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Abstract: In this study, solid-phase microextraction (SPME) technique using GC/FID was studied as a possible

alternative to liquid-liquid extraction for the analysis of EGBE, DGBE, DBM and TGME in water, and an

optimization condition of trace analysis of EGBE, DGBE, DBM and TGME using the factorial design was
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described. Experiments used a fractional factorial design method followed by central composite design allowing
optimization of a number of factors as well as statical analysis of results. The response surface analysis showed
that the extraction efficiency can be described by a second-order polynomial equation in which the salts
concentration, extraction temperature, extraction time and sonication time are the major influences. Using DOE,
a new data-dependent method was developed that improved the quantity of confidently analyzed EGBE, DGBE,
DBM and TGME in water samples.
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Fig. 1. Chemical structures of DBM and TGME.

Table 1. Physicochemical properties of oxygenates (*Boiling point; °Octanol-water partition coefficient; “Vapor pressure;

4Solubility in water; *Henry's law constant)

Property Units EGBE(Y)) DGBE(Y>) DBM(Y5) TGME(Y.)
MW g/mole 118.18 162.23 228.29 206.2814
Density g/em’ 0.903 0.967 0.988 0.963
(Purity) (99%) (99.2%) (96%) (97.5%)
BP* °C 168.4 231 281 261
Log Kow® - 0.83 0.56 4.16 -0.2
VP¢ mmHg 0.88 0.0219 0.000623 0.00015
sd mg/L 1.0x10° 1.0x10° 500 1.9x10°
H° atmm’/mole 1.6x107 7.2x107° 3.74%x107 4.54x107"3
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Table 2. GC/FID operating parameters
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Class

Condition

Gas Chromatograph system

Agilent 6890N Gas Chromatograph
FID (flame ionization detector)
HP-5 (5 % Phenyl Methyl Siloxane, Capillary, 50.0 mx200 umx0.33 pum film)
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Column

Carrier gas Nitrogen 1 mL/min
Injection port system split mode=2
Injector Temp. 280°C

Detector Temp. 300°C

Oven Temp. 40°C for 1 min, 5°C/min to 200°C, held 3min
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Original factors

- 0 +
Adsorption time (min, X) 10 35 60
Temp. (°C, X,) 25 55 85
Salt (w/vol %, X3) 0 15 30
Sonication time (min, X;) 10 35 60
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Table 4. Design of experiment (DOE) on the SPME/GC analysis

Coded factor Uncoded factor
Run Block Comment
X X X3 Xy Time Temp. Salt Sonication

1 1 0 0 0 0 35 55 15 35 Center-full factorial
2 1 1 -1 1 1 60 25 30 60 Full factorial
3 1 -1 -1 1 -1 10 25 30 10 Full factorial
4 1 -1 1 -1 -1 10 85 0 10 Full factorial
5 1 1 -1 -1 -1 60 25 0 10 Full factorial
6 1 -1 -1 -1 1 10 25 0 60 Full factorial
7 1 1 1 -1 1 60 85 0 60 Full factorial
8 1 1 1 1 -1 60 85 30 10 Full factorial
9 1 -1 1 1 1 10 85 30 60 Full factorial

10 1 0 0 0 0 35 55 15 35 Center-full factorial
11 1 0 0 0 0 35 55 15 35 Center-full factorial
12 1 -1 -1 1 1 10 25 30 60 Full factorial

13 1 1 1 -1 -1 60 85 0 10 Full factorial

14 1 -1 1 -1 10 85 30 10 Full factorial

15 1 1 1 1 1 60 85 30 60 Full factorial

16 1 0 0 0 0 35 55 15 35 Center-full factorial
17 1 -1 1 -1 1 10 85 0 60 Full factorial

18 1 -1 -1 -1 -1 10 25 0 10 Full factorial

19 1 1 -1 -1 1 60 25 0 60 Full factorial

20 1 1 -1 1 -1 60 25 30 10 Full factorial

R Response(EGBE) Response(DGBE) Response(DBM) Response(TGME)
o Measured Predicted Measured Predicted Measured Predicted Measured Predicted
1 361.1 342.895 191.9 163.665 112.6 111.205 88 76.635
2 472 475.982 239.9 245.852 190.4 191.942 142.7 142.86
3 108 111.983 80.7 86.653 52.7 54.243 35.5 35.66
4 83.5 87.483 67.6 73.553 35.2 36.743 13 13.16
5 142.3 146.282 96.9 102.852 64.1 65.642 514 51.56
6 88.4 92.383 64 69.953 49.1 50.643 29.5 29.66
7 692.7 696.683 229 234.953 189.9 191.443 100.8 100.96
8 632.1 636.083 223 228.952 163.3 164.843 103.5 103.66
9 310.5 314.483 158.9 164.853 106.3 107.843 69.4 69.56

363 342.895 188 163.665 122.7 111.205 66.4 75.635

11 368.5 342.895 209.6 163.665 119 111.205 73.4 75.635
12 194 197.982 106 111.952 62.8 64.343 41.5 41.66
13 642.1 646.083 301 306.953 206 207.543 99.8 99.96
14 281.6 285.583 130.4 136.353 81.1 82.643 65.1 65.26
15 680.2 684.182 335.8 341.752 209.4 210.942 189.6 189.76
16 342.7 342.895 160.4 163.665 115.2 111.205 71.3 75.635
17 385 388.982 158.6 164.552 106 107.543 74.9 75.06
18 2979 301.883 115.7 121.653 80 81.543 69.7 69.86
19 226.2 230.183 105.1 111.053 83.7 85.243 65.3 65.46
20 186.1 190.083 110.8 116.753 74.6 76.143 55.9 56.06
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Fig. 2. Descriptive statistics and comparison of measured data based on from the Table 4.
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CIARE S AW & e 2FAS RPE

0.99, 0.96, 0.99, 0.990 2 Ago] 71535
FAAAE BTk 23 ) e B2
f

=
o] ]

< Yyehd o 3 Y(EGBE)S] F & ¥ (main effect)
2 YehiE 33 24, 39, 49 A3zes Yehle
g BE FAFFE(0) S%ET Yol fesli, Y,
(DGBE)E F & ¥(main effect)E YEE 9t §9]
FE(0) 5 %ETE Rol o3k, YyDBM) F &3}
(main effect)y® YEM = &3 24, 39 58S
Uehl = @to] frolsri (o) 5 %Rt ol frol sk,
Y(TGME)E 3 & H(main effect)E YEPl &= 33 2
4, 34, 49 A3AES YEE & BF foaE
(o) 5 %ETE 2ol {23ttt wEpA] o)) o] f-
gk RS0l 919 Aol feJaAl Zofste AR Y
Ebgth 2] o] Jie] B3 EF Lack of Fite] PH:
o] FFE(0) 5%ETF ATk o] AL 919 myAo]
W-g-ghol] srol Agtaitte A& viehdth

33. Ro18M
7} EZ(Y((EGBE), YDGBE), Y;DBM), Y,
(TGME)ll tgt 2ol st FTFES A8

A3 AFEE L Pareto plot= 43 AHE
Fig. 39 AAISIAT. Fig 3(a)°lr RAA= Ax 2
o] Y(EGBE):= A (X, : Adsorption time), B (X,: Temp.),
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Table 5. Analysis of variance for EGBE, DGBE, DBM and TGME

Source DF? Seq SSY Adj SS Adj MS Fo pY
Main Effects 4 514135 514135 128534 312.53 0.000
2-Way Interactions 6 110754 110754 18459 44.88 0.001
3-Way Interactions 4 89008 89008 22252 54.11 0.001
EGBE 4-Way Interactions 1 8263 8263 8263 20.09 0.011
Residual Error 4 1645 1645 411
Lack of Fit 1 1269 1269 1269 10.12 0.050
Pure Error 3 376 376 125
Total 19 72.804
Source DF? Seq SSY Adj SS Adj MS F pd
Main Effects 4 73834 73834 18458.5 18.11 0.008
2-Way Interactions 6 17348 17348 2891.3 2.84 0.166
3-Way Interactions 4 11265 11265 2816.4 2.76 0.174
DGBE  4-Way Interactions 1 2586 2586 2585.7 2.54 0.186
Residual Error 4 4077 4077 1019.3
Lack of Fit 1 2835 2835 2834.6 6.84 0.079
Pure Error 3 1242 1242 414.1
Total 19 109110
Source DF? Seq SSY Adj SS Adj MS F9 pY
Main Effects 4 39827.9 39827.9 9956.99 160.03 0.000
2-Way Interactions 6 7253.9 7253.9 1208.98 19.43 0.006
3-Way Interactions 4 8160.4 8160.4 2040.10 32.79 0.003
DBM 4-Way Interactions 1 172.9 172.9 172.92 2.78 0.171
Residual Error 4 2489 248.9 62.22
Lack of Fit 1 190.3 190.3 190.34 9.76 0.052
Pure Error 3 58.5 58.5 19.51
Total 19 55664.0
Source DFY Seq SSY Adj SS Adj MS Fo pY
Main Effects 4 19169.2 19169.2 4792.29 77.81 0.000
2-Way Interactions 6 6223.8 6223.8 1037.3 16.84 0.008
3-Way Interactions 4 3341.9 3341.9 835.47 13.57 0.013
TGME  4-Way Interactions 1 841 841 841 13.66 0.021
Residual Error 4 264.4 264.4 61.59
Lack of Fit 1 2.0 2.0 2.05 0.03 0.084
Pure Error 3 2443 2443 81.44
Total 19 29822.2 29822.2

9DF : Degree of freedom
Seq SS : Sum of squares
°F Value : MSR/MSE

9The p-value defined as the smallest level of significance leading to rejection of the null hypothesis

C (X;: Salt), D(X,: Sonication time), AB (X;*X,), AC
(X,*¥X3), AD (X;*X,), ABC (X;*X,*X3), ABD (X*
X>*X,), BCD (X,*X5*Xy), ABCD (X*X,*X5*X,) 5
9] #-&-o] pvaluetol] 0.05:2t} 2o} Fo]3k Aoz

JERET, UeA 2958 fola e Ao
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E}5tTh Y, (DGBE)E= A, B, AB 59 #-8-9] p-value
frol 0.05ET o} frojdh o= yehdal, v A
2952 fFo3HA 2 A S 2 JUERTE Y;(DBM)
© A, B, C, D, AB, AD, CD, ABC, ABD, ACD,
BCD 59 #-8-9] p-value #t°] 0.052.t} Zlo} 9]
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Fig. 3. Normal probability plot of the standardized effects (a) and pareto chart of the standardized effects for Y (EGBE),
Y(DGBE), Y3(DBM), Y,(TGME).

gt Ao 2 YEg, yHA 815 FoskA & AC, AD, CD, ABD, ACD, BCD, ABCD 59| #-&
& o7 Yeytth YATGME)E A, B, C, D, AB, °] p-valuegte] 0.05:TF o} FoJgh o2 vpelyt
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Fig. 4. Residual plot of model for error values.
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Table 6. Estimated Factor effects for EGBE, DGBE, DBM and TGME

Source Term Factor Effect P Effect?
X 240.6 0.000 (S
Main Effect X, 249.1 0.000 S
am BHee X; 383 0.019 S
Xy 84.43 0.001 S
EGBE XX, 156.03 0.000 S
2-Way Interactions X X5 28.48 0.048 S
XX, 32.7 0.032 S
X1 XoXs -65.0 0.003 (-)A
3-Way Interactions XXXy -95.63 0.001 A
XoX5Xy -96.58 0.001 A
4-Way Interactions X XoX5Xy 45.45 0.011 +)S
Source Term Factor Effect P Effect”
. X, 94.95 0.004 S
DGBE
Main Effect X, 85.65 0.006 +)S
2-Way Interactions XX, 48.38 0.039 (HS
Source Term Factor Effect P Effect?
X, 76.02 0.000 S
+
Main Effect X2 34.98 0.000 (S
X3 15.83 0.016 S
X4 30.07 0.002 S
DBM XX, 33.98 0.001 S
2-Way Interactions XXy 11.28 0.046 (H)S
X5Xy 19.22 0.008 S
X XoX5 -25.03 0.003 (A
S Wav 1 ) X, XXy 27.78 0.002 (A
-Way Interactions XXX, 20.38 0.007 S
XXX, -15.07 0.019 A
Source Term Factor Effect P Effect”
X, 51.3 0 S
Main Effect X, 28.075 0.002 S
an Bliec X; 24.85 0.003 S
X4 27.475 0.002 S
X, X, 16.525 0.014 S
TGME 2 Wav I . X X3 18.75 0.009 (S
-Way Interactions XX, 19.475 0.008 *)S
XXy 18.325 0.01 (S
X, XXy -14.25 0.022 (A
3-Way Interactions XXX, 21.175 0.006 S
X,X5X, -11.45 0.043 A
4-Way Interactions X1 XoX5Xy 14.5 0.021 S

9(+) : Synergistic effect in factor effect, (—) : Antagonistic effect in factor effect

ofFm B3, effectel] TF SOl @ ARl £F oEl@Th w@ HAERS Fol 22 Al FAA
o] ¥lASE ZAATL R %2 HAFL AT KNS Bl AA F A% 3,29, 39, 49 wEH
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