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Siloxanes are volatile silicon compounds found in biogas that need to be removed in the process of utilizing
biogas as an energy source. Therefore, optimal detection of siloxanes in biogas is essential. In this study, two
different configurations of a direct sampling method using methanol for solvent absorption are compared. The
two configurations are on-site and off-site direct sampling. The on-site direct sampling involves trapping gas
directly from the biogas source in impingers filled with methanol, and the off-site method involves absorbing
gas in impingers from gas bags filled with biogas previously sampled and homogenized under controlled tem-
perature and pressure conditions. The absorption methodology used is originally from Air Toxics Ltd. and ESS
Laboratories. A change in flow rate was considered in order to keep the same composition of biogas throughout
multiple sampling events. Also, GC/MS and ESTD methods were applied. To minimize instrumental errors,
different GC capillary columns were tested to find the optimal GC/MS conditions. Polysiloxane-coated col-
umns (HP-1MS, HP-5MS) showed better peak separation and quantification when compared to a polyethylene
glycol-coated column (HP-INNOwax). Finally, the two sampling configurations were statistically compared
and it was determined that there are no significant differences in detection results between them.
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Table 1. The types and characteristics of major siloxanes
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2.1. 48 =

At S f7)FAslHE RS Tetramethylsil-
ane, L2(Hexamethyldisiloxane), L3(Octa-methyltrisil-
oxane), L4(Decamethyltetrasiloxane), L5(Dodecame-
thylpentasiloxane), D3(Hexa -methylcyclotrisiloxane),
D4(Octamethylcyclotetrasiloxane), D5(Decamethylcy-
clopentasiloxane)2] 1% 714 842 A43slo] Table 1
o 37ISIAT) olw HFEHRE AR 74 BEFES
T % 98% o2l ETokyo Chemical Industry Co.,
Ltd. (Japan) Al&-S ARSIl om, 25, 23 4l 45
23 WERS-S = 99% o|4e] Sigma-Aldrich (USA)
AES ARSI ARSE 7k ESKC (USARLE
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2.2, SN TEWHT S
TYoRE UEAOR 7MY Bol AEE SuE
A

o
S
b45)
r 2
"
™

ZII:‘:]—]]:!‘%- [eli=] ‘— o1 H Q 3z
AolE 23S wlawsiilt. delM A3 SulgrE
&g AR A5 gA e 7k 23l
TS BEIE duAfol] Adste] 7iAE 00,
Se vEES ARSoT, 5 A dEAE W
st LEAPlE ZWol AR 23871 A
YZBHTE ARgRo] Zhdkslar Frido] Hejsitiar &
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7k ERA] blank 2.9e] $-247F 9lol, 7k 25 A
AT A99.9%, GINDG7IR)E ol8sle] H4 53]
=4

9,11

Type of siloxane l\;{glrigﬁizr Abbreviation M.W. (mmH\g 7F) ?;; W?;f;LS)Ol;;):gty
Tetramethylsilane CH;,S1 88 81
Hexamethylcyclotrisiloxane CgH 105515 D3 222 10 275 1.56
Octamethylcyclotetrasiloxane CgH,,0,Si, D4 297 1.3 348 0.056
Decamethylcyclopentasiloxane CoH3005515 D5 371 0.4 412 0.017
Hexamethyldisiloxane CeH1551,0 L2, MM 162 31 224 0.93
Octamethyltrisiloxane CgH,,Si;0, L3, MDM 236 3.9 307 0.035
Decamethyltetrasiloxane CoHgSi,0, L4, MD2M 301 0.55 381 -
Dodecamethylpentasiloxane CoHg6Si;0, L5, MD3M 384 0.07 446 -
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Fig. 1. Experimental equipment for impinger method.®
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LIA|E HF SulFTES Fig 1S 3xste] &
H1E A"Eth. GCMSE AMg-3ted 418 Z1a)3t3l
3, BAZ2AE Table 20 W7181%1.2™ ESTD(External
Standard Method) "H-S AR-SIITE Aol AREH £
TAIEE AP WellA A8 3F7EES 7olsle] &
vo) A (spike)&-L ARESRE WAoo R A|ZSlo] A
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cyclotetrasiloxane)® 1738133 0™ 1819 717+ 100, 300,
500, 1000 pg/Le] FF=2E o83t & F53 4
HAe Y3t o] F T AR Uitk ZE 244
He oo ufe} 1034 308] REE- XSl SPSS
(Statistical Package for Social Science for Window.
rel 18.0) & SAS (Statistical Analysis System) Z=Z 1
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f3t 71EBAE B9 P, TR, SUIETEA)
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&S HlWEA; o AgMeA FoAd AHS s
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Eq. 1. Tukey’s HSD equation

Eq. 1914 k& 23 tloly F<re} okl q= Ay
= vE 2He Wi Hare] ARHEsSkE W] EEA
o] 1000-o)%ele}t st 4= A= vE Zhe AP
Aol FUg WS noje} §h20 3k pvalue
7F 0.05 ofstold Wi t& A3, 0.05 oPdeld W
W 598 Aze} Ao

24. AL EFo| GOMS EHEo| mE #2ls Hlw

A2 7k BA1L 6890 GC(6890 Gas chromato-
graph, Agilent Technologies, Inc.,, USA)9} 5973N MS
MS detector, Agilent Technologies, Inc., USA)Z <
Yo Feojriizes EY7E(Korea)?] =
AE(99.9%, Heye ARE-sISith 2932712 Table 29
YeplAch AR A F-e & A TF= HP-
INNOwax, Hp-1MS, HP-5MSe|™, 2% Agilent Tech-
nologies, Inc., (USA) A|Z& ARE3I9TE GC/MSZE A
g Bag 422 Fhe Eq. 200 7191ske] ARSI

C=Sx —YT

\%
C = Total Siloxanes Concentration (mg/m?®)
S = Siloxanes Results from Detector (ppm)
V = Total Impinger Solvent Amount (L)

V,= Total Gas Flow Amount (m®)

Eq. 2. Siloxane concentration equation
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Table 2. Analysis conditions
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Gas chromatograph

Agilent Technologies US/6890 GC

Carrier gas He
GC Column HP-5MS capillary (Agilent, 30.0m x 250 um x 0.25 pm)
Flow 1 ml/min
Inlet temp. 250°C
Injection 1 ul
MS Agilent Technologies 5973 N
Tonization mode EI
MS Analyzer Quadrupole
Transfer line temp 280°C
Modus SIM
2500000 " Abundance,
2000000 - O o
§ 1500000 = L4
g
g 1000000 =
500000 ®oa
L2 | ‘
0 A
0 1 2 3 J 5 8 7 8 8 10

Retention Time

Fig. 2. Chromatogram of seven siloxane standards (1000 pg/L mix-standards).
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IDL = 3.14 x SD

IQL = IDL x 3.3

Eq. 3. Instrumental detection and quantification
limits
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Table 3. QA/QC results for siloxane standards

wp kel - e

L2 D3 L3 D4 L4 D5 L5
Average Concentration (ug/L) 96.953  100.529 101.137 98.610 105924 100.442 102.468
Standard Deviation 5.023 4.479 6.453 3.673 4.423 3.688 1.856
Relative Standard Deviation 5.181 4.455 6.380 3.724 4.176 3.672 1.811
Instrumental Detection Limit (ug/L) 14.170 12.634 18.203 10.360 12.477 10.404 5.236
Lower Limit of Detection (ug/L) 15.069 13.436 19.358 11.018 13.269 11.064 5.568
Instrumental Quantification Limit 50.229  44.786  64.525  36.726 44230  36.881 18.561
Table 4. Recovery rate chart for D4 and D5
D4 D4 D5 D5

Concentration (ug/L) 100 1000 100 1000

Mean Recovery Rate (%) 98.61 100.1 100.4 100.1

Standard Deviation 3.673 2.283 3.688 2.224

Upper Control Limit 109.6 1007.6 1115 1008.0

Upper Warning Limit 106.0 1005.3 107.8 1005.8

Lower Warning Limit 91.27 996.15 93.07 996.92

Lower Control Limit 87.60 993.87 89.38 994.70
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Fig. 3. Chromatogram of eight siloxanes using HP-INNOwax capillary column.
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Fig. 4. Chromatogram of eight siloxanes using HP-IMS capillary column.
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Fig. 5. Chromatogram of eight siloxanes using HP-5MS capillary column.
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Table 5. Characteristics of chosen capillary columns

HP-1MS

HP-5MS

HP-INNOwax

* 100% dimethylpolysiloxane
Identical selectivity to HP-1

¢ Non-polar

Low bleed characteristics
Excellent general purpose column
Improved signal-to-noise ratio for
better sensitivity and mass spectral
integrity

* Bonded and cross-linked

* Solvent rinsable

(5%-phenyl)-methylpolysiloxane
Identical selectivity to HP-5
Non-polar

Very low bleed characteristics, ideal
for GC/MS

Excellent inertness for active com-
pounds including acidic and basic
compounds

e Improved signal-to-noise ratio for
better sensitivity and mass spectral
integrity

Bonded and cross-linked

* Solvent rinsable

e Equivalent to USP Phase G27

Polyethylene glycol (PEG)

High polarity

Highest upper temperature limits of
the bonded PEG phases
Column-to-column repeatability
Bonded and cross-linked

Solvent rinsable

Close equivalent to USP Phase G16

Table 6. Three sets of mass spectrometry conditions for analysis of eight siloxanes

Column Compound Retention  Base Selected ions Selected ions
P time (min) peak  (relative abundance >2%) (relative abundance <2%)
Silane 1.54 78
L2 1.61 147 73 75
D3 1.76 207 191 73,75,147
L3 1.78 221 73,75,147,205 191,207
HP-INNOwax D4 3.20 281 73,133,207,265 164,295
L4 4.43 207 73,133,295 265,281
D5 5.03 73 267,355,369 147,281
L5 5.98 147 73,281,369 267,355
Silane 1.68 78
L2 2.72 147 73 75
D3 4.18 207 191 73,75,147
L3 491 221 73,75,147,205 191,207
HP-1MS D4 6.04 281 73,133,207,265 164,295
L4 6.70 207 73,133,295 265,281
D5 7.42 73 267,355,369 147,281
L5 8.11 147 73,281,369 267,355
Silane 1.63 78
L2 2.56 147 73 75
D3 3.98 207 191 73,75,147
L3 4.65 221 73,75,147,205 191,207
HP-5MS D4 5.81 281 73,133,207,265 164,295
L4 6.45 207 73,133,295 265,281
D5 7.17 73 267,355,369 147,281
L5 7.85 147 73,281,369 267,355
s BEEld & e ZE2 HPSMS 71Z88e] de o|ork i Al ) Ao B4 B4 Al B2
e elsigt. & mE ] 2AAE Sule] AF9IFe] Yof =
ol BoPsalet, E gest 2wel Make ol 7
3.3. AN RolM HAEE S5t % TR 2 U 2 B A B A9E 1Y 4 ok 2y
ZAMOIE ZXY Hlw w3 AE FRoAME FAo] 7hseh, flXE EF
JUAE olg s SUIFES TR 24 AW v} BAS o)gd B2 Fal PIHAMI 28] 9
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Fig. 6. Calibration curve of D3 siloxane using HP-INNO
wax capillary column.
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Fig. 7. Calibration curve of D3 siloxane using HP-1MS
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Table 7. Comparison of amount of siloxanes derived from two different sampling methods

Direct sampling
method

On-site (mg) 0.118 0.096 0.097 0118 0.113 0115 0.110 0.111 0.124 0.113 0.112
Off-site (mg) 0132 0179 0125 0.144 0.144 0.144 0.162 0.154 0138 0.157 0.134

1 2 3 4 5 6 7 8 9 10 Avg.

0.055T} o} 7 We] xpo] Bt fol & Wik 0] D5E 100.1%2] 35&S Hole T e e 34
St fhe Halth

2) XY A5 AEE GOMS ¥4 A 78
332 APz ANe] 2 WY 1 B W7 AR Aol met RTe] WakE vehiglen, g
AS =0 AR, A wAE flsld Adddlel Al 7 HY T BE ASA] disted 7FE P 9

A s gl B Be WAE 2w e uiga b BAERE NelE 2Ye HPSMS Yl o
We) guhEE A Ag 7PsH odnE Besp] Sl weEr,
AR AL Y ke olgsle] 4RAs BAR A Q) SUMETHOR 4B AT 4% FANE fo)
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= = E
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