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Introduction

e The Pulsed Flame Photometric Detector
(PFPD) is a new generation of Flame
Photometric Detectors (FPD).

e The PFPD has several distinct advantages over
the static FPD, for example:
— Increased sensitivity (10-100x, depending on FPD)

— Increased selectivity (10x or more, depending on
FPD)

— Linear, equimolar response for sulfur and
phosphorus, and easier calibrations

— Decreased gas requirements
— Self cleaning
— Requires only minimal maintenance
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Introduction (cont.)

e The Pulsed FPD can be used for any application or
method that calls for a static FPD with improved
results.

e |t can also be easily configured for a wide variety
of additional applications that are not easily done
with a traditional, static FPD.

e The PFPD has the unique ability produce
simultaneous, mutually selective chromatograms
for sulfur and hydrocarbons using one detector
with a small footprint and single PMT.

e And, the PFPD can detect up to 28 different
elements for unique applications.
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Introduction (cont.)

e Some of the distinctive applications of the
PFPD include:

Low-level sulfur speciation in gasoline and diesel
Sulfur speciation in other petrochemical matrices
Simultaneous sulfur and carbon chromatograms

Simultaneous organophosphorus and organosulfur
pesticides

Parallel configuration with MS for complex matrices
Sulfur speciation in flavor and fragrance matrices
Sulfur quantitation in food and beverage samples
Organotin analysis in environmental samples

Arsenic, selenium, and silicone detection

Chemical warfare agent monitoring O IAnaIytlcaI§
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Self-Cleaning Detector

F|II|ng Ignltlon Propagatlon Combustlon Extlnctlon

e 2200 °C flame
e Pulsing at 3—4 times per second
“Self-cleaning” detector
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PFPD Advantages Over FPD

e The principle advantages of the Pulsed FPD
over the traditional, static FPDs include:

— Dual-element capability for the cost of a single
detector

— Better sensitivity and selectivity

— Simultaneous, mutually selective S/C and S/P
chromatograms

— Linear, equimolar response

— Wider range of applications and methods

— Long-term stability

— Lower cost of ownership and less gas usage

e A detailed comparison in shown in the tables
In the following slides.
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Comparison of FPDs: Sulfur Mode

FPD Enhanced FPD Pulsed FPD
Sulfur
. . <
sensitivity 20 pg S/second 3.6 pg S/second 1 pg S/second
. >106
S/C selectivity 10° 106 .
Adjustable to «
Linear? No No Yes
Equimolar? No No Yes
Linear range ~3 orders ~3 orders ~3 orders
Quenching Yes Yes Minimal
230-240 230-240 :
Gas usage mL/minute mL/minute 30—40 mL/minute
Temperature Maximum 250 °C | Maximum 250 °C 200-400 °C
 If broadband filter used to  Stabilizes quickly & remains
» Poorest sensitivity and improve sensitivity, it may stable.
selectivity. reduce selectivity. « Infinite S/C selectivity.
Comments - S/C selectivity may be - Simultaneous, mutually

 Subject to quenching.

 High cost of operation.

concentration dependent,
with reduced selectivity
near the detection limit.

selective S and C
chromatograms from a
single detector.




Comparison of FPDs: Phosphorus Mode

FPD Enhanced FPD Pulsed FPD
Phos_p_h(_)rus 900 fg P/second 60 fg P/second <100 fg P/second
sensitivity
P/C selectivity 10° 10° >10°
.. Excellent with Dual
P lectivi Poor Poor :
/S selectivity 00 00 Gate Subtraction
Equimolar? Unknown Unknown Yes
Linear range ~3 orders ~3 orders ~3 orders
Temperature Maximum 250 °C | Maximum 250 °C 200400 °C
* ;rehn(?n Ig\rl\;trgrz'ie)(irr::‘:trrri]cts « Best sensitivity for all
« POOrest Sensitivity |  rpp cse for Op OP pesticides, with
and selectivity. pesticides and can lead excellent peak shape.
Comments . - « Analyze for P and S
« High cost of to tailing, reduced ol v with
) response, and poor simultaneous y.WIt
operation. mutually selective

reproducibility for late
eluting compounds.

chromatograms.




Comparison of FPDs: General

FPD

Enhanced FPD

Pulsed FPD

Simultaneous
S/C and S/P
detection?

Yes, but at double
the cost.

Yes, but at double
the cost.

Yes, using a single
detector.

Simultaneous

May be possible,

May be possible,

Simultaneous,
mutually selective
chromatograms for

S and C . but will double the | but will double the petrochemical
detection” cost. cost. matrices with a single
detector.

: _ As, Se, Si
Other o Not easily Not easily
elements” 28 total elements
Cost of High (gas usage High (gas usage Low gas usage

: and frequent and frequent :

operation Low maintenance

cleanups)

cleanups)
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PFPD Advantages Over SCD

e The principle advantages of the PFPD over the
SCD include:
— 14 the initial capital expense
— Lower cost of ownership and less gas usage
— Ease of use with minimal maintenance
— Long-term stability
e Months rather than days!

— Dual-element capability for the cost of a single
detector

— Simultaneous, mutually selective S/C
chromatograms

— Wide range of applications and methods

e A detailed comparison is shown in the tables in
the following slides.
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PFPD Compared to SCD
| [ seco [ > |

Detectivity <1 pg sulfur per second <1 pg sulfur per second
>106
Selectivit >106 :
y Adjustable to «
~2.5 orders linear range
Linear range >3 orders linear range | Up to 3 orders with Dual Gate
techniques

Inherently more complex Simple, self-cleaning design
Long-term and less stable. Ozone e, J Besidn.

. enerator. vacuum svstem Stable for months with little or no
stability 9 y VE ystem, maintenance.
ceramic tubes.

Calibration : Calibrations can last many
Daily or weekly

frequency months or longer.
Gas and gas 10x higher gas consumption | Total combined gas flows of about
consumption Requires O, tank 25-30 mL/min (He and air)
Equimolar Yes

N Yes

response (FPD is NOT equimolar)
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PFPD Compared to SCD (cont.)

Yes, but can be minimized with

detection?

Quenching Low due to high gas flows oroper conditions
Broad peaks with some Narrow, symmetric sulfur

Chromatography tailing, up to 2 sec wide peaks

Simultaneous

hydrocarbon No Yes

chromatogram?

Multiple element No Yes, 28 elements including S,

P, N, C, As, Si, Sn

Size and weight

Takes up extra bench
space and requires under-
bench rotary pump

Small, incorporated into GC

Price

About 2x the PFPD
Higher maintenance costs

Low to moderate, depending
on configuration chosen
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PFPD Performance Specifications

Detectivity <1 pg S/second
<100 fg P/second

Detection limit Application dependent, low or single-
digit ppb range for most applications

Selectivity S/C > 10°, adjustable to «
P/C > 106

Linear range ~103

Operating 100-400 °C

temperature

Gas flows 10-15 mL/min H,

20-25 mL/min air




Sulfur in Petrochemical
Matrices Using the PFPD
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Sulfur in Petrochemical Matrices

e Sulfur is present in most petrochemical
matrices at concentrations ranging from sub-
ppb for single sulfur species up to weight %
for total sulfur.

e Sulfur is measured in petrochemical matrices
for two main reasons:

— The total sulfur content is regulated in gasoline and
diesel matrices.

— Understanding the sulfur species present in a
product is important for process adjustments.
e Examples of sulfur in a wide range of
petrochemical samples using the PFPD are  _
shown in the following slides.  O-+Analytical ES
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Sulfur in Petrochemical Matrices (cont.)

e Total sulfur concentrations reported here have
been determined by either an internal
standard or external standard quantitation
technique.

e |dentification assigned to selected individual
sulfur species are approximate and based on a
minimum of two references.

e In some cases the species identification may
be preliminary.

e Full analytical conditions for most of these
applications can be found in the “Notes” view.
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Sulfur In
Gas Phase Matrices
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Ol Analytical S-PRO 3200

Turn-key system designed for detection and
guantitation of low-level sulfur compounds in gas phase
and LPG-type matrices

Agilent 6890N platform with Agilent GS-GasPro® column
Integrated permeation oven for automated generation
of analytical standards
Gas sampling loop available in a range of sizes
Ol Volatiles Interface, Sulfinert™ treated and capable of
wide range of split ratios

PFPD for low-level sulfur detection and quantitation

— High selectivity and sensitivity

— Low maintenance, long term stability

— No coking or fouling of the detector
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Ol Analytical S-PRO 3200

Integrated permeation _
oven for generation of Pulsed Flame Photometric
'| |||| A calibration standards 4 = Detector (PF_PD)_ for detection
S|/ — ; bl and quantitation of sulfur
o — % compounds at single-digit
. - ppbv concentrations
FREATRrE ﬁ

Heated valve box with 6-port

Ol Volatiles Interface for valve, gas sampling loop (optional
introduction of gas LSV), and 4-port selection valve
phase matrices with split (all lines Sulfinert treated)

h_LL P ﬂ_. (Sulfinert treated)




Theory of Permeation Oven

Compound diffuses across the membrane at a
constant rate at a given temperature
R = ng/(min*cm)

R

Permeation device with permeable membrane

Permeation oven held at constant temperature
~ 30-35°C

Known gas Known constant

. I :
- flow rate |q concentration oui
+
o

Permeation devices with a known
diffusion rate at given temperature




Generation of Analytical Gas Standard

e A COS gas-phase standard was generated
using the S-PRO integrated permeation oven.

e For example:

— COS permeation device, permeation rate of
91.5 ng/min at 30 °C

— Permeation oven at 30 °C

— 500 mL/min dilution gas (He)

— 1-mL gas sample loop

— 1 mL/min column flow (He)

— Split ratio 15:1 (18.5 mL/min split flow)

— Concentration of COS (and sulfur) eluting from

permeation oven = 75 ppbv
——
O-FAnalytical S
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COS Standard at 75 ppbv

10 replicate injections of COS from the permeation
oven using the 1-mL gas sample loop and 6-port valve

Peak Area
Number Counts COS at 75 ppbv
1 1148 (3.9 pg S per peak)
2 1122
3 1157
4 1154
5 1156
6 1126
7 1173
8 1122
9 1162
10 1132 WWWMWWW I ” n
Average 1145 W Mw W
96RSD 1.6% T T pa 5 R




COS Standard at 11.2 ppbv

10 replicate injections of COS from the permeation
oven using the 1-mL gas sample loop and 6-port valve

Peak Area .
Number Counts COS at 11.2 ppbv
1 152 (0.7 pg S per peak)
2 151
3 170
4 161
5 163
6 150
7 136
8 173
9 157
10 150
Average 156.3
96RSD 6.9% T I B! =




13 Sulfur Compounds in Propylene

COS

H,S

CS,

Methylmercaptan
Ethylmercaptan
Thiophene

DMS

2-Propanethiol
1-Propanethiol

10 2-Methyl-2-propanethiol
11 2-Methyl-1-propanethiol
12 1-Methyl-1-propanethiol
1-Butanethiol

Sulfur Channel

10

O©CoO~NOOTPA,WN B

ropylene
\l
|_\
w

L \ ! JMLQ b

2.5 5 7.5 10 12.5 15 17.5 20 [

¢

0.2 mL gas sampling loop; split 5:1.
Each compound present in this propylene standard

h mrin at approximately 1 ppm (except H,S). O Ana|yt|ca| E
- Ll

lllf
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H,S in Natural Gas on the S-PRO 3200

arknown ] Sulfur Channel
160 0.25 ppmv
160 4 HZS
140 4
130
11':'"'|"'||"'|"'|"'|"'|"'|"'|"
Z g fi ] 10 12 14 16 m|
Hydrocarbon Channel
unknomn
40000 4 Methane Ethane
30000 4
Butanes
20000 4
Propane
10000 5 J
Y U . Y \ VY W
! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! !
2 4 £ g 10 12 14 16 m

0.5 mL gas sampling loop; split 9:1.
Analyzed on the Ol Analytical S-PRO 3200.




Sulfur in Propane-Propylene Mix

e Acquired on the O/ Analytical S-PRO 3200

e 0.2-mL gas sample loop, 5:1 split, GasPro column, ramped oven

e [COS] & [S] determined with COS permeation wafer device and
equimolar response of the PFPD

" 0.3 ppmv Sulfur
1000 — sulfur Channel
sng 0.2 ppmv
s COS
: 0.05 ppmv
400
: sulfur
200 — f|
f T T T T T T T T T T T T T T T T
2I 4 =] g2 10
o Hydrocarbon
50000 Propane Propylene Channel
0000 —
20000
{ Cl1&(2 C4s + -
20000
mm_f L [P i L._ ahoa ]
- > a & g a0




Sulfur in Pipeline Natural Gas

Acquired on the O/ Analytical S-PRO 3200

0.5-mL gas loop, 9:1 split, GasPro column, isothermal oven
[H,S] determined with H,S permeation wafer device
Unknown [S] determined with COS permeation device and
equimolar response

unknown ~lo ppbv ~20 ppr
a0 4 Sulfur 3.4 ppmv sulfur sulfur
s000 ] Channel H,S

2000

1000

0 U | I
T T T T T T T T T T T T T T T T T T T T v T T T T T
z 4 5] g 10 12 19 =]
unknown
sao00 4 Hydrocarbon CEs + s
o000 4 Channel Cas
20000
c1 || |]c2 ﬂ C3
0000
o ey |




Sulfur Compounds in CO,

[ ELCA A, (DALAB1~ZAHF CHEMVADAT AZKOS1 1ME_SHOA D)
[ ELCY A, (DALAB1=2\HP CHEMVADATAZKOS1 1WE_SHO42 [ Sulfur Channel
[ ELCA A, (DALABA~ZAHP CHEMVADATAZKOS1 1ME_SHOA3.0)
[ ELCA A, (DALABA~ZIHP CHEMADAT AZKOG1 1ME_SHOA. [
[ ELCH A, (DALAB1~ZIHF CHEMADAT AZKOS1 1iME_SHO4E. D)
[ ELCA A, (DALABA~ZAHP CHEMVADATAZKOS1 14E_SHOE. D)
[ ELCH A, (DALABA~ZAHP CHEMADAT AZKOS1 1ME_SHOAT D)
[ ELCA A, (DALABA~ZAHP CHEMADAT AZKOS1 1ME_SHO4S. D)
—— ELC1 A, (DALAB1~ZIHF CHEMWADAT AZKOS1 1iME_SHO4.0)
—— ELC1 A, (DALAB1~ZAHF CHEMVADATAZKOS1 14E_SHOS0.D)

unkn omin - 112 ppb S
] as SO,

200000 -

150000

100000 12.4 ppb S
; as MeSH

50000 -
e f, A -
] W "
0 - ' | ' ' ' ' | ' ' ' v | ' ' ' v | ' ' ' ' | ' ' ' ' | ' ' ' '
1 Z 3 4 ] i m

0.5 mL gas sampling loop; slit 20:1.
10 replicate analyses on the S-PRO 3200.




Sulfur 1n Gasoline
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ASTM Round Robin Gasoline #10

o] Sulfur Channel | /A Methyl mercaptan

w B |C B Thiophene

700 C C1-Thiophenes

5004 55.76 ppm total sulfur D Tetrahydrothiophene

i (consensus value) E C2-Thiophenes

300—% Dl F F C3—Thiophenes

=y A T[T G Benzothiophene

wy -~ | H Cl-Benzothiophenes
B B - . ” ™ | C2-Benzothiophenes

M Hydrocarbon Channel | ;5 5o othiophenes

5000&5 K Dibenzothiophene

e L C1-Dibenzothiophenes

30000, M C2-Dibenzothiophenes

200001 N C3-Dibenzothiophenes

O

- M me Alkyl sulfides &
JU L substituted thiophenes

1 uL injection; split 100:1.
ASTM RR Gasoline #10 has a consensus value

of 55.76 ppm total sulfur. . EE
| P L O-lAnalytical &=

A World of Solutions




LLLEM_.

Gasoline “A” Before Sulfur Treatment

150V}
1750
1500-
12507
10007

7501

500

250

15 uv+

500001
40000%
30000%
20000%

10000

MMMWJ

5 10

Sulfur Channel

492 ppm total sulfur

oo
15

oo
20

|
mir|

M

Ly N
I 3 K
MWL

Hydrocarbon Channel

Cop
25

Vo
30 35 40 mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

OZZIrX«~«—TITOTMUO >
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Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

,.i::: -

-
-
-
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15 uV+
1000+

800
600-]
400

200

-

Sulfur Channel

26.4 ppm total sulfur

15uV]
50000

40000
30000
20000

10000

T

[ T R
15 20 25 30 35 mir

Hydrocarbon Channel

Note loss of some

/ hydrocarbon species

T T S R T S B B R B
15 20 25 30 35 mir]

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OzZ=Zr A« —ILoTTmgoOwm>

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.
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Gasoline “B” Before Sulfur Treatment

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes

20000{ C3-Dibenzothiophenes
1000(}? Alkyl sulfides &
: uu bl o substituted thiophenes

T T T T T T T T T S T T T S S S R S S S S S S S S R
10 15 20 25 30 35 40 mir|

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

LLLEM- O-lAnalytical S

15 uv4

1600 B Sulfur Channel
1400%

1200

10004 49.7 ppm total sulfur

800

A (MPE G

15uVvH

50000’ Hydrocarbon Channel

| >

40000

30000

OzZ=Zr A —"IO1TmgoOowo>

oi—
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Gasoline “B” After Sulfur Treatment

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

15 v+

] Sulfur Channel
600 W 17.7 ppm total sulfur

400

200

L s e L B e e e L e e T e e e L e e e e B A
5 10 15 20 25 30 35 40 mi

150 Hydrocarbon Channel

50000

40000%
30000&
1 Note loss of some

MJJ «— hydrocarbon species
L

20000

O
m
OzZ=Zr A« —ILoTTmgoOwm>

10000

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

LLLEM- O-lAnalytical S
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Gasoline “C”, Unrefined

15 uv, Sulfur Channel
1600% (3
1400 B

1200§

1000- 0 229.8 ppm total sulfur

800

w | D LM
| F H
200—; ( ‘]% N w MI.L N K AL hbWUun‘MN,

TEE T R R
10 20 30 40 50 mir

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

L substituted thiophenes

[T T T T N [ [ ' ' '
10 20 30 40 50 mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

15V Hydrocarbon Channel

50000
40000+
30000

20000

OZZIrxX~=—IOomTTmgoO®m>=

10000

-y
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Gasoline “D”, 5 ppm

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

unknown] Sulfur Channel

ool 5 ppm total sulfur

5000

4000% H
3000 (:

2000

| c | !
wi B P = JJM u

0

—
5 10 15 20 25 30 35 mi
o

w | Hydrocarbon Channel

15uv]

60000 F ~ I v ‘ |

50000

40000%
] | No interference

N from

" HC background

30000

20000

OZ=rm A~=—ToOoTmMmQgogow

10000

1 uL injection; split 10:1.
Concentration reported by client as 5 ppm.

LLLEH—' O-Analytical EE
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“DHA-Type” Analysis of RR Gas #13

- A Methyl mercaptan
] 100.48 ppm total sulfur G B Thiophene
2000 4 (consensus value) C C1-Thiophenes
1600 - H D Tetrahydrothiophene
— C E C2-Thiophenes
] E = F C3-Thiophenes
L T ” T R N l.“\\ G Benzothiophene
04 j T j I j j T I j T j I j j T I j T j I j j T I \ j j I - i
20 40 il a0 100 120\ mir| H Cl BenZOthIOpheneS
\ | C2-Benzothiophenes
154V ] ] C3-Benzathigphenes
30000 4 \ hene
25000 - hiophenes
20000 hiophenes
Hamn hiophenes
10000 |
000 5 ’ &
7] hiophenes
I 2ID I 4IU I BID I EID I 1DIIZI I 12|D B
1 pL injection; split 50:1. i i s
ASTM RR Gasoline #13 has a consensus value
y

of 100.48 ppm total sulfur T
O--Analytical ==
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“DHA-Type” Analysis of Unknown Gas

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2 Benzothiophenes

150y ]

30000 3

25000 bo
20000 4 es
15000 3 b

10000 M 11Q 120 121
4000 4

] L substituted thiophenes
"'2:3"|4:J"'B:JI"snlllmnlllmnllllun

1 uL injection; split 50:1.
Quantified using thiophene as an external standard.

15 v

300 3 325 ppm total sulfur
3000 4

26000 4 |
2000 5

1500 4 B
1000 4
| = T

300 4

— I O 7TmoOwr>

174

D

I _,_Eu_, O-Analytical EE
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Sulfur In
Light Cycle Qil (LCO)
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Light Cycle Oil “A”

unknown

60000
50000%
40000%
30000%
zooooé
10000%

0

Sulfur Channel

245 ppm total sulfur g |H

15uv7
50000%
40000%
30000%
zooooé

10000

T T S S S S S S S S S S T T S T SR
5 10 15 20 25 30 35  min

Hydrocarbon Channel

1 I fbimanstiod. s

0]

T T T S T T S T T S S S S S R T
5 10 15 20 25 30 35  min

0.2 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OzZ=Z=r A =—IOmTmQgohwr
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Light Cycle Oil “B”

unknown{ SJlfo Channel

: Methyl mercaptan
0] L Thiophene
40000 500 ppm total sulfur K C1-Thiophenes
30000° Tetrahydrothiophene
- H C2-Thiophenes
] | J M C3-Thiophenes
o Benzothiophene
e A m e e A R C1-Benzothiophenes

C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

] L AMALJLMJLWLM e substituted thiophenes

o T—

unknown{

Hydrocarbon Channel

50000
40000
30000

20000

oOZZIrxX«e—ITomTmoooO®m>

Diluted 1:10 with hexane; 1 uL injection; split 50:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

I _LEH_, OAnalytical €

A World of Solutions




\_LLEH_.

Light Cycle Oil “C”

unknown]

60000
sooooé
400005
30000%
zooooé
10000%

0]

: Sﬂlfur Channel

15uv 4

500005
40000%
30000%
20000%

10000

0]

“LM X uml .lL 1 e L bbbt

Hydrocarbon Channel

G
C
F d I
610 ppm total sulfur
A B } . \hJdJMMWWJMWMMMMWMJMMMbwﬁwmMNMMM“”“-«-«“W;~¥

[ T T T T T T T
5 10 15 20 25 30

mir]

0.3 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OzZ=Zrm A =—IOmTmooO®>
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Sulfur in Diesel
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Diesel “A”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
10000] Alkyl sulfides &

] »\L substituted thiophenes

[ [ ' ' o [ ' | [ [ | ' [ [ ' ' [
10 20 30 40 50 mi

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard. —

LLLEM‘ O-FAnalytical S

150y bk Sulfur Channel
175(%;
1500- L
125&5

wo] 0.15% total sulfur M

| ol

250

T — T T T — T — — T T — — T T —
10 20 30 40 50 mi

50, Hydrocarbon Channel

50000

40000
30000

20000

OZrMm&«=—ToomTmmMmQooO W >
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Diesel “B”

15uVv
eooé
500%
400
300%

200

63 ppm total sulfur

1004

30

K L sulfur channel
M
N
i UMW

15 uv
40000
350004
30000
250007
200007
150007
10000

5000-]

10 20

30

Hydrocarbon Channel

il

| [ | | o [ |
40 50 mir]

1 uL injection; split 100:1.
Quantified by ASTM RR gasoline #10
as an external calibration standard.

oOZZIrx«~«—ITomTmogooO o>

O-lFAnalytical =

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

-
-
-
-
‘v
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Diesel “B” Quantified by IS

15 uv+
17507
15001
1250
10001

750

500-]

250

Thiophene L

(15)

66 ppm total sulfur

Sulfur Channel

M

15 uv 1

50000
40000%
sooooé
zooooé

100001

0]

| 1

Hydrocarbon Channel

' ' [ [ ' [ ' | [ '
10 20 30

Co
40 50 mir|

I

1 uL injection; split 100

1.

Quantified using thiophene as an internal standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZrrXR“e—TITomMmMmMmUOm@>X>
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Diesel “C”

15uVv]]

1000%
800%
eooé
400%

200

)
- Sulfur Channel

29 ppm total sulfur M
K

JL N

. . . . . . . . . . . . . | . .
10 20 30 40 50

mi

15UV |
50000

40000
30000
20000

10000

Hydrocarbon Channel

| [ '
10 20 30 40 50

mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZrr"R“e—TITomTMmMmMmUOm@>
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Diesel “C” Quantified by IS

15uv]

1750
1500
1250
1000
750
500-

250

Thiophene
(15)
32 ppm total sulfur

K

Sulfur Channel

M
N

15UV

50000%
40000%
30000%
zooooé

10000

0]

o+ .

' ' [ [ ' ' '
10 20

1

Hydrocarbon Channel

30

o
40 50 mir|

.

40 50 mir]

1 uL injection; split 100:1.
Quantified using thiophene as an internal standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZrrXR“e—TITomMmMmMmUOm@>X>
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Diesel “D”

15uvy

1750
1500
1250-]
1000+
750%
500

250]

0.2% total sulfur Lm'\/l
N

H | L Sulfur Channel

15 uv
40000%
30000%
zooooé

100001

14

TR

T T T T —— —————
- 10 2 30 40 50 60mir]

Hydrocarbon Channel

[ h.l Ll h UMMWManm%lhiwviLhw

— — 7T T ——————
10 20 30 40 50 60mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZZrrRNRC—ToO Mmoo w
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Diesel “E”

15 uv4
700
600
500
400
300

200

)

3.549% total sulfur

Sulfur Channel

100
15UV
40000
30000
200001

10000

Ao

Dilution solvent

T T T T T N
30 40 50 60mi

Hydrocarbon Channel

0 - I I

[ o
10 20

TR T T T S S N R
30 40 50 60mir]

\_LLEH_.

Diluted 1:100 with hexane; 1 uL injection; split 100:1.

Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
Cl1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZZIrx"«~e—IToTnmogaowr
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A World of Solutions




\_LLEJI_.

Diesel “F”

15 uv 4
1750
15001
1250
1000-]

750

5001

250

302 ppm total sulfur

15 UV
40000
35000
30000
250001
20000
150001

100007

5000;

W

10 20

Sulfur Channel
M
L
< N
il

Hydrocarbon Channel

4

Wl

)

e

30

Wi

[ ' ' o
40 50 60mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

oOZZIr"«~«—ITomTmogooO o>
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Diesel “G”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

0 (TR TN VO R WO B RN R S Y YO substituted thiophenes

0; ‘\ I

o L Sulfur Channel
1 1.4% total sulfur
12007E K M
1000% J

800 PJ

600
400
2004 »

. [ R [ T T T
10 20 30 40 50 60mir]

150y Hydrocarbon Channel

40000

3000(% A/ Dilution solvent

20000

oOZZIrx~«—ITomTmoQgooO®>

10000

T T T T T T T R
10 20 30 40 50 60mir]

Diluted 1:10 with isooctane; 1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard. —

LLLE"—' O-FAnalytical E&
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Diesel “H”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

L U R YO 1 1 O VT Ty substituted thiophenes

R
0
| |

15 u\/*: H I

1m£ 2.1% total sulfur K L

1250é M

1000+

7504 Umr“ M

[ [ R Lo o [ [ R [ o [ R
__10 20 30 40 50 60mi

Sulfur Channel

15y Hydrocarbon Channel

40000

SOOOCFE /

20000

Dilution solvent

oOZZIrx~«—ITomTmoQgooO®>

10000

I | I I I I | I I I I | I I I I | I I I I | I I I I |
10 20 30 40 50 60mir]

Diluted 1:10 with isooctane; 1 ulL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

LLLE"—' O-lAnalytical S
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Sulfur in Naphtha
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Naphtha “A”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
woono] Dibenzothiophene

] C1-Dibenzothiophenes
200004 C2-Dibenzothiophenes
20004 C3-Dibenzothiophenes
I Alkyl sulfides &

| " ‘ substituted thiophenes

e ey
10 20 30 40 50 60mir]

1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard

LLLE"—' O-+Analytical ES

15uv; Sulfur Channel
l750é
1500—; | 430 ppm total sulfur
1250%
lOOOé
750%

500

PP )

o4 o
10 20 30 40 50 60mi
J)

250

15uv
50000

Hydrocarbon Channel

OZ=Z=rm Ae=—ToTTmgogoO W >
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Naphtha “B”

Y d Sulfur Channel
1750% EE
1500% [)
1250%
1000 209 ppm total sulfur
7507; F
500% A
Sl N a
° ‘ ‘ ‘ ‘ £0 50 ‘ ‘ ‘ ‘ 50 ‘ ‘ ‘ ‘ 40 ‘ ‘ ‘ ‘ gO ‘ mir|
15w Hydrocarbon Channel
50000
40000%
30000%
20000%
10000%
ot

10

I [ I ' ' [ [ ' ' I [ '
20 30 40 50

mir|

1 uL injection; split 250:1.

Quantified using ASTM RR gasoline #1
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZ==r AR~ —TOomTmmgood w >
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O--Analytical ==

A World of Solutions




Naphtha “C”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes

1000(}? MMM Alkyl sulfides &
] h substituted thiophenes

150 Sulfur Channel
l750é E

1250—% D
1000- 155 ppm total sulfur

500 LlJ\AMF G K
=l A L | l

. . . . [ . [ [ | . [
10 20 30 40 50 mir]

s Hydrocarbon Channel

50000-]
40000

30000

20000

OZ=r R~ —TOoTTmgoood w >

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

LLLE"—' O-Analytical EE
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Naphtha “D”

150v Sulfur Channel

2000 3

175CFE p\*
1500

1250

1000 C
:Z olE 113 ppm total sulfur
25077-141”# '

T T T T T T T T T T T T T T
30 40 50 mir]

Hydrocarbon Channel

B
300001 *Includes additional light
sulfur compounds, e.g. H,S

1000(% 1

15 uV

A

[ [ ' ' ' [ I ' ' [ [ ' ' I [ '
10 20 30 40 50 mir|

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

\_LLEH_.

OzZ=Zr A« —ILoTTmgoOwm>

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

—
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Naphtha “E”

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

bl substituted thiophenes

15u\1:""' S _ M Sulfur Channel

1750 Q o+ - d K

e i N

= a0 %
500 B

=l a P LA

[ [ | . [ o . . [
30 40 50 mir|

)

Hydrocarbon Channel

15 v

50000-]
40000

30000-]

0.219% total sulfur

20000

OZZIrX~«—ITOmTMmMmOO®>

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10

as an external calibration standard.

LLLEM’ O-lAnalytical S

| o o | , o [ , , o
30 40 50 mir]
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Naphtha “F”

15 uv
20004

17507
1500
1250
1000
750
500

250

15uv]

50000
40000%
30000%
zooooé

10000+

B
Al

il

10

—

. M Sulfur Channel

[ )

U

20

-

! ! ! ! | ! ! ! !
40 50

Hydrocarbon Channel

0.19% total sulfur

mir|

mir]

1 uL injection; spllt 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

OZZIrX~«—ITOmTMmMmOO®>
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Sulfur n Jet Fuels
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Jet Fuel “A”

15uv] Sulfur Channel Methyl mercaptan

] Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

! b L substituted thiophenes

G e
10 20 30 40 50 60mir]

4 ppm total sulfur

T — — — ———— — — — ——— — T
10 20 30 40 50 60mi

so00o1 Hydrocarbon Channel

oOZZIrxX«=—ITomTmQgooO o>

1 plL injection; split 10:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

LLLE"—' O-FAnalytical E&
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Jet Fuel “B”

15 Vg - Sulfur Channel

900

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
] C3-Dibenzothiophenes
e MW Alkyl sulfides &

50004 il substituted thiophenes

800
700
600
500

300 ppm total sulfur

400%

3007
sisbulllL,
] Lt Moo A

100*:

[ R [ T T T
10 20 30 40 50 60mir]

1504 Hydrocarbon Channel

30000
25000
20000-]

15000

oOZZIrxX&«~«—ITOomTmQgooO®>

T T T T T T T R
10 20 30 40 50 60mir]

1 ulL injection; split 100:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

LLLE"—' O-FAnalytical E&
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Jet Fuel “C”

15UV, Methyl mercaptan

] Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
7 C3-Dibenzothiophenes
o M'W i Alkyl sulfides &

50001 , substituted thiophenes

Sulfur Channel

1750;
1500%
1250%
1000%

750

sooé
250% 1ﬂ

ey
10 20 30 40 50 60mir]

150y Hydrocarbon Channel

30000

LNA 734 ppm total sulfur

25000
20000

15000

oOZZIrxX&«~«—ITOomTmQgooO®>

1 ulL injection; split 100:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

LLLE"—' O-FAnalytical E&
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Jet Fuel “D”

15uv4 o Sulfur Channel

17507

0] 559 ppm total sulfur

1250

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
15000 C3-Dibenzothiophenes
10000 MM« Alkyl sulfides &
so00- I MU NUN‘J W M Xl ‘ substituted thiophenes

T T T T T T T T
10 20 30 40 50 60mir

1000

750

: i

. o [ R T T
10 20 30 40 50 60mir|

1suv] Hydrocarbon Channel

35000

30000
25000

20000

oOZZIrxX«~«—ITomTmogooOm>

1 ulL injection; split 100:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

LLLE"—' O-FAnalytical E&
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Jet Fuel “E”

15 s - Sulfur Channel

1750

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
15000] C3-Dibenzothiophenes
oo WﬂL WM)W UL Alkyl sulfides &
50004 NU WML substituted thiophenes

03 L e
10 20 30 40 50 60mir]

15001
12504

1000

0.149% total sulfur

750

500% uw
] | el

T T T
10 20 30 40 50 60mir|

15 Hydrocarbon Channel

40000

35000
30000
25000

200007

oOZZIrxX«~«—ITomTmogooOm>

1 ulL injection; split 100:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

LLLE"—' O-FAnalytical E&
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Jet Fuel “F”

15 | o Sulfur Channel

800

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes

10000] C3-Dibenzothiophenes
Alkyl sulfides &
= \M‘A W»LW«&J ‘ substituted thiophenes

10 20 30 40 50 mir

700
600

500

200 237 ppm total sulfur

300 Mmhl
200
_m MWJM ol

100

o o T T T
10 20 30 40 50 min

5] Hydrocarbon Channel
200004

15000+

oOZZIrxX«=—ITOomTmQgooO®>

1 ulL injection; split 100:1.

No reference was available for identification of
sulfur peak groupings in jet fuel. —

| _LEH_, O-FAnalytical S
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Sulfur Iin Specialty
Applications and Methods

¥
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Simulated Distillation

8000 . HC Series Simultaneous
By FID Sulfur Analysis
By PFPD

Reference standard for ASTM Method D2887-02
used as a calibration standard for simulated distillation. -
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“DHA-Type” Analysis of RR Gas #13

5y A Methyl mercaptan
] 100.48 ppm total sulfur G B Thiophene
2000 - (consensus value) C C1-Thiophenes
1600 - H D Tetrahydrothiophene
1000 - C E C2-Thiophenes
] E = F C3-Thiophenes
L T ” T R N l.“\\ G Benzothiophene
04 j T j I j j T I j T j I j j T I j T j I j j T I \ j j I - i
B . B B A AN _ H C1 Benzoth!ophenes
\ | C2-Benzothiophenes
154V ] ] C3-Renzathiophenes
30000 \ bhene
28000 4 hiophenes
20000 5 hiophenes
i hiophenes
10000
5000 4 i &
p o~ RIS o i A L B SR A e hiophenes
2|D 4ID BID EID 1DIIII 12|D
1 pL injection; split 50:1. i 12 s
ASTM RR Gasoline #13 has a consensus value
y
of 100.48 ppm total sulfur ——
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“DHA-Type” Analysis of Unknown Gas

i G H A Methyl mercaptan
3600 325 ppm total sulfur B Thiophene
3000 3 C C1-Thiophenes
o ' D Tetrahydrothiophene
1600 4 B E C2-Thiophenes
1000 - c E £ F C3-Thiophenes
0 | \| L - L G Benzothiophene
0 . : . T -\. ——— H C1-Benzothiophenes
20 40 ] a0 100 120 m .
\ | C2-Benzothiophenes
150V ] \ U
30000 4
25000 4 u 2S
20000 4 &S
15000 =)
10000 pe A p A p” - pr
] “H LML il substituted thiophenes
R T T T "

1 uL injection; split 50:1.
Quantified using thiophene as an external standard.
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Gasoline “D”, 5 ppm

unknown] Sulfur Channel
5 ppm total sulfur
5000€
400(% H
SOO(FE C
ZOO(FE G w‘l I
100& B D E
i T
N A A A T T
15 ” : S Hydrocarbon Channel
6000(%; F | H ‘
5000&2
4000(%?
20000} . No interference
: from
20000
10000 " HC background
ool ™ L NI
0
s e s e s s as g

1 uL injection; split 10:1.
Concentration reported by client as 5 ppm.

OZ=rm A~=—ToOoTmMmQgogow

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes
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Crude OIl

Methyl mercaptan
Thiophene
Cl1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

unknown |

180001 Sulfur Channel

w0 500 ppm total sulfur
1400(%7 J

10000+

8000

6000; K

4000+

0

oZZIrx"«~—ITomnmogaonwIr

| I I I I | I I I I | I I I I | I I I I | I I I
10 20 30 40 50 mir]

Diluted 1:10 with hexane; 1 uL injection; split 25:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.
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Synthetic Crude

—

sy Sulfur Channel | A Methyl mercaptan
1200] L B Thiophene
. 0-6% total sulfur K C C1-Thiophenes
800 I M D Tetrahydrothiophene
o00] g H \ E C2-Thiophenes
200 ] 0 F C3-Thiophenes
wl G Benzothiophene
T e T Ho CL-Benzothiophenes
B & ” N ” “™ 1 C2-Benzothiophenes
t5uv Hydrocarbon Channel ] C3-Benzothiophenes
20000 K Dibenzothiophene
! L C1-Dibenzothiophenes
- A U M C2-Dibenzothiophenes
200001 Dilution solvent N C3-Dibenzothiophenes
10000] O Alkyl sulfides &
Jw T T e substituted thiophenes

Diluted 1:10 with hexane; 1 uL injection; split 100:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.
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Furnace Oi1l “A”

15 uv 4
1750
1500-]
1250
1000-]

750

500

250

J Sulfur Channel

0.119% total sulfur
M

15uv]

50000
40000%
30000%
20000%

10000

Tl

‘ Co o T
10 20 30 40 50 mif

Hydrocarbon Channel

' [ T T T T T A T T T T
10 20 30 40 50 mir

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

oOZZIrx~«—ITomTmogooO®>
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Furnace Oil “B”

Methyl mercaptan
Thiophene
Cl1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

R ,MJW L. substituted thiophenes

! ! [ [ ! [ ! | [ [ | ! [ [ ! ! [
10 20 30 40 50 mir]

1 uL injection; split 250:1.
Quantified using ASTM RR gasoline #10
as an external calibration standard.

LLLEH—' O-Analytical EE

1503 I - . M N Sulfur Channel
150‘% 983 ppm total sulfur
125(%; O

10001

750 J
500
250

1 L P A, A

1501 Hydrocarbon Channel

50000

40000
30000

20000

oZZIrx"«~—ITonmogaowIr
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Coker Light Gas Oil

H Sulfur Channel Methyl mercaptan
Thiophene
Cl1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
C1-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &
substituted thiophenes

15uv4]
900

=] 2.4% total sulfur |

500

100*:

T — — — ———— — — — ——— — T
10 20 30 40 50 60mir]

Hydrocarbon Channel

15 uv|
40000

3000(%? /

20000

Dilution solvent

OZZIrx"~e—IToTnmoaowr

10000

il I

o

G e
10 20 30 40 50 60mir]

Diluted 1:50 with isooctane; 1 ulL injection; split 100:1.
Quantified using ASTM RR gasoline #10 -

as an external calibration standard. ) =E
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A World of Solutions




“Unifier Charge”

unknown{ SUlfUI’ Chan nel

1750

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
Alkyl sulfides &

A LM m WJW substituted thiophenes

350 ppm total sulfur

1500
1250
1000

750

- u (AL

Co [ T T R T R
- 2;57 5 15 10 125 15 175 20 mir|

Mim Hydrocarbon Channel

40000
300001

20000

oOZZIrxX&«~«—ITOomTmQgooO®>

100001

0;
- TE T R T R N A R
25

1 uL injection; split 75:1.
No reference was available for identification of

sulfur peak groupings in this sample. ]
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Crude Cresylic Acid

unknown SUlfUI’ Chan nel

18004

Methyl mercaptan
Thiophene
C1-Thiophenes
Tetrahydrothiophene
C2-Thiophenes
C3-Thiophenes
Benzothiophene
Cl-Benzothiophenes
C2-Benzothiophenes
C3-Benzothiophenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
10000 Alkyl sulfides &

L L Mjwu Lo substituted thiophenes

G
5

1600

1400 35 ppm S as 57 ppm S as

ol benzothiophene | diphenyldisulfide
weod Thiophenol

= I
200% i « Mth,_JM

T T T T T T S S T S S S S S S S S R S S S SR
5 10 15 20 25 30 35  min

150 Hydrocarbon Channel

40000 270 ppm total sulfur

30000

200001

oOZZIrxX«—ITomTmQgooOm>

0.2 uL injection; split 50:1.
Two individual peaks plus total sulfur quantified using

thiophenol as an internal standard (29 ppm S).
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Thiophene In Benzene
by PFPD using
ASTM Method D4735-02
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Low Level Thiophene in Benzene

15uY
170
10
(il
140
(Kl
120

10

10

=

20 ppb Thiophene

Benzene

3 4 3 fi 7

ull

1 uL injection, split 3:1
DB-WAX column
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Thiophene Precision and Accuracy

& Area Calculated %06 Recy
Counts Conc. (ppb)
Thiophene |1 yial 1 221.6 47.7 90
210.3 45.9 87
202.9 44.8 85
Vial 2 210.4 46.0 87
209.7 45.9 87
207.6 45.5 86
Avg. 210.4 46.0 87
R 96RSD 2.9 2.1 1.9

1 uL injection, split 3:1
DB-WAX column '
T
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Linear Calibration R? = 0.9997

Thiophene Calibration Curve
20-500 ppb

*

3.0E+03 /
2.5E403

PFPD Response (area cnts)

Concentration (ppb)
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Summary

e The Pulsed FPD has many significant
advantages over the static FPD or the SCD,
Including:

— Dual-element capability for Y2 the cost of the static
FPD dual mode

— 24 the cost of an SCD

— Low cost of operation

— Simultaneous, mutually selective chromatograms
for S/C

— Ease of use and long-term stability

e Please check the Ol web site for more
Information on the Ol Analytical PFPD and a
complete list of application notes.
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