10/16/25

David Zimmerman, MS

Assistant Laboratory Director
Kern Regional Crime Laboratory
Bakersfield CA

Masters of Science in Chemistry
California State University, Fresno

Tl years of Forensic Toxicology Experience
5 years performing bench work for
alcohol analysis, drug toxicolo:

analysis, and breath alcohol calibration

6 years in Management
Supervised Controlled Substance and
Toxicology

Headspace Gas
Chromatography
with a Flame
lonization Detector

David Zimmerman, MS

2
The opinions provided in the
presentation are of the author
and not the opinion of the Kern
County District’s Attorney Office.
T DRUG Q
3



Learning
Objectives

Understand what headspace sampling
is, how it is used, and why it is used in
Forensic Toxicology

Understand what Gas Chromatography
is and how to modify/develop a method

Understand what a Flame lonization
Detector is and why it is used in Forensic
Toxicology
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Headspace Gas Chromatography
with a Flame lonization Detector

a Instrument method used to analyze volatile

sample

Headspace (HS) - Type of sampling
Gas Chromatograph (GC) - Separates the compounds

Flame lonization Detector (FID) — Detects compounds

¥ DRUG

What is Headspace?

Glass Half Full or Half
Empty?

Completely Full!

Headspace

Gas phase above a liquid sample

in a sealed vial

T DRUG
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Why Sample the Headspace?

Blood or Urine Matrix

Lipids, phospholipids, electrolytes, water, protein, drugs, or alcohol
Removes Interferents

Dilute and shoot sample prep

Only volatile compounds are sampled

¥ DRUG

Henry's Law

e Henry's Law Definition

At a constant temperature, the amount of a given gas that
dissolves in a given type of volume of liquid is directly
proportional to the partial pressure of that gas in equilibrium
with that liquid
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Henry's Law

e Henry's Law Formula
P; = Kp G

Where P, = partial pressure of the gaseous solution
{eny’s constant, solute-solvent pair
concentration of the dissolved gas

[

Relating this formula to alcohol analysis:

P,= concentration of ethanol in the headspace
;= concentration of ethanol in the sample
constant for ethanol/water

Y DRUG
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Henry's Law Constant, K

Henry's Law Constant - Kh .
Proportionality factor that quantifies gas Lower Constant Higher Constant

solubility in a liquidt Kn =825 Knh=1355

Kn depends on System
eg. Air to water

Kn Temperature

Temperature changes the Henries law
constant

Henry's Law Constant Value
Low - Higher concentration in headspace
High — Lower concentration in headspace

T DRUG

Isopropanol Ethanol
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Modifying Henry's Constant
© ©

Equilibration
Temperature

Phase Ratio

Salt addition Derivatization
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Equilibration Temperature

What is Equilibration Temperature?
Temperature of the headspace oven Ethanol  2-propandl

All samples reach this temperature

Effect of Equilibration temperature
on instrument response

Ttemperature = |xn

1 Kn= T gas concentration

T PRUG Q@
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Ethanol Oxidation

Ethanol gets oxidized in Acetaldehyde
at elevated temperatures.

Proposed Reaction

CH3CH20H + Hb-02-> CH3CHO + Hb

Acetaldehyde Production

TABLE2
BAC decrease after equilibration of blood samples at 50 °C and 60 °C.

Temperature  Equilibration  Blood alcohol  Blood alcohol
(c) time concentration  concentration
(minutes)
60 10 0.100
50 0.089
%0 0.098
120 0.091
50 10 0.100
50 0.008
%0 0.095

Chicrotti, M. and N. De Giovanni (1982)."Acetaidehyde accumuiation

‘smalldon, KW, and Brown, GA (1973).
BloodPart, Oddation” Andlytica Chi

Acta, 66 (1973) 285-290.

1):21-25.

¥ DRUG

10/16/25

13

Phase Ratio, B

What is Phase Ratio?

Phase ratio is the volume of the gas

divided by the volume of the liquid 1omt
Effect of Phase Ratio 1omL
As B increases, larger volume of gas compared
to liquid, the response of the volatile compound
decreases.

- 10 m - 16 mL

P = mmr Effectofp” - Tw
p=1 p=4
¥ DRUG @
Salt Addition )
Ethanol in H20 NaCl Added

Salt Addition

salting out effect

K values experiencs
nge

Volatile polar compounds in polar

s will ex




Derivatization

What is Derivatization?

sample treated with a compound to
form a product with a decreased K
value.

u‘c/\)l/\. + "‘Eif

Examples

Esterification or acetylation are some
way to derivatize a compound

Fatty acids - alcohols - esterification

T DRUG
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Type of Headspace Autosamplers

Balanced Pressure

Gas Tight Syringe System

Valve - Loop

17

sample reaching

¥ DRUG

Balanced Pressure Injection

'\ PN

Ay 4 M~
L

£quilibriurm Injection Pressurizing Injecting Sample
= =
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6 port Valve

Position A

|/

1

Interior
Passage
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Valve - Loop Injection

Sample reaching Filling
Equilibrium Sample Loop

Pressurization
s,

Transforline:

Pressurizing
Sample Loop

Sample Looj

Carrier Gas

~4
lw)
2
c
o)

|
|
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Headspace Recap

Headspace

J ®
Henries Law Only volatile Volatility can be
Compounds are Modified
analyzed + salt addition
- Temperature

Sampling

Gas phase above
the liquid sample

Explains why
headspace
sampling works

Multiple routes
to sample
headspace

+ Phase ratio
- Derivatization

T PRUG Q
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How a GC Works Simplified

Inlet Detector

\

] Time
T

Gas Chromatograph Column

¥ DRUG &
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Is your method Good? Can it be better?

Good Method? Better Method?

Mo MM
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Resolution vs Sensitivity

Good Resolution Good Sensitivity

Sensitivity

Signal to Noise
Limit of Detection, LOD
sSignal to noise — Height of analyte /
Amplitude of noise

ANSI/ASB 036
standard Practice for Method Validation in
Forensic toxicology First Edition 2019

Reference material - Signal to noise > 33

Multiple Determinations

Linear calibration curves —

How to Improve Sensitivity

Increasing the amount of sample to will i

Headspace Sampling
Salt Addition
Temperature
Phase Ratio

Gas Chromatograph Flame lonization
Larger injection Loop. Detector
Increased injection time + Airand Hz flow
Column (stationary phase,
Tomgt). Makeup gas flow

Derivatization

- Increasing efficiency of method
greater signai tonoise

increcsed sensitvity

T PRUG @
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Resolution

Measurement of the degrees of separation between two advancement peaks.

Baseline peak width Half Height peak width

(trz - trl) (tTZ B t"rl)

Ry= 121 Ry= 2 1)
0.5(w; +w,) 0.85(Wy(0.5) + Wa(0.5))

tr2 = Retention time peak 2

tn = Retention time peak 1

wi = peak 1 width

w2 = peak 2 width

tr2 = Retention time peak 2

tn = Retention time peak |

wi(0s) = peak 1 width at half height
__ w2009 = peak 2 width at half height

10/16/25
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Resolution - Calculation

10
08
£0s)
@ oa
02
o
15 20 25 30 35 40 45 50 55
Retention Time (min)
(Ty2=Ty1) (4.50 min — 3.00 min) _
Ry = ==t Ry = ——— — ———  R;=19
0.5(wy+w;) 0.5(0.729 min + 0.850 min)

¥ DRUG
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Increasing resolution

Resolution Increasing

Y DRUG
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Fundamental Resolution Equation
Block 1 - Efficiency
VE « Length of Column

+ Carrier gas type
R ( )( 2 )
4 a ko +1

- Linear velocity of carrier gas
Where

Rs = Resolution

N = Theoretical number of plates
a = Selectivity

k = Retention

Block 2 - Selectivit)
«—1, * StationaryPhase
( ) + GC oven Temperature

@

Block 3 - Retention

( k \ * Inner Diameter of Column
;—1) + Film thickness of Column
2+ 10 5C oven Temperature

¥ DRUG 9]

10/16/25

31

Fundamental Resolution Equation
Block 1 - Efficiency

N What is N, the theoretical
( vN ) number of plate?

N - Theoretical Number of Plates

¥ DRUG w
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Number of Theoretical Plates (N)

Concept Introduced in the 1930’s
Developed for Fractional Distillation

T 2
Later applied to chromatography r
N =16 (—)

Theoretical Plate
Represents a single equilibrium step
between compound and stationary

phase
Can calculate N 2
2 formulas - base of peak and half height N = 5.54 r

To Remember
Theoretical concept, no actual plates exist 7

Compounds have different theoretical
plates on the same column

Y DRUG Q
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Theoretical Plates in Practice

10/16/25

Flow
N Theoretical
;re‘oret\cu\ Plate

Compound A ate

Number of Theoretical Plates = 5
@ CompoundB

Number of Theoretical Plates = 10

Number of Theoretical Plates

Number of Theoretical Plates = 10,000's or

100,000's
T DRUG @
Fundamental Resolution Equation
Block 1 - Efficiency Length of Column I

N 0 with 1

column -~ gouble resolution
00 with 30m column

— -

Stationary Phase

VN Changes the # of equilibration steps
Linear Gas Velocity
Faster gas flow decreases Number of
N - Theoretical Number of Plates Theoretical plates

Carrier Gas Type

of equilibration steps

Change:

¥ DRUG :
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Modifying Block 1 - Column Length

Blue - Shorter Column

« Peaks1and 2 Overlap

« Total run time ~5 os,
minutes

Red - Longer Column

« No peak overlap

« Peak Broadening -
lower sensitivity

0 R =0 TS gy
Retention T (i

« Longer run time

Y DRUG Q

36

12



Fundamental Resolution Equation
Block 2 - Selectivity

Can either increase or decrease selectivity
depending on the compounds of interest
(a z 1)
a
k2
where a = =
k1

Stationary Phase
Example - Change from Agilent DB-ALC Tto a
DB-ALC2 column

kiand k2 are the Retention factor, k,
for the peaks 1 and 2

¥ DRUG
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Retention Factor, k

What is Retention Factor?
Ratio of time
phase

olute spend in the stationary
he carrier gas

What influences k?

Compounds that interact longer with the

column will have a higher retention factor

Formula
&

k=

ty) Where
tr = retention time of peak
to= void time

to

Target Retention Factor

First eluting compound > 1.0
Target 15
k>15is wasted analysis time

¥ DRUG
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Retention Factor, K, Calculation

k= (tr_to)
to
10-2
Lo 0-2)
2
k=4
Y DRUG
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Selectivity Calculation, 2= o
Retention Factor
(i —t) =z t)
k= lt_ﬂo k, &
102 _(14-2)
k= ( - ) ey = =
ky=4 k, =6
Selectivity
k
a= —j a= % a=15
Y DRUG o)
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Selectivity - Oven Temperature Adjustment
60°C 80°C
+— Isopropanol <+— Isopropanol
N N
ot
Etharekone Ace&thanol
¥ DRUG ]
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Column DB-ALC 1

EE

Column DB-ALC 2

IMethanol

Selectivity - Stationary phase

Isopropanol  N-propanol

rn\ Isoprapanol

I

AN \ \

N-propanol

Y DRUG
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Fundamental Resolution Equation
Block 2 - Selectivity

[
Largest influence in resolution

(=)
a Selectivity change from 1.1to 1.5

267% increase in resolution

k
Where a = 2
k1

Selectivity is between 2 peaks

¥ DRUG
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Fundamental Resolution Equation
Block 3 - Retention (capacity)

Retention Factor, K
Same retention factor previously discussed

Temperature

k2 Lc Solumn temperature in
retention
K +1

Carrier Gas Type and Velocity
Higher velocity lower retention factor

Where k2is the retention factor Stationary Phase

Different stationary phase

¥ DRUG
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Retention - Temperature Adjustment

60°C 80°C

N nA
Change in retention varies depending on the compound properties

Y DRUG
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Modifying Retention

Increase theoretical number of plate
Improve resolution for peak 1and 2 and 3 and 4
Increase run time and peak 5,6 will be broader

Change Selectivity - Stationary Phase
Might lead other peaks overlapping

os Current method is close, just needs slight

change

hange Retention - GC Oven Temperature
Increase retention for peak 1, 2, 3, and 4
00 Decrease retention for peaks 5 and 6
£

1
Time (minutesT

¥ DRUG @
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GC Oven Temperature Ramp

10/

GC Oven Temperature Profile

ol
Oven
Temp wat
Q2
Time Gol
- Isothermal GC oven profile 2 2 4 cinodins 2 |23 El
- Varying Temperature GC oven profile
Y DRUG }
Resolution Recap Efficiency Selectivity ~Retention
R VN (a - 1) ( ky )
sT\% a )\ +1

Selectivity - Largest influence on resolution
Efficiency - Increasing N increases method run time

Retention - Similar to selectivity
- GC Oven temperature profile

How to Modify
selectivity Efficiency Retention
Stationary Phase + ColumnLength + Stationary Phase
C Gven femperature - Stationary Phase © GC Oven femperature
Cartier Gas type + Carrier gds type. * Carrier Gas type
Linear velocity gos -+ Linear gas

Y DRUG 'O}
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GC Recap
Benoltitien
Inlet Signal (Peak Height)
o
os
04
03
02
00
Retention Time (min)
¥ DRUG S
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Flame lonization Detector
m

E———oetectol]
¥
+ -
-
%
Air =/

H2and  e——
Makeup gas

Time

® = hydrocarbon

¥ DRUG e

Tcolumn Flow
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Flame lonization Detector - Parts

IgNitor ——

Amplifier
Detector

Collector Body ——— e

Air |=;}

Insulators

Hzand  ex——
Makeup gas

Y DRUG
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Makeup Gas
m

Flow to Detector

2mmPacked  20-30 mL/min
Alr ———y 4mmPacked  50-60 mL/min
Capillary 1-2 mL/min
Makeup Gas
H2ONd  eomm— + Carrier Gas or Nitrogen
Makeup gas + 10-30 mL/min
T DRUG
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Makeup Gas Test

+ Allinstrument parameters the same except makeup gas flow

— 10mLmin

30 mLimin

50mUmin

Acetone Isopropanol

¥ DRUG
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FID Benefits and Limitation

Benefits Limitations

+ Sensitive « Hydrocarbon analytes

- Repeatable + Cannot detect inorganic compounds

+ Wide detection range + Poor response for compounds containing
« Simple to maintain oxygen sulfur or halogens

- Cheap + No structural information

« Cannot distinguish if compounds are overlapping

Ethanol Isopropanol
Is0propanol  N-propanol ot eoPe

thgnol Acetone | i N-propanol

| ' A | ,A [

A t \

[ i Methanol “,“e N I\
oo \ A \

Y DRUG
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Headspace Gas Chromatography with a
Flame lonization Detector

Headspace Gas Chromatography Flame lonization
- Gas phase above liquid Detector
- Volatile compounds only

+ Simple sample prep

Seperates compounds

+ Sensitivity and resoltuion . Sensitive, repeatabl
neede: concentration range,

cheap, easy to maintain

Increase sensitivity by
Reduces interference adding more sample or . Mustensure no

Volatility of a compound sharper peaks (efficiency) interferences

can be modified
+ Fundamental Resolution
Equation used to increase

resolution

Provides no structural
information
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CONTACT ME

David Zimmerman, MS

DZimmmerman@KernDA.org
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