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Abstract

The influence of GC speed on the separation capability of a chromatographic system is reported measuring a series of parameters including
separation measur&)( peak capacityr(), peak width {), analysis timef, (determined on the last eluting compound) and separation
measure/analysis time rati§/{,) determined by analyzing a bergamot essential oil sample and a standard mixture of pesticides. Conventional
GC, fast GC (with 10 m (FGC10) and 5m (FGC5) narrow-bore columns), and direct resistively-heated ultra fast module-GC (UFM-GC)
were the GC speed approaches used. The influence of different heating rates with a constant flow for FGC5, FGC10, and UFM-GC and with
variable flows for UFM-GC or§, n, w, Sy, andt, was also studied.

The results of this study show that:

(a) separation capability of the chromatographic system $iandn) and analysis time depend on the GC approaches. Within each GC
approachSandn and analysis time depend on the heating rates, although to a different exteStaadid decrease much less than the
gain in analysis time, in particular when fast heating rates are applied;

(b) in UFM-GC, the loss of separation capability with heating rate can also be partially compensated by the choice of an appropriate flow
rate that, within each heating rate, may contribute to incr8ageile reducingt;

(c) within a specific GC approach, the chromatographic system (column and stationary phase) and conditions (heating and flow rates) must
be such to achieve a suitatesalue when two analytes must be separated with a given resolution in a minimum analysis time.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction analyseq1-5], and practical approaches to high-speed GC
and GC-MJ6-9].

The technological innovations in GC instrumentation The speed of a GC analysis mainly depends on column in-
(electronic pressure control of the mobile phase, high fre- nerdiameter (i.d.) and length and analysis conditions (heating
quency FID detectors, dedicated software) of the last decadeand flow rates). Mc Nair and Reg#l0] and Blumberg and
have greatly contributed to making high-speed capillary GC Klee [11] investigated and discussed in depth the influence
popular even in routine analysis. Several authors critically of heating rate on the speed of a GC analysis with columns
reviewed different topics concerning high-speed GC as suchwith different i.d. and length. On the basis of the classifi-
or in combination with MS including theory and speed of GC cation proposed by Blumberg and KIEq by peak width,

and later integrated by Magni et #] with column heating
* Corresponding author. Tel.: +39 011 670 7662; fax: +39 011 670 7687. 'ate, GC nowadays offers a number of approaches as regards
E-mail addresscarlo.bicchi@unito.it (C. Bicchi). the speed of analysis: conventional, fast, super-fast, and ultra
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fast-GC. Such a number of GC approaches, however, makesnterval separated with a given resolution; several different
it necessary to adopt a metric of the GC separation in orderand not always compatible equations have been advanced for
to evaluate how the speed may influence the separation caits calculation, and the Lan and Jorgenson equation has been
pability of a chromatographic system for a given analysis. chosen here, because it overcomes some of the limits of the
The parameters currently used to define the metrics of a GCothers[13-15] On the other hand, the separation measure
separation are resolutioR(separation of two peaks), separa- Sis an additive quantity that, by definition, includes all the
tion number, SN (the number of well-separated peaks within previous parameters because it is representative of a separa-
any homologue pair), peak capacitythe maximum number  tion time interval which is equal to the sum of the separation
of peaks that can be separated by a chromatographic systermeasures of all of its non-overlappiagwide subintervals.

with a given resolution), and the separation meassji@uni- Last but by no means least, unlike the other parame$eem
versal parameter recently introduced by Blumberg and Klee be used with any shape of chromatographic peaks.

and defined as the number of consecutive non-overlapping In a recent article direct resistively-heated column-gas

o-intervals within an arbitrary time intervé] — tp [12]. chromatography (Ultra fast module-GC, UFM-GC) was ap-
These parameters can be calculated through the classiglied to high-speed GC analysis of essential oils of dif-
equations: fering complexities and the results compared to those ob-
tra — 1 tained by GC with conventional inner diameter (i.d.) columns
R=—— Q) (0.25mm) of different lengths (5 and 25m long) and by
Wb fast GC (FGC) with narrow-bore columns (0.1 mm i.d., 5m
R2 — IR1 long)[16]. UFM-GC was carried out through direct resistive-
SN= 2wh+ 1 2) heating of the capillary columns in order to achieve reliable
temperature programming rates of 1-°#ls. The ultra fast
n= At ©) module adopted here was that described by Magni ¢5Hl.
Wh and derived from Overton’s systdti’] for heating very short
At narrow-bore columns (1-2 m) for portahié-ast GCH18],
S = o 4) and modified in agreement with Mustacich’s patdhgs-22]

to extend its use to capillary columns with a broad range of
where in Eq(1) tr2 andtr; are the retention times of the two  lengths and diameters and enabling it to be assembled inside
components considered ang is the average peak width at a conventional GC oven. The system adopted incorporates

base line,wp = (wp2 + wp1)/2, in EQ. (2) wy, is the aver- heating and temperature-sensing elements distributed along
age half-height peak width, in E@B) At is the time interval the column.
and wy, is the average base peak width, and in &). At This study aimed to evaluate how GC approaches (con-

is the arbitrary time interval limited by two peaks a and b, ventional GC, fast GC with 10 m (FGC10) and 5m (FGC5)

At=ty —ty, andoyy is the average of the two peaksaandb, narrow-bore columns, and direct resistively-heated ultra fast
oav=(0at0op)/2. Eqs.(3) and(4) are approximated for pro-  module-GC) and analysis conditions (heating and flow rates)
grammed temperature analysis where peak width is almostinfluence the separation capability of a chromatographic sys-

constant over the whole analysis (E8)) ando variation (Eq. tem. The Blumberg and Klee’s separation meassirgas

(4)) is in the limits indicated by Blumberg and KI¢E2]. adopted as a descriptor of the metric of separation of the
When introducing the separation measu#g Blumberg analysis of a bergamot essential oil sample and a standard

and Klee discussed in depth the limits Rf SN andn, in mixture of pesticidesS was also used to compare the sep-

particular emphasizing their incompatibility and lack of ad- aration capability of GC systems producing different speed
ditivity [12]. These limits were mainly due to the fact that: of analysis and to evaluate UFM-GC performance through
(1) Rmeasures the separation of two neighboring peaks, anda model of metric of separation. In addition $ analysis

as a consequence, can only be considered as a local metric dime, t, (determined on the last eluting compound), separa-
separation; (2) SN, gives the number of well-separated peaksion measure/analysis time rati®i), peak capacityr() and
within any homologue pairs, and can be viewed as a regional peak width {v) were also determined. To the best of the au-
metric of separation; and (3)gives the approximate maxi- thors knowledge, this is one of the first times in whigfs
mum number of peaks separable with a given resolution on used to investigate these topics and applied to the analysis of
a given column and is a global metric of separation. As men- real world samples.

tioned aboveR, SN andn are based on different peak width

metrics:wp for R, 2wy, for SN, andwp, = 4o for n, making their

comparison and/or correlation difficult. MoreovBrand SN 2. Experimental

are not additive, thus preventing the estimation of the actual

number of peaks potentially separable by a column in a pre-2.1. Samples

determined separation region. Peak capagjtig an additive

quantity based on a constant peak width, and was defined by A solution of bergamot essential oil obtained by diluting
Giddings as the maximum number of peaks in a selected time5 mg in 1 mL of cyclohexane (1:200) and a standard solution
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Table 1

Characteristics of the columns used in the present study

Stationary phase OV-1701

GC approach Conventional GC FGC10 FGC5 UFM-GC
Length (m) 25 10 5 5

Internal diameter (mm) 0.25 0.1 0.1 0.1

Film thickness gm) 0.3 0.3 0.1 0.1

of pesticides containing 0.1 mg/mL @fHCH, y-HCH, hep-
tachlor, chlortalonil, parathion—methyl, malathion, fenitroth-
ion, a-endosulfan, chlordangans chlordanecis, dieldrin,
0,p-DDT, B-endosulfanp,p’-DDT were automatically in-
jected into the GC instruments. Injected volumexLl

2.2. GC analysis

GC analyses were carried out on a Thermo Electron
Trace GC unit (Rodano, Italy) and a Thermo Electron Trace
2000 unit provided with the ultra fast GC option includ-
ing the UFM-GC column module incorporating a directly
resistively-heated capillary column providing temperature
programming rates up to 2€/s. Both systems were fitted
with Al 3000 automatic injector (Thermo Finnigan, Rodano,
Italy) and high frequency fast FID detector (300 Hz, time
constant: 6 ms). Data processing was by Chrom-card soft-
ware (version 2.01-32 hit) (Thermo Electron, Rodano, Italy).

2.3. Columns

All analyses were carried out using OV-1701 as sta-
tionary phase. A series of FSOT-high temperature silylated
columns of different length and i.d. were usédble lreports
the characteristics of the columns. All columns were from
MEGA (Legnano, Italy). UFM-GC column modules with di-
rect resistive-heating were from Thermo Electron, Rodano,
Italy.

2.4. GC conditions

Bergamot essential oil and pesticide standard solution

3. Results and discussion

A sample of bergamot essential oil and a standard mixture
of pesticides with different polarities and volatilities were an-
alyzed by capillary GC under different speed approaches and
analysis conditions (heating and flow rates) (3aéle 2.

The resulting separations were evaluated by the separation
measureS as a descriptor of the metric of separation. Berg-
amot essential oil was chosen so as to evaluate how speed of
analysis and conditions influence the separation parameters
in a medium-to-low analysis temperature range, while the
pesticide standard mixture was chosen for medium-to-high
analysis temperatureiigs. 1 and Zhow UFM-GC patterns

of the bergamot essential oil and of the pesticide standard
mixture analyzed with heating rates of 300 and 16(min,
respectively.

The first part of this study concerns the influence of GC
approach (conventional GC, FGC10, FGC5, and UFM-GC)
on separation parameter§ (p, Stp, N, and w), while the
latter part deals with the influence of heating and flow rates
on separation parameters when using UFM-GC. Columns of
different lengths (5 and 10 m) were adopted for FGC to make
the results comparable both to those obtained by conven-
tional GC since the separation of a 10 m narrow-bore column
is (or should be) comparable to that of a 2%m.25i.d. con-
ventional columr6], provided that the same phase ratio is
maintained, and to those of UFM-GC, which was run with a
5mx 0.1 mm column.

3.1. Influence of different GC approaches on separation
parameters

3.1.1. Bergamot essential oil

Table 3reportsS ty, Stp, n, andw calculated for bergamot
essential oil when analyzed by conventional GC, FGC10,
FGC5, and UFM-GCSandn were measured in the time in-
terval betweernx-pinene {3) and linalyl acetatetg); linalyl
acetate retention time was also adopted as a measure of anal-
ysis time (), being it the last eluting peak considered. All
experiments were carried out in constant flow mdidb(e 3.

The results show how the separation capability of the chro-

were analyzed by applying the GC speed approaches listednatographic system (i.8andn) and analysis time are condi-

above (conventional GC, FGC10, FGC5, UFM-GC) under
different temperature rates and flow conditiomable 2re-
ports heating and flow rates applied to the different GC ap-
proaches.

Table 2
GC approaches and heating and flow rates adopted in the present studies

tioned by different GC approaches and heating r&asdn
decrease much lessthanthe gainin analysistime: forinstance,
with bergamot essential oil, with UFM-GC at 500°C/min

is 50 times shorter than that with conventional GC (1279.5s

GC approach Heating ratéG/min)

Flow (mL/min)

3 15 30 40 50 100

150 300 500 0.3 0.5 0.8 1.2 15

Conventional GC (25 m)
Fast GC (10 m)

Fast GC (5m)

Ultra fast module-GC (5 m)

X

X
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Fig. 1. UFM-GC pattern of the bergamot essential oil analyzed with a heating rate o€aah.
mVolts a-HCH Fenitrothion
F —HCH
3 B Heptachlor [ Chlordane-trans'
E ‘ f \ / Chlordan7-01s
127 ;\ ( |  Dielden
11 ChIOftalonyl / alathion}‘m u 0,p-DDT
E r
10 E (\ / [ \ [\ }\\ B-Endosulfan
. 11 I T
j_ / Part#on—Me H\ | rJ\ ”[(\1
; | \/ I (x-}En\dosulfan 1 H\ i
E | A [y
s |l | A i
] | | K AR \ ) A
47 Ju WA UV e (S
T T T T T
60.0 66.0 72.0 78.0 84.0 sec

Fig. 2. UFM-GC pattern of the pesticide standard mixture analyzed with a heating rate 6/b%0.

(i.e. 21.3min) and 25.6 s, respectively), wh#@andn of the to those of FGC10 at 5@C/min, whilet, with UFM-GC at
chromatographic system is only five times lower than for 150°C/min is about half that with FGC5 at 3C/min, andS
conventional GC%$from 780 to 158n from 135.5 to 27.1). andn are only reduced by about 30%.

Moreover, it is also evident how heating rate influences the  Fig. 3 plots S (a) andSity, (b) versus heating rate in the
separation capability of the chromatographic system: for in- time interval selected for bergamot essential oil analysis. As
stance, FGC5 at 3®C/min givesS, n, andty very similar expectedSdecreases when heating rate increases, butitdrops

Table 3
Analysis times, peak widths;, S, and Sty for the bergamot essential oil determined after conventional GC, FGC with 5 and 10 m columns and UFM-GC
analysis

Conventional GC FGC10 FGC5 UFM-GC
Rate (C/min) 3 15 30 40 50 15 30 40 50 100 150 300 500
to (S) 1.0 17.9 17.9 17.9 17.9 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
ta (S) (@-pinene) 369.2 89.1 74.9 69.0 65.0 41.9 37.9 35.7 34.0 28.4 25.4 20.9 18.4
tp (s) (linayl acetate)  1279.5 276.0 177.2 1478 1293 199.2 129.2 1079 93.7 61.0 47.8 32.6 25.6
Width (a) at 50% (s) 2.12 0.48 0.36 0.32 0.28 0.38 0.30 0.27 0.25 0.18 0.15 0.11 0.09
Width (b) at 50% (s) 3.20 0.76 0.48 0.36 0.32 0.95 0.55 0.43 0.35 0.22 0.16 0.13 0.11
Peak capacityr) 135.3 117.0 97.2 89.1 82.3 94.9 84.7 80.9 78.1 63.8 56.2 39.4 27.1
oa (S) 0.900 0.204 0.153 0.136 0.119 0.161 0.127 0.115 0.106 0.076 0.064 0.047 0.038
op (S) 1.359 0.323 0.204 0.153 0.136 0.403 0.234 0.183 0.149 0.093 0.068 0.055 0.047
S 780 668 572 524 482 525 480 464 453 376 333 236 158
Sty (s 0.61 2.42 3.23 3.54 3.73 2.64 3.72 4.30 4.84 6.16 6.97 7.23 6.17
GC conditions Flow: 1.5 mL/min; Flow: 0.5mL/min; Flow: 0.5 mL/min; Flow: 0.5 mL/min;

Tinj: 250°C; Tget. Tinj: 250°C; Tget: Tinj: 250°C; Tget: Tinj: 250°C; Tget:

270°C; SR: 50 270°C; SR: 100 270°C; SR: 150 270°C; SR: 150
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s (a) S vs Heating rate Sity, (b) S/t vs Heating rate
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Fig. 3. S(a) andSity, (b) vs. heating rates for bergamot essential oil analysis.

less at higher heating rates (UFM-GC). When plotted versusandty all decrease by about 20%; on the other hand, with
heating rateSt, achieves a maximum for UFM-GC at about columns of the same length (FGC5 and UFM-GC) heated at
300°C/min, which probably represents a good compromise different rates (50 versus 15G@/min), whilety is less than
between loss of separation capacity and reduction of analysishalved (about 45%$ andn decrease only by about 30%.
time. St behavior also confirms that analysis time decreases  Fig. 4 plots S (a) Sty (b) versus heating rate in the time
faster than the separation capability of the chromatographicinterval selected for bergamot essential oil analysis. These di-
system. agrams confirm the results obtained with bergamot essential
oil, sinceSdrastically decreases when heating rate increases
3.1.2. Pesticide standard mixture for conventional GC, FGC10, and FGC5, while for UFM-GC
Table 4reportsS, ty, Sy, N, andw calculated for the anal- ~ with heating rates above 18Q/min, the drop irStends to
ysis of the pesticide standard mixture when analyzed by con-be small. Moreover, in UFM-GC with the same heating rates,
ventional GC, FGC10, FGC5, and UFM-GSandn were Sty is likewise almost constant confirming that under con-
measured in the time interval betweerHCH (t5) andp,p'- stant flow and above a given heating rate (about°ZDtin
DDT (tp); p,p/-DDT retention time #,) was also adopted as  in this case), its influence is relatively small.
a measure of analysis timg), being the last eluting peak
considered. All experiments were carried out in constant flow 3.1.3. Influence of flow and heating rates on S, n, and
mode {Table 4. These results confirm those obtained with analysis time,d, in UFM-GC
bergamot essential oil, showing trgtn, andty, depend on The second part of the study concerned the influence of
the different GC approaches and heating rates; with the pesflow and heating rates on the separation capabiiity,(S'ty)
ticide standard mixture, analysis time decreased from 1664 sand analysis timet{) when the two samples investigated are
(27.8 min) for conventional GC to 48.4s with UFM-GC at analyzed by UFM-GCTable 2summarizes the GC condi-
500°C/min (a factor of about 35), whil§ decreased only  tions applied. Linalyl acetate anmp’-DDT retention times
from 627 to 181 (about 3.5) amdfrom 105.7 to 21.4 (about ~ were again adopted as measures of analysis tighebeing
5). Moreover, when column length is halved (FGC10 versus the last eluting peaks considered for bergamot essential ol
FGC5), if the same heating rate is used {80min), S, n, and for the standard mixture of pesticides, respectively.

Table 4
Analysis times, peak widths, S andSit;, for the standard mixture of pesticides determined after conventional GC, FGC with 5 and 10 m columns and UFM-GC
analysis

Conventional GC FGC10 FGC5 UFM-GC
Rate (C/min) 3 15 30 40 50 15 30 40 50 100 150 300 500
to () 57.6 17.0 17.0 17.0 17.0 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2
ta (S) (@-HCH) 1002 332.2 2109 175.4 153.0 248.9 160.9 133.7 1172 77.3 61.4 43.0 34.8
tp (S) (o,p’-DDT) 1664 560.8 330.0 266.8 227.4 473.6 2747 2204 1859 1128 86.0 58.8 48.4
Width (a) at 50% (s) 2.37 0.80 0.48 0.40 0.36 1.02 0.59 0.47 0.41 0.23 0.18 0.12 0.10
Width (b) at 50% (s)  2.40 0.88 0.56 0.40 0.44 1.42 0.71 0.56 0.48 0.33 0.33 0.40 0.33
Peak capacity 105.7 103.6 87.7 82.8 73.1 1.7 66.0 63.4 61.3 45.0 34.6 24.1 21.4
04 (S) 1.006 0.340 0.204 0.170 0.153 0.433 0.251 0.200 0.174 0.098 0.076 0.051 0.042
op (S) 1.019 0.374 0.238 0.170 0.187 0.603 0.301 0.238 0.204 0.140 0.140 0.1270 0.140
Sb 627 619 530 478 451 446 397 381 378 320 269 197 181
Sty (s’l) 0.38 1.10 1.61 1.79 1.98 0.94 1.44 1.73 2.03 2.83 3.12 3.35 3.73

GC conditions

Flow: 1.5 mL/min;

Flow: 0.5 mL/min;

Flow: 0.5 mL/min;

Flow: 0.5 mL/min;

Tinj: 250°C; Tyet: Tinj: 250°C; Tget.
270°C; SR: 50 270°C; SR: 100
Swas measured in the time interval betweeRlCH andp,p’-DDT.

Tinj: 250°C; Tget:
270°C; SR: 150

Tinj: 250°C; Tget:
270°C; SR: 150
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Fig. 4. S(a) andSit, (b) vs. heating rates for the pesticide standard mixture analysis.
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Fig. 5. S(a) andSit, (b) vs. heating rates for bergamot essential oil analysis.

3.1.4. Bergamot essential oil
Table 5shows hows ty,, n, andS't, vary when bergamot
essential oil is analyzed by UFM-GC with different flow and

rates in the time intervals selected for bergamot essential oil
UFM-GC analysis.
These results show how® and t, are conditioned by

heating ratesSvalues were measured in the time interval different flow and heating rates. As expected, in UFM-

between the elution af-pinene (a) and limonene (Ck{),

limonene (c) and linalyl acetate (I£{) anda-pinene (a) and
linalyl acetate (b) %up). Fig. 5plotsS(a) andSit, (b) versus
heating rates anfig. 6 plots S (a) andS'ty (b) versus flow

GC, an increase in heating rate induces a decreas® of
which is lower when flow rates above 0.8 mL/min are used
(Fig. 4a). Moreover, for each heating rate, an optimal flow
rate can be found to maximize the separation capability of the

52.; (a) UFM-GC -Svs flow rate Sty (b) UFM-GC-S/t, flow rate
/\ e
" / o e / x"\}?—ﬁ
BT —= 98
375 /@7 88 / L" A
325 / / <c—=x 78 —
275 / 638
P i A
225 / 58 V/ / ~——p
175 / 48—
125 : - . ‘ - 38 : T : : .
0.2 0,4 0,6 08 1 1.2 14 02 04 0,6 08 1 1,2 1,4
Flow (mV/min) Flow (ml/min)
—&— 50°C/min ——100°C/min =~ —— 150°C/min —4—50°C/min —B—100°C/min ~ —&— 150°C/min
—%—300°C/min ~ —¥— 500°C/min —%—300°C/min ~ —¥— 500°C/min

Fig. 6. Svs. flow rates (a) an&ty, vs. flow rates (b) for bergamot essential oil analysis.



Table 5

Influence of flow and heating rates g S, n, andSit, for bergamot essential oil when analyzed by UFM-GC

GC parameters

UFM-GC conditions

Rate (C/min) 50 100 150 300 500
Flow (mL/min) 03 05 08 1 12 03 05 08 1 12 03 05 08 1 12 03 05 08 1 12 03 05 08 1 1.2
to 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37
ta (a-pinene) 428 340 273 247 227 350 284 238 216 202 308 254 217 198 185 250 209 180 168 16.0 219 184 184 160 151
te (limonene) 59.6 496 416 386 36.1 446 378 326 304 289 374 321 281 263 250 285 246 218 206 198 240 207 207 184 176
tp (linayl acetate) 104.5 93.7 849 817 788 676 61.0 557 535 51.8 529 478 439 422 409 362 326 299 288 281 287 256 256 234 226
Width at 50% (a) 0.31 0.25 0.21 0.21 0.21 0.23 018 0.19 017 0.15 019 015 0.13 012 0.13 014 011 0.09 0.09 009 0.13 0.09 0.09 0.08 0.08
Width at50% (c) 0.35 0.3 025 0.27 028 023 02 019 0.18 0.17 019 016 014 0.14 013 0.14 0.11 0.08 0.09 0.09 0.13 0.11 0.09 0.07 0.07
Width at 50% (b) 0.37 035 031 035 036 022 022 02 018 02 018 016 015 0.14 016 0.13 0.13 0.09 0.09 0.09 011 0.11 0.08 0.07 0.07
Peak capacityr) 70.4 78.1 88.1 808 77.7 564 638 648 709 716 464 56.2 622 66.1 629 324 394 538 523 526 216 271 323 395 40.1
Oa 0.132 0.106 0.089 0.089 0.089 0.098 0.076 0.081 0.072 0.064 0.081 0.064 0.055 0.051 0.055 0.059 0.047 0.038 0.038 0.038 0.055 0.038 0.038 0.034 0.034
oc 0.149 0.127 0.106 0.115 0.119 0.098 0.085 0.081 0.076 0.072 0.081 0.068 0.059 0.059 0.055 0.059 0.047 0.034 0.038 0.038 0.055 0.047 0.038 0.080 0.030
ob 0.157 0.149 0.132 0.149 0.153 0.093 0.093 0.085 0.076 0.085 0.076 0.068 0.064 0.059 0.068 0.055 0.055 0.038 0.038 0.038 0.047 0.047 0.034 0.0@ 0.030
Sac 120 134 146 136 130 983 116 109 118 127 825 102 112 118 118 595 784 105 989 99.2 380 53.7 59.7 754 %7.2
Sb 293 320 364 327 314 241 260 279 303 293 196 231 256 267 258 135 158 224 215 216 91.8 104 134 167 Y0
Sab 413 453 511 463 443 339 376 388 421 420 279 333 368 38 377 195 236 329 314 316 130 158 194 243 &7
Sty 395 484 601 567 563 501 616 697 7.86 810 528 697 840 9.14 921 537 7.23 11.02 1090 11.23 453 6.17 7.60 10.3810.91

(@)

=)

o

3

2

&

>

=
Table 6 3
Influence of flow and heating rates tn S, n, andSit,, for pesticide standard mixture when analyzed by UFM-GC ,5
GC parameters  UFM-GC conditions §
Rate ¢C/min) 50 100 150 300 500 P
Flow (mL/min) 03 05 08 1 12 03 05 08 1 12 03 05 08 1 12 03 05 08 1 12 03 05 08 1 1.21
to 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37 94 66 48 42 37
ta (a-HCH) 130.1 117.6 108.5 104.2 101.2 848 776 718 694 676 67.2 616 573 555 541 471 431 403 391 383 384 348 324 314 308
tc (dieldrin) 1819 169.1 159.0 154.1 150.8 111.7 1040 979 956 935 865 800 753 733 717 608 544 504 489 478 508 442 401 386 37.6
tp (p,p’-DDT) 200.4 186.8 177.4 173.0 169.9 121.7 1135 107.1 104.7 1025 954 87.1 813 79.7 781 689 606 553 533 519 591 502 447 426 412
Width at 50% (a) 0.48 0.39 037 038 039 030 024 022 023 022 023 019 0.17 017 017 017 012 011 011 011 0.17 012 0.08 0.09 0.09
Width at 50% (c) 0.56 0.46 048 046 051 039 030 027 026 025 038 026 023 022 022 041 027 021 019 017 044 028 0.21 020 0.17
Width at 50% (b) 0.69 0.49 050 051 058 055 040 034 035 034 065 042 035 032 031 063 046 039 038 035 061 045 038 034 0.28
Peak capacityn) 479 60.8 60.1 599 547 351 450 501 494 50.7 263 346 37.6 402 403 212 241 248 245 253 199 213 216 209 227
Oa 0.204 0.166 0.157 0.161 0.166 0.127 0.102 0.093 0.098 0.093 0.098 0.081 0.072 0.072 0.072 0.072 0.051 0.047 0.047 0.047 0.072 0.051 0.034 0.038 0.038
oc 0.238 0.195 0.204 0.195 0.217 0.166 0.127 0.115 0.110 0.106 0.161 0.110 0.098 0.093 0.093 0.174 0.115 0.089 0.081 0.072 0.187 0.119 0.089 0.085 0.072
ob 0.293 0.208 0.212 0.217 0.246 0.234 0.170 0.144 0.149 0.144 0.276 0.178 0.149 0.136 0.132 0.268 0.195 0.166 0.161 0.149 0.259 0.191 0.161 0.144 0.119
Sac 234 285 280 279 260 184 231 251 252 259 149 193 211 215 212 111 136 148 153 159 956 111 125 116 123
Sb 699 880 884 918 825 502 639 710 703 718 407 492 487 563 564 369 397 381 364 367 370 387 363 349 377
Sab 304 373 368 371 342 234 294 322 322 331 190 242 260 271 269 148 176 186 190 196 133 150 162 151 161
Sltap 152 200 208 215 201 192 259 301 308 323 199 278 320 340 345 215 291 337 356 379 225 298 362 355 391

©
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sn,  (b) UFM-GC - S!thvs Heating Rate
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Fig. 7. S(a) andSity, (b) vs. heating rates for pesticide standard mixture analysis.

chromatographic systenfrig. 5a). On the other hand, the
best separation capability in the shortest analysis ti#tg)(

the bergamot essential oil and comparabialues were ob-
tained between 0.5 and 1.2 mL/mirig. 8a). Similar results

is achieved at optimal heating and flow rates (Figs. 4b and are obtained witt§ty: with the same heating rate, the sepa-

5b), that for bergamot essential oil are 3@min and above
0.8 mL/min, respectively.

3.1.5. Pesticide standard mixture

Table 6shows hovs, t,, n, andS'ty, vary when the pesticide
standard mixture is analyzed by UFM-GC under different
flow and heating ratesSvalues were measured in the time
interval between the elution ef-HCH (a) and dieldrin (c)
(Sa0), dieldrin (c) andp,p’-DDT (b) (Sp) anda-HCH (a) and
p,p-DDT (b) (Sap)- Fig. 7 plots Sy values (a) an@p/ty (b)
versus heating rates arfidg. 8 plots S;p (a) andSy'ty (b)

ration capability over time was quite similar with flow rate
above 0.8 mL/min, while with the same flow rate, similar sep-
aration was obtained above 180/min. The different behav-

ior of the two samples is probably due to the lower volatility
of the pesticides investigated compared to the components of
bergamot essential oil.

3.1.6. S versus R of critical pairs of analytes

The results reported in the above sections enable to deter-
mine the separation capability of a chromatographic system
required when critical couples of analytes in a sample must

versus flow rates for time intervals selected in the pesticide be resolved. All considerations are only valid within each GC

standard mixture UFM-GC analysis.

approach, because peak widths (i.e. non-overlapg)rdjf-

These results confirm that also with the pesticide standardfer for each of them and decrease when the speed of the GC

mixture Sandty, are conditioned by flow and heating rates. In

analysis increases; as a consequence, a faster GC approach

this case too, an increase in heating rate produces a decreadéquires lowe-values to achieve the same separation. Anil-
in S, although to a lesser extent than with bergamot essentiallustrative example is the separation of gxendosulfarg,p’-

oil when flow rates is above 0.5 mL/miRi@. 7a). Moreover,

DDT pair inthe pesticide standard mixture investigated, when

with the sample investigated and within each heating rate, the two analytes must be base line separated in the shortest

Svariation with flow rates was less pronounced than with

(a) UFM-GC - Svs FlowRate

¢
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time. In this case todS was measured in the time interval

(b) UFM-GC -S/tbvs Flow Rate
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Fig. 8. S(a) andSit;, (b) vs. flow rates for pesticide standard mixture analysis.
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Table 7
Heating rate, flow rate, analysis tim@and resolution of th@-endosulfarg,p’-DDT pair when analyzed by conventional GC, FGC10, FGC5, and UFM-GC
analysis

Conventional GC FGC10 FGC5 UFM-GC
Heating rate {C/min) 3 40 50 150 150 300
Flow rate (mL/min) 15 05 05 0.5 1 12
tp (S) (p,p’-DDT) 16640 2668 1859 87.1 797 519
S 627 478 378 242 271 196
Resolution R) 59 18 26 0.95 15 0.7

Swas measured in the time interval betweeRlCH andp,p’-DDT.

betweerx-HCH andp,p’-DDT and the retention time q@fp’- time drastically decreases to 267 s (4.5 min), while for FGC5
DDT was taken as analysis time since itis the last eluting peak an S-value of 378 implies a resolution of 2.6 and an analysis
in the mixture Fig. 9reports the separation @fendosulfan time of 186 s (3.1 min). In UFM-GC, thg-endosulfarg,p’-

and p,p’-DDT when analyzed by conventional GC (a), by DDT pair is not base line separated at 2&80min with a
FGC10 (b), by FGC5 (c), by UFM-GC at 15Q/min, and flow rate of 0.5 mL/min $=242,R=0.95): flows adequate
0.5 mL/min (d), UFM-GC at 150C/min and 1 mL/min (e)  (above 1 mL/min) to increas®to at least 270 are needed in
and by UFM-GC at 300C/min and 1.2 mL/min (f)Table 7 order to obtain a resolution of 1.5 reducing the analysis time
reports heating rate, flow rate, analysis tilgand resolution to 80's. Moreover, in UFM-GC a base line separation of this
of the endosulfap,p’-DDT pair when analyzed by conven-  pair could not be achieved at heating rates above’ Ca@in
tional GC, FGC10, FGC5, and UFM-GC analysis. Under the whichever is flow, without using a different stationary phase.
conditions applied, in conventional G&value is 627 andthe  From these results it is clear that within a specific GC ap-
two peaks are very well separated withRnf 5.9, although proach, the chromatographic system (stationary phase, heat-
an analysis time of 1664 s (27.7 min) is necessary. In FGC10ing and flow rates) must achieve a minim@walue to be
the base line separation of the pair in question requires anable to separate two analytes with a given resolution in a
Svalue of at least 478 to obtain &of 1.8 and the analysis  minimum analysis time.

27.294 B-Endosulfan 265.32 B-Endosulfan 183.6 B-Endosulfan

(a) ) 266.76 p,p’-DDT  (c) 185.88 p,p’-DDT
27.729 p,p>-DDT

85.5 B-Endosulfan 79.0 B-Endosulfan 51.43 B-Endosulfan
© 79.7 p,p>-DDT ® 51.84 p,p’-DDT

86.05 p,p’-DDT

Fig. 9. Separations @-endosulfan ang,p’-DDT when analyzed by CGC (a), FGC10 (b), FGC5 (c), UFM-GC at°I5énin and 0.5 mL/min (d), UFM-GC
at 150°C/min and 1 mL/min (e), and UFM-GC at 30G/min and 1.2 mL/min (f).
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