
学会誌「EICA」第 10巻第 3 号（2005） 51

Determination of Free Estrogens in Wastewater by GC/HR/MS 

T. Ohiwa, M. Sueoka, K. Tanabe (TES), K. Komori, S. Suzuki (PWRI) and H. Tanaka (Kyoto-Univ.) 

An improved analytical method of four free estrogens,[estrone (E1) , 17 -estradiol (E2) , estriol (E3) and ethynylestradiol 

(EE2) ]was proposed to lower their detection limits in water samples. After silyl-derivatization, their quantification was conducted 

by a high-resolution gas chromatography/double-focusing mass spectrometry (GC/HR/MS) method. Among four commercially 

available silylation agents, N,O-bis(trimethylsilyl)acetamide (BSA) was selected for trimethylsilyl (TMS) derivatization, because of 

the highly efficient silylation for all the selected estrogens and the simple sample condensation protocol after the silylation.

3-TMS-E1, 3, 17-TMS-E2, 3,16,17-TMS-E3, 3,17-TMS-EE2 were selected as monitoring ions for E1, E2, E3 and EE2, respectively. 

The instrument detection limits (IDL) ranged from 0.2 to 0.5 pg for the estrogens, which resulted in one order of magnitude more

sensitive than those of the conventional liquid chromatography/tandem mass-spectrometry (LC/MS/MS) method. The detection 

limits for water sample were 0.04 ng L-1, 0.02 ng L-1, 0.05 ng L-1, 0.04 ng L-1 for E1, E2, E3 and EE2, respectively. The method 

using GC/HR/MS was confirmed to be more sensitive than the conventional LC/MS/MS for wastewater samples, because the 

former method could quantify E2 and E3 in the secondary effluent, which could not be detected by the latter method. However, 

EE2 in wastewater samples was below detection limit (0.04 ng L-1) even if the GC/HR/MS method was applied. 
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Fig. 1 3 E1 E2 E3

EE2 EE2

LC/MS/MS 0.5 ng L-1

LC/MS/MS GC/HR/MS

Estrone (E1) 17 -estradiol (E2) Estriol (E3) Ethynylestradiol (EE2)

Fig. 1

2.1

E1 E2 E3 EE2 SIGMA 98%

-d E1-d2 17 -d E2-d3 -d E3-d2

17 -d EE2-d4 CDN Isotope

Oasis HLB plus Waters Sep-pak plus Florisil Waters NH

Sep-pak plus NH2 Waters 1 m GF/B Whatman

2.2
4)-6),9)

Fig. 2 1,000 mL 1 m

SS 10 mL 2 E1

E2 EE2 E3 d 20 ng Oasis HLB

15 mL min-1

1/1 6 mL

1/1 1 mL 

1/1 10 mL 6 mL

1 mL NH2

5 mL

LC/MS/MS 6/4 1 mL GC/HR/MS

100 L Dimethylformamide

DMFA 100 L TMS N,O-bis(trimethylsilyl)acetamide BSA 200 L 5

80 60

C18

E1 E2 EE2
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E2 E3

C18 E3 40 80%

Oasis HLB

2.3 GC/HR/MS LC/MS/MS

Table 1 LC/MS/MS Elecrospray Ionization ESI Table 

1 Selected Reaction Monitoring SRM GC/HR/MS E1 3-TMS-E1

E2 3,17-TMS-E2 E3 3,16,17-TMS-E3 EE2 3,17-TMS-EE2 SIM

Table 1 GC/HR/MS LC/MS/MS

Fig. 2  

3.1 GC/HR/MS

GC/HR/MS

Fig. 3 TMS
1) TBDMS

 CH CH CH

OH O  Si CH OH O  Si C CH

TMS TBDMS

  CH   CH CH

Fig. 3  

GC/HR/MS  LC/MS/MS  

HP 6890 Series Agilent 1100 Series 

HP-5MS 0.25 mm 30 m Zorbax Extend C18 2.1 150 mm

150-300 20 min , 20 /min 40

1 L 10 L
10 mM-NH3 / (4/6)

1 mL min-1 0.14 mL min-1

JEOL JMS-700D Thermo Quest TSQ API-2 

EI-Positive SIM R = 1000 ESI-Negative MS/MS (SRM

m/z m/z

E1 342.21 269 145 45V

E2 416.26 271 145 45V

E3 504.30 287 171 45V

EE2 425.24 295 145 45V

E1-d2 344.22 271 147 45V

E2-d3 419.28 274 145 45V

E3-d2 506.31 289 173 45V

EE2-d4 429.26 299 147 45V

Oasis HLB

GC/HR/MS LC/MS/MS

NH2

Frorisil

TMS
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Table 2 4 TMS

DMFA TBDMS 5%DMFA

5%DEA/DMFA Fig. 4

2 100 L

 Table 2

N,O-bis(trimethylsilyl)acetamide BSA

TMS N,O-bis(trimethylsilyl)trifluroacetamide BSTFA

1%Trimethylchlorosilane BSTFA 1%TMCS/BSTFA

TBDMS N-methyl-N-ter(buthyldimethylsilyl)trifluoroacetamide MTBSTFA

Fig. 4  

Fig. 5 E2 TMS 80 60 Fig. 5

Fig. 8 n = 5 TMS

BSA BSTFA 1%TMCS/BSTFA 100 L DMFA 100 L

DMFA BSA BSA

BSTFA

BSA TMCS 1% 1%TMCS/BSTFA

BSA

E2 BSTFA BSA

E2 BSA

Fig. 6 E2 TBDMS 40 80 60

TBDMS MTBSTFA 100 L DMFA 100 L 200 L 5%

DMFA 5%DEA/DMFA 100 L DMFA 200

L 40 MTBSTFA

E2 TMS TBDMS GC/MS SIM Table 3

TMS TBDMS [M]+ TBDMS

1 [M-CH3]+ 3 TBDMS

20 ng

100 L

GC/HR/MS
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EE2 E3 17 Fig. 5

BSA TMS

Fig. 5  E2 TMS SIM

Fig. 6  E2 TBDMS SIM

Table 3  E2 TMS TBDMS SIM

Fig. 7(a) E1 E2 E3 Fig. 7(b) EE2 BSA TMS 40 120

(a) 100 n = 5 (b) 3-TMS-EE2

3,17-TMS-EE2 60 120

E1 E2 E3 60

EE2 60 3 3-TMS-EE2

3,17-TMS-EE2 40 60 EE2 17

TMS TBDMS

SIM [M]+ [M-CH3]+ [M]+ [M-CH3]+

SIM 1.0 0.1 1.0 2.8 
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EE2 80

3-TMS-EE2 80 3,17-TMS-EE2

(a) E1 E2 E3

(b) EE2

Fig. 7 TMS

Fig. 8 E1 E2 E3 TMS DMFA 100 L TMS BSA

80 60 DMFA

2
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Fig. 8 TMS BSA

3.2 SIM

4 BSA TMS 80 60

E1 E2 E3 TMS

EE2 3

3,17 2 Fig. 7(b)

Table 4 4 TMS [M]+

1 [M-CH3]+ ESI

[M]+ [M-CH3]+

SIM EE2

3,17-TMS-EE2 1 [M-CH3]+

[M] SIM

Table 4 TMS GC/MS

TMS [M-CH3]+ / [M]

   3-TMS-E1  0.1 

   3,17-TMS-E2 0.1 

   3-TMS-EE2  0.1 

   3,17-TMS-EE2 2.0 

  3,16,17-TMS-E3 0.1 
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GC/HR/MS

4.1

0 40 ng 5 20 ng

BSA 80 60

100 L GC/HR/MS

SIM SIM

Fig. 9 E3 r2 0.99

E3 E3 3

E3 2.0

(a): E1 (b): E2 (c): EE2 (d): E3

Fig. 9 GC/HR/MS 4

(d)
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0.0 0.5 1.0 1.5 2.0 2.5

y  = 1.148x

r 2 = 0.991

(b)

y  = 0.914x

r 2 = 1.000
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0.5

1.0
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2.5

0.0 0.5 1.0 1.5 2.0 2.5

(c)

y  = 1.102x

r 2 = 0.999

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5

(a)

y  = 0.736x

r 2 = 0.997

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5
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4.2

GC/HR/MS 4 1 ng (0.1 mL)-1 6

1 L = 10 pg LC/MS/MS 4 1 ng mL-1

10 pg 10 L 6

Table 5 GC/HR/MS C.V. 0.5 1.7% LC/MS/MS 6.0

10.4% s 3

GC/HR/MS 0.2 0.5 pg LC/MS/MS

LC/MS/MS 10) E1 E2 EE2

S/N S/N = 3 5 L 0.5 1.3 2.5 pg

Table 5 GC/HR/MS LC/MS/MS

GC/HR/MS n = 6  LC/MS/MS n = 6

C.V. IDL C.V. IDL 
ng mL-1 % pg ng mL-1 % pg 

E1 10.4  1.2  0.4  1.1  6.0  2  

E2 10.0  0.5  0.2  1.1  6.9  2  

EE2 10.6  1.4  0.4  1.0  10.4  3  

E3 10.6  1.7  0.5  1.2  10.4  4  

10 pg GC/HR/MS 1 L/10ppb [1 ng (0.1 mL)-1]

LC/MS/MS 10 L/1ppb [1 ng mL-1]

IDL : instrument detection limit 3s

GC/HR/MS LC/MS/MS

Table 6 GC/HR/MS 0.02 0.05 ng L-1

LC/MS/MS 0.2 0.4 ng L-1

 Table 6 ng L-1

GC/HR/MS LC/MS/MS

E1 0.04  0.2  

E2 0.02  0.2  

EE2 0.04  0.3  

E3 0.05  0.4  

4.3

4

500 mL 20 ng

Table 7

94 110%

E1 E1-d2 E1 E1 0.1 ng
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Table 7

ng ng % ng ng % ng ng % 

E1  0.1 20.1  100  1.0  21.5  103  4.0  26.0  110  

E2 0.0  21.1  106  0.2  20.2  100  1.2  22.0  104  

EE2 0.0  18.9  95  0.0  18.9  95  0.0  18.7  94  

E3 0.0  20.0  100  0.9  20.3  97  24.3  44.4  101  

0.5 L 20 ng 20 ng

LC/MS/MS

4.3 4 E1 E2 E3

EE2 GC/HR/MS LC/MS/MS

GC/HR/MS LC/MS/MS Table 8 E1 E2 EE2 E3

E3 LC/MS/MS

GC/HR/MS 30%

LC/MS/MS GC/HR/MS GC/HR/MS

LC/MS/MS E2 E3

GC/HR/MS 1 GC/HR/MS

GC/HR/MS

LC/MS/MS

Table 8 Table 7

GC/HR/MS EE2

Table 8 GC/HR/MS LC/MS/MS ng L-1

GC/HR/MS LC/MS/MS GC/HR/MS LC/MS/MS

E1 28.8 27.2 4.8 4.4 

E2 4.0 3.2  0.2 <0.5 

EE2 <0.04 <0.5 <0.04 <0.5 

E3 99.8 130.1 0.4 <0.5 

4 E1 E2 E3 EE2

GC/HR/MS

BSA TMS

E1 E2 E3 3-TMS-E1 3,17-TMS-E2 3,16,17-TMS-E3 [M] EE2

3,17-TMS-EE2 [M-CH3]+ SIM
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GC/HR/MS IDL 0.2 0.5 pg LC/MS/MS 1

10,000 E1 0.04 ng L-1 E2 0.02

ng L-1 EE2 0.04 ng L-1 E3 0.05 ng L-1

94 110%

GC/HR/MS LC/MS/MS

GC/HR/MS LC/MS/MS

LC/MS/MS E2 E3 GC/HR/MS

EE2 GC/HR/MS

0.04 ng L-1
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