-d12 (IS) 264 260 132
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IS, and surrogate were completely separated. The following reten-
tion times were determined: 9.10 min for IS, 9.14 min for surro-
gate, 9.88 min for COP, 10.48 min for CHL, 10.57 min for DCHL,
11.53 min for SROL, 12.06 min for β-SIT, and 12.17 min for
STOL. Spectral analysis of the target compounds showed higher
than 90% identity with those of the reference substances in every
case.

The calibration curves for surrogate, COP, CHL, DCHL, SROL,
β-SIT, and SNOL were obtained from three independent series.
The target compound–IS response ratios were linear up to 160 ng
for each target molecule. The lines of best fit obtained by linear
regression were described by the following equations. For COP:

y = 3.37x – 0.017 Eq. 1

where r2 = 0.993. For CHL: 

y = 1.88x – 0.004 Eq. 2

where r2 = 0.997. For DCHL: 

y = 2.35x + 0.005 Eq. 3

where r2 = 0.997. For SROL:

y = 0.91x + 0.001 Eq. 4

r2 = 0.998. For β-SIT:

y = 1.19x – 0.001 Eq. 5

where r2 = 0.998. for SNOL:

y = 1.18x + 0.008 Eq. 6

where r2 = 0.998. For the surrogate:

y = 20.26x – 0.068 Eq. 7

where r2 = 0.986. 
The within- and between-day precision data of repeated GC–MS

analyses (n = 20) at three different mass concentrations of the
target compounds are summarized in Table II. The extraction effi-
ciencies of the six sterols and surrogate are presented in Table III.
The recoveries did not change significantly with the concentra-
tion, and they were approximately 65% for COP; 75% for CHL,
DCHL, and SNOL; 80% for SROL and β-SIT; and 75% for the
surrogate. The LOD and LOQ of the six sterols following

Table III. Recovery of the Target Sterols Following
Liquid–Liquid Extraction from Native Matrix at 
Three Different Concentrations*

Recovery (%)

Target compound 40 µg/mL 80 µg/mL 160 µg/mL

Perylene 78.0 ± 4.3 75.4 ± 4.2 78.0 ± 3.8
COP 64.3 ± 6.0 64.7 ± 5.9 67.2 ± 10.5
CHL 81.5 ± 9.1 75.4 ± 2.3 75.9 ± 4.4
DCHL 80.0 ± 9.1 76.6 ± 3.8 75.8 ± 4.5
SROL 88.6 ± 6.5 81.5 ± 3.6 78.8 ± 4.2
β-SIT 80.1 ± 7.6 72.0 ± 6.9 79.6 ± 1.6
SNOL 82.7 ± 6.1 75.7 ± 2.9 75.4 ± 4.2

* Each value represents the mean (± standard deviation) obtained from three parallel
extractions.

Table II. The Within- and Between-Day Precision of the
GC–MS Method at Three Different Mass Concentrations
of the Target Sterols

Within-day precision Between-day precision 
CV (%) CV (%)

Target compound 40 ng 80 ng 160 ng 40 ng 80 ng 160 ng

Perylene 2.29 0.68 1.32 6.76 2.18 1.42
COP 6.52 5.38 8.23 8.84 4.96 5.23
CHL 5.05 3.65 6.39 11.12 6.17 3.53
DCHL 2.67 2.69 7.04 7.35 5.37 2.20
SROL 6.39 3.06 5.67 11.35 10.14 5.70
β-SIT 8.89 4.99 7.78 15.55 11.75 8.94
SNOL 3.55 2.20 4.70 7.85 5.84 2.74

Figured 1. Representative chromatograms of the standard sterol mixture,
spiked surface water, and domestic wastewater samples. Standard mixture of
the target sterols, the internal standard (IS), and surrogate standard at 80 ng
mass concentration (A); surface water sample spiked with target sterols (B);
and raw wastewater sample from an urban sewage treatment plant (C).
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liquid–liquid extraction from native matrix are shown in Table IV.
The LOD (at a signal-to-noise ratio of 3:1) were as follows: 5 ng for
COP and 10 ng for the remaining five sterols and surrogate, and
the LOQ (at a signal-to-noise ratio of 10:1) was 20 ng for each
target compound in 1 µL injected volume.

The results of stability studies are demonstrated in Table V. The
recovery data show that 20–30% and 30–40% of the original
amounts of sterols degraded at each concentrations in the native

matrix at 4°C on day 2 and day 3, respectively. In contrast, no
decomposition of sterols occurred in spiked surface water sam-
ples after three freeze/thaw cycles performed on consecutive days.
Our data also indicated that the GC–MS system stability,
expressed in CVrel, did not exceed the recommended value of
120% within a 24-h period (39).

The fecal sterol concentration was measured in 38 surface
water and 10 sewage water samples. Their chemical identity was
confirmed by spectral analysis, and the mass spectra of the target
compounds showed higher than 90% identity with those of refer-
ence substances. Fecal sterols were detected in two surface water
samples; their amounts were below the LOQ in one case, and the
second sample contained 0.032 mg/L DCHL. Figure 2 depicts the
total sterol concentration and sterol pattern of the 10 raw
domestic wastewater samples analyzed. As shown, the total sterol
concentration varied widely, and the following average concen-
trations of individual sterols were measured: 3.01 ± 1.69 mg/L
(0.93–5.36 mg/L) COP; 1.29 ± 0.85 mg/L (0.26–2.93 mg/L) CHL;
0.28 ± 0.24 mg/L (0.1–0.80 mg/L) DCHL; 0.01 ± 0.03 mg/L
(0–0.07 mg/L) SROL; 0.23 ± 0.16 mg/L (0.07–0.56 mg/L) β-SIT;
and 0.05 ± 0.07 mg/L (0.02–0.18 mg/L) SNOL. The mean total
sterol concentration was 4.88 ± 2.77 mg/L, and the samples con-
tained 61.7% ± 9.0% COP, 26.4% ± 10.2% CHL, 6.0% ± 2.4%
DCHL, 0.2% ± 0.3% SROL, 4.7% ± 1.6% β-SIT, and 1.0% ± 0.9%
SNOL.

Discussion

Besides traditional microbiological methods, fecal pollution
has been estimated by GC determination of human and animal
sterols in various surface water samples (12–16). A time- and cost-
effective approach for the evaluation of contamination levels
involves the simultaneous identification and quantitation of COP,
CHL, DCHL, SROL, β-SIT, and SNOL, which are the most fre-
quently used biomarkers of fecal pollution (14–16). In several pre-
vious studies, these sterols have been quantitated by GC–FID and

Table V. Stability of the Target Compounds in Native
Matrix at 4°C at the Three Standard Concentrations
Tested*

Concentration
Recovery (%)†

Target compound (µg/mL) Day 1 Day 2 Day 3

Perylene 40 107.6 87.4 60.7
80 98.4 75.9 73.3

160 102.5 72.9 71.6

COP 40 108.3 88.0 67.9
80 103.2 70.5 76.2

160 83.6 63.7 62.8

CHL 40 104.8 79.3 64.0
80 103.1 71.9 82.4

160 93.3 67.0 61.1

DCHL 40 104.8 73.1 60.2
80 100.2 71.0 79.6

160 103.5 74.8 69.9

SROL 40 102.3 76.9 55.5
80 100.7 72.7 81.7

160 99.8 71.6 66.8

β-SIT 40 104.2 74.8 65.6
80 97.2 71.8 78.7

160 106.9 81.0 71.0

SNOL 40 104.7 78.3 65.3
80 101.2 79.2 84.1

160 103.8 78.2 71.3

* The results were obtained from two replicate analyses.
† Data are expressed in the percent of the original amounts measured on day 0.

Table IV. LOD and LOQ of the Target Sterols Measured
by GC–MS Following Liquid–Liquid Extraction from
Native Matrix*

LOD LOQ
Target compound (ng) (ng)

Perylene 10 20
COP 5 20
CHL 10 20
DCHL 10 20
SROL 10 20
β-SIT 10 20
SNOL 10 20

* Each data point shows the mean of two replicate experiments.

Figure 2. Total sterol concentration and sterol pattern of raw wastewater sam-
ples from various urban sewage treatment plants. The samples were prepared
for GC–MS analysis as described in the text.
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identified separately by GC–MS (32–38). Because the complete
validation of the GC–MS method has not been performed, the
evaluation and validation of a simple, rapid, and reliable GC–MS
analysis that allows the simultaneous identification and quantita-
tion of the previously mentioned sterols and permits the routine
environmental monitoring of fecal contamination in aquatic sys-
tems is described in the present study.

Fecal sterols were determined both in spiked and native
aqueous environmental samples using a modified version of EPA
method 8270 that was originally developed for the GC determina-
tion of semivolatile compounds. The GC–MS system conditions
were optimized with a standard mixture of the six sterols and one
surrogate. An HP-5MS capillary column possesses a suitable sta-
tionary phase for the separation of highly hydrophobic sterol
molecules. In order to improve the volatility, stability, and separa-
tion performance, sterols are usually silylated by BSTFA–TMCS, a
generally used derivatizing agent (32–38). Besides providing high
resolution for the target compounds, reducing the time con-
sumption of the analysis was also an important requirement in
the method optimization. After preliminary investigations, the
incubation time for derivatization was shortened to 30 min.

The preparation of surface water samples for the GC–MS anal-
ysis was carried out by liquid–liquid extraction using
dichloromethane as solvent. The accuracy of the assay strongly
depends on the exact determination of extraction efficiency
(recovery). Therefore, its correct determination had high priority
for proper calculation of sterol concentrations. To check the
recovery precisely for each sample, a surrogate standard with sim-
ilar chemical structure and hydrophobic character to that of target
sterols was used. Perylene proved to be a suitable substance for this
purpose. It was not detected in the surface water and untreated
wastewater samples. For quantitative analysis, deuterated perylene
(perylene-d12) was used as the internal standard. With it, the cali-
bration curves of the target sterols and surrogate showed good lin-
earity in a wide concentration range with regression coefficients
higher than 0.990. Following liquid–liquid extraction, the recov-
eries were approximately 80% for all of the sterols, with the excep-
tion of COP, which had a recovery of 64.3–67.2%. A possible
explanation for this difference is the more apolar character of the
COP molecule that slightly reduced its solubility in
dichloromethane and, therefore, worsened the recovery. The
recoveries of the six sterols and surrogate were similar at the three
different concentrations tested (see Table III), which allowed the
determination of extraction efficiency for each unknown sample
by adding a known amount of surrogate solution to the aqueous
environmental samples before their preparation for analysis. This
quality control feature was incorporated into the assay, and in this
manner the quantitative data obtained by GC–MS could be cor-
rected by a proportional factor to calculate the original concentra-
tion of the sterols in surface and sewage waters. The IS was added
in the last step of sample preparation (prior to derivatization). In
this way, concentration/dilution procedures could be carried out
before the quantitative determination, and, consequently, the ana-
lytical range could also be extended, improving both the cost- and
time-effectiveness of the GC–MS method. 

The stability studies indicated that the sterols in surface water
samples begin to degrade after 24 h of refrigerated storage, but
three freeze/thaw cycles could be performed without their

decomposition. This seems to be a significant concern to other
laboratories because environmental samples are usually collected
over a 1- or 2-day sampling trip, spend at least a day in transit, and
may wait another day or more before analysis. In this case, it is
recommended to freeze the samples after collection because the
results show that sterols are stable to freeze/thaw cycles. The high
stability of the GC–MS system and the simple and fast sample
preparation allowed the GC–MS analysis of a large number of
samples, as usually preferred or needed in routine methods for
environmental monitoring. 

Finally, the method was applied to quantitative determination
of six fecal sterols in surface water and untreated domestic
wastewater samples. The chemical identity of the sterols could be
confirmed by spectral analysis, and the mass spectra showed
higher than 90% identity with those of the reference compounds.
Quantitative determination was also specific because chemically
characteristic target and qualifier ions were selected from the
mass spectra of the individual sterols and surrogate. Although 38
surface water samples have been analyzed, sterols were detected
only in two cases, indicating that fresh fecal contamination did
not occur in the majority of Hungarian surface waters examined.
The total sterol concentration of raw domestic wastewater sam-
ples varied in a wide range, and the average distribution of indi-
vidual sterol components showed a very similar pattern to that of
in human feces (22).

In conclusion, the cost- and time-effectiveness, technical
advantages, and good precision and recovery make this GC–MS
analysis suitable for routine environmental monitoring of fecal
pollution in aquatic systems.

Acknowledgments

This work was supported by the Hungarian Ministry of
Environment and Water (grant number: HP-076/2002). The
authors thank Mrs. Judit Cs. Nagy for the excellent technical
assistance and Prof. George M. Breuer (University Hygienic
Laboratory, University of Iowa, Iowa City, IA) for reviewing the
manuscript. 

References

1. World Health Organization. Guidelines for Drinking Water Quality,
vol. 1, 2nd ed. WHO, Geneva, Switzerland, 1996, pp. 8–14.

2. J. Bartram, N. Thyssen, A. Gowers, K. Pond, and T. Lack, Eds. Water
and Health in Europe. WHO Regional Publications, European Series,
No. 93, WHO, Copenhagen, Denmark, 2002, pp. 52–56.

3. D.A. Okun. Public Health and Preventive Medicine, 13th ed., J.M.
Last and R.B. Wallace, Eds. Appleton and Lange, Norwalk, CT, 1992,
pp. 619–48.

4. J. Bartram, N. Thyssen, A. Gowers, K. Pond, and T. Lack, Eds. Water
and Health in Europe. WHO Regional Publications, European Series,
No. 93, WHO, Copenhagen, Denmark, 2002, pp. 198–199.

5. L.S. Clesceri, A.E. Greenberg, and R.R. Trussell, Eds. Standard
Methods for the Examination of Water and Wastewater, 17th ed.
APHA-AWWA-WPCF, Washington, D.C., 1989, pp. 1–208.

6. World Health Organisation. Guidelines for Drinking Water Quality,
vol. 1, 2nd ed. WHO, Geneva, Switzerland, 1996, pp. 14–29.

                   



Journal of Chromatographic Science, Vol. 44, February 2006

76

7. B.J. Dutka, A.S.Y. Chau, and J. Coburn. Relationship between bacte-
rial indicators of water pollution and fecal steroids. Water. Res. 8:
1047–55 (1974).

8. G. McFetters, J.S. Kippin, and M.V. LeChevallier. Injured coliforms in
drinking water. Appl. Environ. Microbiol. 51: 1–5 (1986).

9. W.M. Rhodes and H. Kator. Survival of Escherichia coli in estuarine
environments. Appl. Environ. Microbiol. 54: 2902–2907 (1988).

10. D. Kay and A. MacDonald. Reduction of coliform bacteria in two
upland reservoirs: The significance of distance decay relationship.
Water. Res. 14: 305–18 (1980).

11. V.J. Cabelli, A.P. Dufour, L.J. McCabe, and M.A. Levin. A marine
recreational water quality criterion consistent with indicator con-
cepts and risk analysis. Res. J. Water Pollut. Control Fed. 55: 259–65
(1983).

12. Y. Miyabara, N. Sugaya, J. Suzuki, and S. Suzuki. Estimation of uro-
bilin as a fecal pollution indicator in the aquatic environment. Bull.
Environ. Contam. Toxicol. 53: 77–84 (1994).

13. M.M. Elhmmali, D.J. Roberts, and R.P. Evershed. Bile acids as a new
class of sewage pollution indicator. Environ. Sci. Technol. 31:
3663–68 (1997).

14. J.J. Murtaugh and R.L. Bunch. Sterols as a measure of fecal pollution.
J. Water Pollut. Control. Fed. 39: 404–409 (1967).

15. R. Leeming, A. Ball, N. Ashbolt, G. Jones, and P.D. Nicols.
Distinguishing between human and animal sources of fecal pollu-
tion. Chem. Aust. 61: 434–35 (1994).

16. T.T. Troung, P.J. Marriott, N.A. Porter, and R. Leeming. Application of
comprehensive two-dimensional gas chromatography to the quan-
tification of overlapping fecal sterols. J. Chromatogr. A 1019:
197–210 (2003).

17. J.P. Hasset and G.F. Lee. Sterols in natural waters and sediments. Wat.
Res. 11: 983–89 (1977).

18. P.G. Hatcher and P.A. McGillivary. Sewage contamination in the
New York Bight. Coprostanol as an indicator. Environ. Sci. Technol.
13: 1225–29 (1979).

19. P.D. Bartlett. Degradation of coprostanol in an experimental system.
Mar. Pollut. Bull. 18: 27–29 (1987).

20. I.M. Venkatesan and I.R. Kaplan. Sedimentary coprostanol as an
index of sewage addition in Santa Monica Basin, Southern
California. Environ. Sci. Technol. 24: 208–14 (1990).

21. H.J. Eyssen, G.G. Parmentier, F.C. Compernolle, G. De Pauw, and 
M. Piessens-Denef. Biohyderogenation of sterols by Eubacterium
ATCC 21,408-Nova species. Eur. J. Biochem. 36: 411–21 (1973).

22. A.H. Lichtenstein. Intestinal cholesterol metabolism. Ann. Med. 22:
49–52 (1990).

23. R. Leeming, A. Ball, N. Ashbolt, and P. Nichols. Using fecal sterols
from human and animals to distinguish fecal pollution in receiving
waters. Water Res. 30: 2893–2900 (1996).

24. I. Supriham, H. Fallowfield, R. Bentham, and N. Cromar.
Determination of fecal pollutants in Torrens and Patawalonga catch-
ment waters in South Australia using fecal sterols. Water Sci.
Technol. 47: 283–89 (2003).

25. K.A. Hughes and A. Thompson. Distribution of sewage pollution
around a maritime Antarctic research station indicated by fecal col-
iforms, clostridium perfringens and fecal sterol markers. Environ.
Pollut. 127: 315–21 (2004).

26. R.S. Carreira, A.L.R. Wagener, and J.W. Readman. Sterols as markers
of sewage contamination in a tropical urban estuary (Guanabara Bay,

Brazil): space-time variations. Esuart. Coast. Shelf S. 60: 587–98
(2004).

27. D. Nash, R. Leeming, L. Clemow, M. Hannah, D. Halliwell, and 
D. Allen. Quantitative determination of sterols and other alcohols in
overland flow from grazing land and possible source materials.
Water Res. 39: 2964–78 (2005). 

28. P.D. Nichols, R. Leeming, M.S. Rayner, and V. Latham. Use of capil-
lary gas chromatography for measuring fecal-derived sterols applica-
tion to stormwater, the sea-surface microlayer, beach greases,
regional studies, and distinguishing algal blooms and human and
non-human sources of sewage pollution. J. Chromatogr. A 733:
497–509 (1996).

29. E. Börjesson, A. Sundin, R. Leeming, and L. Torstensson. New
method for determination of fecal sterols in urine using non-chlori-
nated solvents. J. Chromatogr. B 713: 438–42 (1998).

30. A.K. Batta, G. Salen, P. Batta, G.S. Tint, D.S. Alberts, and D.L. Earnest.
Simultaneous quantitation of fatty acids, sterols and bile acids in
human stool by capillary gas-liquid chromatography. J. Chromatogr.
B 775: 153–61 (2002).

31. L.Y. Jayasinghe, P.J. Marriott, P.D. Carpenter, and P.D. Nichols.
Application of pentafluorophenyldimethylsilyl derivatization for gas
chromatography-electron-capture detection of supercritically
extracted sterols. J. Chromatogr. A 809: 109–20 (1998).

32. L.M. Churchland, G. Kan, and A. Ages. Variation in fecal pollution
indicators through tidal cycles in the Fraser River estuary. Can. J.
Microbiol. 28: 239–47 (1982).

33. P.D. Nichols, R. Leeming, M.S. Rayner, V. Latham, N.J. Ashbolt, and
C. Turner. Comparison of the abundance of the fecal sterol
coprostanol and fecal bacterial groups in inner-shelf waters and sed-
iments near Sydney, Australia. J. Chromatogr. 643: 189–95 (1993).

34. J. Laureillard and A. Saliot. Biomarkers in organic matter produced in
estuaries: a case study of the Krka estuary (Adriatic Sea) using the
sterol marker series. Mar. Chem. 43: 247–61 (1993).

35. R. Leeming and P.D. Nichols. Concentrations of coprostanol that cor-
respond to existing bacterial indicator guideline limits. Water Res.
30: 2997–3006 (1996).

36. D.D. Edwards, G.A. McFeters, and M.I. Venkatesan. Distribution of
Clostridium perfringens and fecal sterols in a benthic coastal marine
environment influenced by the sewage outfall from McMurdo
Station, Antarctica. Appl. Environ. Microbiol. 64: 2596–2600 (1998).

37. R. Chaler, B.R. Simoneit, and J.O. Grimalt. Bile acids and sterols in
urban sewage treatment plants. J. Chromatogr. A 927: 155–60
(2001).

38. K.O. Isobe, M. Tarao, M.P. Zakaria, N.H. Chiem, Y. Minh le, and 
H. Takada. Quantitative application of fecal sterols using gas chro-
matography-mass spectrometry to investigate fecal pollution in trop-
ical waters: western Malaysia and Mekong Delta, Vietnam. Environ.
Sci. Technol. 36: 4497–4507 (2002).

39. L. Huber, Ed. Good Laboratory Practice and Current Good
Manufacturing Practice. Publication No. 12-5963-2115E, Hewlett-
Packard, Boeblingen, Germany, 1994, pp 51–62.

40. Hewlett-Packard Company. Chemical Analysis Consumables and
Accessories. HP, Palo Alto, CA, 1998/1999, p. 219.

Manuscript received February 3, 2005;
revision received December 5, 2005.

                                                                                                              


