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Optimization Study of Trace Analysis of Potential Diesel Oxygenate Using the
Design Of Experiment (DOE) in Solid-Phase Microextraction with GC/FID

Jae-Sang Park * Soon-Woong Chang*
Dept. of Environmental Engineering, Kyonggi University, Suwon City, Korea

ABSTRACT

In this study, the experiment of solid-phase microextraction (SPME) technique using GC/FID was conducted as a possible
alternative to liquid-liquid extraction for the analysis of EGBE, DGBE, DBM and TGME in water. and also, an
optimization condition of trace analysis for disel oxygenates including EGBE by the design of experiment (DOE) was
described. Experiments used a fractional factorial design method followed by central composite design allowing
optimization of a number of factors as well as statistical analysis of the results. The response surface analysis showed that
the extraction efficiency could be represented by a second-order polynomial equation in which the salts concentration,
extraction temperature, extraction time and sonication time are the major influences. Using DOE method, a new data-

dependent method was developed to improve the quantity of confidently analyzed disel oxygenates in water samples.
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Table 1. Physicochemical properties of oxygenates (‘Boiling point; ®*Octanol-water partition coefficient; “Vapor pressure; “Solubility in

water; “Henry's law constant)

Property Units EGBE (Y)) DGBE (Y>) DBM (Y3) TGME (Yy)
MW g/mole 118.18 16223 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 02
VP¢ mmHg 0.88 0.0219 0.000623 0.00015
S¢ mg/l 1.0 x 10° 1.0 x 10° 500 1.9 x 10°
He Atmm?>/mole 1.6%10° 72x107° 3.74 x 1077 454 x 107"
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Table 2. The experimental condition of SPME/GC between
factors and levels

Coded Levels

Original factors

- 0 +
Adsorption time (min, X;) 10 35 60
Temp. (°C, X») 25 55 85
Salt (w/vol %, Xs) 0 15 30
Sonication time (min, X;) 10 35 60

S FAEEPE 5°C/min® & F2ake] 200°CA 383
21819tk SPME FA]= SupelcorHU.S.A)2] SPME
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S 93l Bransonic(U.S.A.)%] 5210R-DTHE A8}
(Marchetti et. al., 2003).
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Table 3. Design of experiment (DOE) on the SPME/GC analysis

Coded factor Uncoded factor
Run Block Comment
X X5 X3 Xy Time Temp. Salt Sonication
1 1 0 0 0 0 35 55 15 35 Center-full factorial
2 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 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 10 25 30 60 Full factorial
13 1 1 1 -1 -1 60 85 0 10 Full factorial
14 1 -1 1 1 -1 10 85 30 10 Full factorial
15 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
Response (EGBE) Response (DGBE) Response (DBM) Response (TGME)
Run Measured Predicted Measured Predicted Measured Predicted Measured Predicted
1 361.1 3429 191.9 163.7 112.6 111.2 88.0 76.6
2 472.0 4759 239.9 245.8 190.4 191.9 142.7 142.8
3 108.0 111.9 80.7 86.6 52.7 54.2 355 35.6
4 83.5 87.4 67.6 73.5 352 36.7 13.0 132
5 142.3 146.3 96.9 102.8 64.1 65.6 514 51.5
6 88.4 92.4 64.0 69.9 49.1 50.6 29.5 29.6
7 692.7 696.7 229.0 234.9 189.9 191.4 100.8 100.9
8 632.1 636.1 223.0 228.9 163.3 164.8 103.5 103.6
9 310.5 314.5 158.9 164.8 106.3 107.8 69.4 69.5
10 363.0 3429 188.0 163.6 122.7 111.2 66.4 75.6
11 368.5 3429 209.6 163.6 119.0 111.2 73.4 75.6
12 194.0 197.9 106.0 111.9 62.8 64.3 415 41.6
13 642.1 646.1 301.0 306.9 206.0 207.5 99.8 99.9
14 281.6 285.6 130.4 136.3 81.1 82.6 65.1 65.2
15 680.2 684.2 335.8 341.7 209.4 210.9 189.6 189.7
16 342.7 3429 160.4 163.6 115.2 111.2 773 75.6
17 385.0 388.9 158.6 164.5 106.0 107.5 74.9 75.1
18 2979 301.8 115.7 121.6 80.0 81.5 69.7 69.8
19 226.2 230.2 105.1 111.05 83.7 85.2 65.3 65.5
20 186.1 190.1 110.8 116.7 74.6 76.1 55.9 56.0
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Table 4. Analysis of variance for Y| (EGBE). Y, (DGBE), Y; (DBM), Y, (TGME)

Source DF? Seq SSY Adj SS? Adj MS? F9 PP

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 SS Adj SS Adj MS F P

Main Effects 4 73834 73834 18458 18.11 0.008

2-Way Interactions 6 17348 17348 2891 2.84 0.166

3-Way Interactions 4 11265 11265 2816 2.76 0.174
DGBE 4-Way Interactions 1 2586 2586 2585 2.54 0.186

Residual Error 4 4077 4077 1019

Lack of Fit 1 2835 2835 2834.6 6.84 0.079

Pure Error 3 1242 1242 414

Total 19 109110

Main Effects 4 39827 39827 9956 160.03 0.000

2-Way Interactions 6 7253 7253 1208 19.43 0.006

3-Way Interactions 4 8160 8160 2040 32.79 0.003

4-Way Interactions 1 172 172 172 2.78 0.171

Source .

Residual Error 4 248 248 62

Lack of Fit 1 190 190 190 9.76 0.052

Pure Error 3 58 58 19

Total 19 55664

Source D Seq SS Adj SS Adj MS F P

Main Effects 4 19169 19169 4792 77.81 0.000

2-Way Interactions 6 6223 6223 1037 16.84 0.008

3-Way Interactions 4 3341 3341 835 13.57 0.013
TGME 4-Way Interactions 1 841 841 841 13.66 0.021

Residual Error 4 264 264 61

Lack of Fit 1 2 2.0 2 0.03 0.084

Pure Error 3 244 244 81

Total 19 29822 29822

YDF : Degree of freedom

bSeq SS:Sum of squares

9Adj SS : Adjusted Sum of Square

YAdj MS : Adjusted Mean Square

F Value : MSR/MSE

OThe p-value defined as the smallest level of significance leading to rejection of the null hypothesis
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Fig. 1. Descriptive statistics and comparison of measured data based on from the Table 4.
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XoXsXy+ 2.58E —5X, XXXy (14)

7] HRgEARel 23] =&F Model?] ANOVAZZ}
H Table 59 2T} Table 50149] FX& zzte]
8Rlo] SAXol| AGA FFS F=IHE 9nltit. 39
23S A9 & Qe AT RRR Yi~Y, 242
0.99, 0.96, 0.99, 0.992% o] 753 w|$ =& A
TAS 2. 283 o] 71e] E& 5 Lack of Fit
9] pgko] Frold=E(a) 5%RLt Atk o)A 9] mEl
o] #kg-gkell sro} AHjtslth= AS YepdTh EgH
Y(EGBE)?] & &3Hmain effect)ys YEM= 33} 2
3¢, 49 AL UJEE 3 25 fogE (a) 5%
Rt} ol folslal, YA(DGBE)= 5 &3H(main effect)
& vehlle I fFoE(e) %R Sob frofstal,
Y3(DBM)—Q— F 89 (main effectys YER<= 7 29,
39 AeAE-S UeEillE 3] 195F (o) 5%RT W
o} W,] 3laz, Y4(TGME)— F & (main effect)s L}E}
e 39 29, 3¢, 49 A5AES Yele 3 &
FIFE(0) S%H‘:]' wrol fofsdet. weba] o]} %%Ol
frofgh QIRFEo] 99 2ol frefalAl 7|ofske Fe=E
et} 28] Y] 7le] &2 25 Lack of Fite] PELo]
T (o) 5%ETH At o]AL 9o Ed2o] whggk
o gto} Atelth= AS vEhic

o i
o)

)|

34. HISH QXIS F 1t W WSEE oY

Table 6& ZAXol| tigh Z}zte] QIAlEo] F+= Ay}
2 o159 waAe TS AASIGTE Table 6914
RoFE a3 (effecty= QIAFS] ZF S=F(high level, low
level)ellA] Lozl S92 o] Aol HojFH 53],

effectol] e 2(-)2] FES Qx| F:50] HoldfE =
A7) e % —% HAFEy 98-& ousit}, w3l 71
AAE B8 A7 QA BAA felde B dA F
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Table 5. Estimated Factor effects for Y, (EGBE), Y, (DGBE), Y; (DBM), Y, (TGME)

Source Term Factor Effect P Effect?

X; 240.6 0.000 S

_ X, 249.1 0.000 S

Main Effect X5 383 0.019 *)S
X, 84.43 0.001 (HS

XX, 156.03 0.000 (S

XiX; 28.48 0.048 S

2 Wa XXy 327 0.032 S
EGBE lnteract}ilons XoX;3 -13.03 0.268 (A
XXy 22.85 0.087 +)S

XX, 27.80 0.052 (1S

X1 XoX;3 —65.0 0.003 A

3-Way X XoXy -95.63 0.001 (A
Interactions XiX5X4 22.07 0.095 N
XXX, —96.58 0.001 (HA

4-Way Interactions XiXoX3Xy 4545 0.011 (S
Main Effect X, 94.9 0.004 (HS
DGBE X, 85.6 0.006 (&N
2-Way Interactions XiXs 484 0.039 (HS
X, 76.0 0.000 (1S

Main Effect X, 54.9 0.000 S
X; 15.8 0.016 S

Xy 30.1 0.002 S

XXy 33.9 0.001 (HS

DBM 2-Way XX, 113 0.046 S

Interactions

X5X, 19.2 0.008 S

X1 XoX;3 -25.0 0.003 A

3-Way X1 XoXy -27.8 0.002 A
Interactions X1 X5Xy 204 0.007 (HS
X,X:X, -15.1 0.019 (A

X, 513 0 S

. X5 28.1 0.002 S

Main Effect X 2438 0.003 +)S
X, 275 0.002 S

XX 16.5 0.014 S

2-Way X1 X3 18.7 0.009 S
TGME Interactions X1 Xy 19.5 0.008 (S
XXy 18.3 0.01 S

X, XoX4 ~142 0.022 (A

3-Way X, X5X, 212 0.006 S

Interactions

XX3X, -11.5 0.043 (HA

4-Way Interactions XX X5Xy 14.5 0.021 (HS

3(+) : Synergistic effect in factor effect
() : Antagonistic effect in factor effect

a3} g woAge] @ 5ol B ofd V]S k= Table 5OIM= 2F P AAlS] e si2de AXEHA
AE GIF & ot 3L, Table 62 3 &E Qlxjol] thgh ol B adE
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Table 6. Canonical Analysis of Response Surface Based on Coded Data on the SPME/GC

Eigenvectors

Eigenvalues
Time (X)) Temp. (X,) Salt (X5) Sonication (X,)
EGBE 33.494 0.598 0.736 0.117 0.296
5.704 —0.061 —0.298 0.773 0.557
—7.691 0.145 0.097 0.607 —0.775
—51.420 0.786 —0.601 —0.142 —0.039
10.589 0.145 0.139 0.683 0.702
4.427 0.303 0.924 —0.232 —0.020
DGBE -10.272 0.098 0.124 0.685 —0.711
—34.506 0.937 —0.333 —0.102 —0.028
6.214 0.522 0.621 0.299 0.503
5.176 —0.168 —0.561 0.655 0.478
DBEM -5.174 0.150 0.130 0.671 —0.714
-13.928 0.823 —0.532 —0.178 —0.092
11.652 0.537 0.421 0.511 0.523
—2.011 0.056 0.846 —0413 —0.333
TGME -4.588 —0.029 0.066 0.702 —0.709
-5.853 —0.842 0.322 0.275 0.336

Stationary point is a saddle point

A8l Felgh e YERiIT. I 5 EK(main
effect)yS UERE= 2919 d}olM Y(EGBE), Y;
(DBM), Y(TGME)= EE Q9lo] BAFo 2 o313
3, Y,(DGBE)E X (Adsorption time)¥} Xy(Temp.)©=
F8FAATHp < 0.05) X3(Salty2} Xy(Sonication time)y=
oI5k )t} Table 69114 Factor effecte] Fto] S
E F % (main effect)el] & JTFS F= ZoZ QI
& AT 29, 39, 49 wEAEo] §IH2-way
interaction, 3-way interaction, 4-way interactionyS UE}
e 2z 8dle] 7= 3 oA AdS Bk,
Table 62] p-value ZXolA & 4= Q50| p-value 7%l
0.05HTt Zkow 1 9Rle FAHCRE frofslal 7+ &3t
o] YFS = oz FRIT 4 YTt

Table 6°] 235 EUIZ dHo|H9] i = v
8208 7H wje] HAAF HES Fig 2@FHE 19
F 3 (main effect)®] F(level)A7dol] W2 A ay}
9] 7|M= s AT ZF £ el tigh 8<%l
o] S B FollA w2 oE MAYS W Asst
= A& FRIT = ATk 83 7F A 71e7 It
F= HRSIZK(Y,(EGBE), Y,(DGBE), Y;(DBM), Y,
(TGME)ll O & F3s T+ 2 IRIF F Ui
AP Rle] e Agol gt vk ofH JIrS F
=42 RIS A3l Fig. 203 18 7]lode S

AT, 2 AEABELEAS A o] o]
He] WA} B Qo] s Bel 9 ]
TN 7he] QA el So] HaAHel S
QA 7l RG] gl Ao WG 4 n.

3.5. 2 mdlo| 3kt Jalj=o| sHA]

3 REEEH TS Bl ookt JAkse] Sk
of P& g¥S Fig. 39 AAISIAY. 4 Fig. 3&
Bl v EES sl oy 71A] aflEe] TEHT
o o' WMls AJStHA 71t JEke FEAE R4
oF IR 4 ot B AFollAe] tdEZR] EGBE,
DGME, BBM2 AR 275 HoFal 9lal, TGME=
O o2 23E Ho59lth EGBE, DGME, BBM &
T 820 Xj(timey Xy(temp.)e] FANA X3} X9 4
o] F/IETE Rl SN AoE UEkiTh
X, (time)y?} Xs(salt)e] TACIME X0 712 wkg
ol F7FRIL Xse A9 dFs FA &oF XaE X
o] #hgo o FIFS = AS B F Ak X (timeyt
Xy(sonication)®] BAIME X©] S7FEFE RSO
7RIl X S71PE Whggle] 2a S7hs okt 9
TS B XHT Xo] 9ol O FES F= Ae=
YEREO ™, Xy(temp. )2} Xs(salt)e] FANM= X7t 5
7FRE wks o] skl Xe A9 FES FA &

_l
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Fig. 2. Main effect (a) and interaction (b) plot for Y, (EGBE). Y, (DGBE), Y; (DBM), Y, (TGME).
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Fig. 3. Response surface (3-dimensional plot) for Y1 (EGBE). Y2 (DGBE), Y3 (DBM), Y4 (TGME).

F= A0F RIATE Xy(salt)?} Xy(sonication)2] THAJoA
T A B ukgghell Al Fs mXA| Fehke
AoZ Ueith(Fig. 3(a). 184, TGMES] 7-5-<ll=
83 X7 X0 IARNA X0l TS vhake] &
7RIl Xa= d=ree] S7FHA Whegho] 25 FIhe
g JEFE B XED X0] ¥heel o dFgs =
o2 et X @ XS el Xo] S71ES
HhE-gko] I8kl Xi= S7F8IA vkggke] &5 S7F
oFgt S Hol X HTE X0] wheell o FIS
Aoz yepdor, X7 X, A= X0l
HS-gho] Srlslal X F7Feh wkggro] &
= ofg JES Hol XHETE X0] §hgel U 9%
Fe= AL & F Aok X9 X5 Xo9F X X X,
AAE o] T718E vhegke] ek A
& 4= AAth(Fig. 3(d)).
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3.6. 3E A sUEM0| 28t M =¥ =

371 Fig. 39| I8=5 Fall Bl F4d s
AA st vheEHe] BYES SRIsIAAN ZF |
o] s dAA] B B HAstel oigk 712
Argo] ISltt. wetr] A2 (canonical analysis)?} 5
AEA] (ridge analysis)S F3l GC/FID &4 digh

peak area®] TES HUIZ ALK = = X(adsorption
time), X,(Temp.), Xs(Salt concentration), X,(Sonication
time) 5= 37| 918 A 23}, 2¥| A=Y Al
wEie} olAaEe] AR e e AEEAS Ea
A= Ee] I1-Fk(eigenvalue)o] R0 o] F
o, A% el HaA, Srsh Pt Ao o
7, 00] St ol EARH Bgsalolz wgsked),
o] AW WSEHL FEFNOR WANS A o
S 2 (15)~(18) 2 YERE 4= it

Y, = 123.420 + 33.4940,2 + 5.7040,2 — 7.69 103> —
51.42000,2 (15)

Y,=24.232 + 10.589w,> + 4.4270,%> - 10.2720;° —
34.50604> (16)

Y3=29.029 +6.2140,>+ 5.1760,” — 5.1740;* - 13.9280,>
17

Y4=57.735+11.6520,* - 2.011m,> — 4.58805% — 5.853w,>
(18)

2 (15)~ (18)°] Aol w} A =Fol] gk gk
(Eigenvalues)®] “g5E0°] &9t 2571 Hoigle] A
o] FFHez WPHIIT. 919] Aol AFHel
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Y A SAEA(Ridge analysisyS T3l A=
== 4 Ut 9 AHEHE] A (Stationary point)
o] 3= EGBEQ] 7% (X, Xp, X3, X4)=(50.95 min,
76.56°C, 16.65%, 41.35min)°|A] 32 Fk(maximum point)
— (Peak area:571.169y2 A& 4 AUt

DGBE?] 7% (X1, Xo, X5, X4)=(47.66 min, 76.57°C,
19.57%, 44.14 min)l|lA & Zk(maximum point) — (Peak
area:258.584) 9S4 UUTE. DBMO] 75 (Xi, Xa,
X5, X4)=(51.84 min, 73.90°C, 17.63%, 43.62 min)ol
Al #Z&Zk(maximum point) — (Peak area: 172.513)2 &
< 7 AATE TGMES] 7% (X), Xo, X3, Xy)= (51.14
min, 67.69°C, 21.55%, 46.57 min)°IA] & Zk(maximum
point) — (Peak area: 121.845) 4= 4= AT

4.2 £

B 9= gA37AQl EGBE, DGBE, DBM, TGME
S SARA oA " EY U & A,
GCFIDE o83l vE A o e e =35
3 o] 7R BAERAS JS HEE o a9 ¢
WS ARe| S, TleEAlE B4, vl o)
FHE vhgrd 4, BRI wgs ke Fad,
WEAgo] N FAlel 33 2 23 = L
AEte] 7t B vEEAe] S Brlska 249
A7z Fohhna S5l

1) EGBE, DGBE, DBM, TGMEd] tg+ SPMEHe]
23k GC/FID ZZ10M AR 3l lojA ke i
s Aget de FIFAAN B d5As EET
A7 R%Eel Z47ZF 0.99, 0.96, 0.99, 0.992 =2 A
S YER Modets 2 A9 5 Qloich

2) REER ] QA=) et F &k (main effect) 2
& 2AE-(interaction effect)el] S F-243 #4239 T4
HA FFHOE FZEA|ZH(Adsorption time)} =%
(Temp.y} & AFSZ FoJ8l1al(p < 0.05), 53] F=A]
ZH(Adsorptiontime)°] 7P & F&S F= Ao 2 I
A},

3) TEgt Bl a9 Yehlle ZF Q<1 oigk 19
d AR AT} WS A (interaction effect)®] 78-F- 3T
2 F=A)7H(Adsorption time) x 2% (Temp. Y} SAF S
2 F9(p <0.05)5}3ct

4) s Tl R HHskE =55 A%
ZA BdlolXe s AAAI7E P8 (saddle point) S
= Yeptt.
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