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Abstract: The conventional flame photometric detector (FPD) is widely used for sulfur-selective
gas chromatography. However, the FPD is sensitive to hydrocarbon backgrounds. Its sulfur response
also depends strongly on flame stability. These factors limit stable trace sulfur determination in
complex matrices. A pulsed flame photometric detector (PFPD) provides a time-resolved approach
to this problem. Sulfur emission appears later than most hydrocarbon background emissions after
pulsed combustion. A suitable acquisition window can therefore improve sulfur selectivity. In this
study, a high-sensitivity single-channel PFPD was designed and tested. The aim was to establish
reproducible operating conditions for trace sulfur analysis. The detector consisted of five functional
modules: the combustion and ignition module, the gas supply module, the optical collection and

detection module, the temperature-control module, and the mechanical support and sealing module.
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The combustion zone consisted of a vertically mounted quartz chamber. The chamber had an outer
diameter of 4 mm. Its inner diameter was 2 mm. Its total length was 17.5 mm. The effective
combustion length was 12 mm. The calculated chamber volume was 37.68 mm’. Numerical simulation
was used to examine flame propagation and self-extinction. A 12 mm effective length maintained
a stable finger-shaped flame front. The flame was self-terminated near the lower limiting orifice at
about 1.97 ms. The hydroxyl radical mass fraction decreased close to baseline within 5 ms, whereas
the temperature decayed more gradually and approached its initial level at approximately 30 ms.
These results supported the chamber design for periodic pulsed combustion. The optical unit used
a quartz light guide and a BG-12 band-pass filter. The filter matched the sulfur emission band near
394 nm. A photomultiplier tube (PMT) recorded the time-resolved emission signal. Two electronic
pneumatic control (EPC) units were used for gas regulation. One unit controlled hydrogen and air
for the ignition chamber. The other unit controlled hydrogen and air for the combustion chamber.
This design separated ignition conditions from analytical combustion conditions. It also reduced
uncertainty caused by coupled gas adjustment. The optimization started with the ignition chamber.
Then the combustion chamber was optimized under the fixed ignition baseline. Finally, detector
temperature and PMT voltage were evaluated. Peak area, sensitivity, and signal-to-noise ratio (SNR)
were used as indicators. Gas chromatographic tests used a sulfur-specific quartz capillary column.
Nitrogen was used as the carrier gas. The gate delay was 6 ms. The gate width was 18 ms. The trigger
level was 500 mV. A stable pulsed flame was obtained at an ignition-chamber hydrogen flow of 8.0
ml/min. The corresponding ignition-chamber air flow was 19.0 mL/min. Under this ignition baseline,
the combustion chamber was further adjusted. A higher sulfur response was obtained at 5.0 mL/min
hydrogen. The corresponding air flow was 3.7 mL/min. Detector temperature also affected the delayed
sulfur emission. The response was low at 110-130 C. At about 150 C, the delayed sulfur signal was
higher. Peak area and sulfur sensitivity were also higher at this temperature. Higher temperatures
from 170 to 250 C reduced the peak area and sensitivity. PMT voltage affected signal amplitude,
SNR, and waveform fidelity. Increasing the voltage from 590 to 710 V improved the SNR. At 730 V,
the delayed emission plateau showed peak clipping. This behavior indicated saturation or nonlinear
response in the detection chain. Dynamic dilutions of a 10 wmol/mol hydrogen sulfide (H.S) standard
gas were used to evaluate the linear range. A 1.1 pmol/mol H,S standard gas was used for the
quantitative repeatability test and, after 30-fold dynamic dilution, for determination of the sulfur
detection limit. The quantitative repeatability, evaluated from the peak areas of seven consecutive
injections, was 0.37%. The sulfur detection limit was 4.1x107"* g/s, and the linear range spanned
approximately two orders of magnitude. The developed PFPD showed stable pulsed combustion
behavior. It also provided reliable quantitative response for trace sulfur detection. The dual-EPC
design helped clarify the relationship between ignition and analytical combustion. The optimized
conditions provide an experimental basis for self-developed PFPD systems.

Keywords: pulsed flame photometric detector (PFPD) ; delayed sulfur emission; quantitative
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Fig.1 Structural configuration of the PFPD and schematic illustrations of its flame-propagation process and optical detec-

tion path

a. overall structure of the detector and division of functional modules; b. schematic illustration of the flame propagation path; c. sche-

matic illustration of the optical detection path.

PFPD: pulsed flame photometric detector; PMT: photomultiplier tube.
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Fig. 2 Comparison of flame front morphology and -OH response characteristics at different effective combustion chamber

lengths (L)

a. representative temperature field distributions of flame fronts at different effective lengths; b. transient - OH mass fraction response

curves at the midpoint of the chamber axis at different effective lengths.

Combustion chamber inner diameter: 2 mm; combustion chamber H, flow: 2.0 mL/min; combustion chamber air flow : 3.5 mL/min.
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Fig.3 PFPD gas flow diagram
EPC: electronic pneumatic control. The gas flow diagram was prepared with the assistance of Shandong Lunan Ruihong Chemical In-

strument Co., Ltd., based on the actual experimental system.
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Fig.5 Simulated temperature-field evolution during flame propagation and self-extinction in the combustion chamber

Effective length: 12 mm. Other conditions are the same as in Fig. 2. The times shown on the panels denote the elapsed time after ignition.
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Table 1 Independent ignition test conditions for the igni- 0 2 6 8 10
tion chamber 1/ms
Parameter Value 64 -
10.0 mL/min
Combustion chamber H, flow/(mL/min) 0 56 -
Combustion chamber air flow/(mL/min) 0 & 48
Combustion chamber N, flow/(mL/min) 1.5 B 404
) £ 32 -
Ignition chamber H, flow/(mL/min) 0 é
= 24 4
Ignition chamber air flow/(mL/min) 16.0 i
PMT voltage/V 630 g
Trigger level/mV 500 0 - : : :
Ignition voltage/V 6.28 0 2 4 6 8 10
t/ms
Detector temperature/C 150

A S AR E WK AR b 8.0 mL/min S ALHLAH
P i N 1 IV S 1 N Q=S & B s A X
mL/min, #F — LR mas w45 R 0K 2. &
255 B 13.0 mL/min 3 % 19.0 mL/min, &5 #
R 0.62 BEE 0.42, Bk R RF ST . M
AU <15.0 mL/min B ik bR A AR B Y AR e
PR 2, UL I AR 25 AN R PR T R b S I ) 3 4 ik
75 Bl 25 SO0 3, Bk op 2 i R, IR AE 19.0
mL/min B} VT 3k 3 A 5255 25 5250 Y 0 A
25 M 19.0 mL/min B3R B &SRS SR
0.42,5 H, £ 2 P22 BR B AO IiC Fb — 80, %
W I A 5 |k 3 SO A AT S AR 8 R 43 I sk
R, U 2 A S T ] EPC it i 7 1l
1 R BR ), AR B PR 19.0 mL/min, [H It oK 4k
S s A .
LRI AR M, 51 K ST SR S

7 ANES|AE H, R E S T RA KR Bk it 5 B 18] O
Fig.7 Time waveform of combustion pulses under differ-
ent ignition chamber H, flow conditions
Combustion chamber H, flow: 0 mL/min; combustion cham-
ber air flow: 0 mL/min; ignition chamber air flow: 16.0 mL/min.

®2 EIESXNEH,RE(8.0 mL/min) ¥ EHRESINEZKRE
ENSER L SHIEME
Table 2 Gas flow ratios and combustion frequency at a con-
stant ignition chamber H, flow (8.0 mL/min) with
stepwise increases in ignition chamber air flow

Ignition chamber  Ignition chamber Combustion frequency/

air flow/(mL/min) H,/Air Hz
13 0.62 0.64
14 0.57 2.08
15 0.53 2.56
16 0.50 3.03
17 0.47 3.23
18 0.44 3.57
19 0.42 3.85

Combustion chamber H, flow: 0 mL/min; combustion cham-
ber air flow: 0 mL/min.
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900 2 i i 4 G o HL 3 8 8.0 mL/min %5 KR
i 19.0 mL/min, J5 SR 5 S MRS B L K i
a0 S 36 1 2R i S B R g | ok R i

212 MEE-FIKERAKREER

fE 51 K% fR A B E H, Wi E N 8.0
mL/min ., 25 53 &8 19.0 mL/min #) 35E a6 |, 2200
BRBE = S, 5 5 KA T B AR S 32 08 458 XA S Xof
WRpE = AU RO . SEm b e AR A A =
4 3.5 mL/min, & A @B E W, R &, IF DAL PR
P o TR | B 8 QUL 35 K ( Sy I & 2 = T NEZC R S
L 3,

BE & A5 % H, U 19, R BT 2R B 4.00 Hz
G218 T & 4.76 Haz, B K ih 5 JF H * BU04 ™ 128 i i 7%
g HLUET UL 8, MMRKBEE H, i Y 0 mL/min
W, KOt EEE T T 5k E L beE &, PMT %
B3R B 280N ) e 0 S H, R 1.0~2.0
mL/min J5 , #8585 T T B EOE TR AL K

64 4
56
48
40
32
24
16
8 -
0

0 mL/min

Intensity/V

0 2 4 6 8
t/ms

64
56 4
48
40
32

2.0 mL/min

Intensity/V

t/ms

64
56 4
48
40
32
24
16
8

4.0 mL/min

Intensity/V

t/ms

®3 BEEMKEZTSHE (3.5 mL/min) F RS REREE H,R
=S E L 5 R =
Table 3 Gas flow ratios and combustion frequency at a
constant combustion chamber air flow (3.5
mL/min) with stepwise increases in combustion
chamber H, flow

Combustion cham- Combustion cham- Combustion fre-

ber H, /(mL/min) ber H,/Air quency/Hz
0 0 4.00
1.0 0.29 4.17
2.0 0.57 4.17
3.0 0.86 4.35
4.0 1.14 4.35
5.0 1.43 4.76

Ignition chamber H, flow: 8.0 mL/min; ignition chamber air
flow: 19.0 mL/min.

YA FF 16 1) F A& 4% L T PMT #L3% P & 37 7 i 14 fY
BRBE X, T FE 2 1~6 ms [X 8] 1 B0 G 5 i
WA PR BE % H, JE— D, 72 U & N IR G
SOZ W TR R A g g e R B0 i AR D

64
56
48
40
32
24
16
8
O T T T T

1.0 mL/min

Intensity/V

3.0 mL/min

Intensity/V

64
56
48
40
32
24

5.0 mL/min

Intensity/V

8  EIBAKRE H, i 8 5 1 T BRI Bk i Y B 80 35 7

Fig. 8 Time waveform of combustion pulses under different H, flow conditions in the combustion chamber

Combustion chamber air flow: 3.5 mL/min; ignition chamber H, flow: 8.0 mL/min; ignition chamber air flow: 19.0 mL/min.
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/N R FERBE XA RO Z B . X R RES R //
P2 AN 2 B i 3 S A B I TR] 4 A K V4

MRBEE H i A 5.0 mL/min, 25 S & N
3.5 mL/min B}, &7 38 18 4E 3R &6 & 0 8855 IF &
A B R RS , UL IR 9, R A TR = I ekt T
AZBRIRAE . it ERFERBA R E H A 5.0
mL/min F15] K E S AL KT, o — L H
Brbe s 2 S, 25 AR (UL 10 FE 11) R SR A%
B S SO0 o 3 T e 0 LA Y R R < 2 A R
HH 3.4 mL/min 3 & 3.6 mL/min W}, W& @@ R =
Mg b 2 W 3 R 5 Y A AR Y 3.7 mL/min B 0§
TR A5 M L RN R B 49 0l 35 2 99 405 wV s .212.7
2481 pV-s/(pg S) , WA M dk & K=
3.8~4.0 mL/min J5 , FRFEIRA T T, L6 KRE,
BABE & 25 AU B IS FE [ O 3.6~4.0 mL/min, (X 1t
W 3.7 mL/min 7 J5 82 5006 45 5 25 A i AN =
T 3.5 mL/min B, 85 00 R 3855, AR R HERE ST

0 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
t/ms

9 |SFEIRTER SN R KB iE i
Fig. 9 Time waveform of sulfur luminescence response un-
der oxygen-deficient conditions
Combustion chamber H, flow: 5.0 mL/min; combustion cham-
ber air flow: 3.5 mL/min; ignition chamber H, flow: 8.0 mL/min;
ignition chamber air flow: 19.0 mL/min.

22 HWMSFEREMRL

o I 85 T B TR GE TR I A A X B Bt
A, I S R b R AR B AR R A Al R R TR A R
AT B i HE SR KO 5 MR Ay N . 7E R e
A ST BC LG A SR SRR 6 A T 2
T BEAE 110~250 CHu B 9 #4786 B2 4 . &R
SR B ROF 7 5 R 4R B 38 T I R) % TR O A B8 — 4E
IR 2 T A e T BRI MR L, 25 SR LI 12
K 13,

25 e W R N 98 R 6F B AE SR R Y RN
0 B 4G S0 . E 110~130 CHE, R &G &

P i cctimidimin—
//// NS cbamenen] ]
===
3.8 f
647 ki\ﬁl i -
56 Z_/ w'7\;7‘cf37—§
> 481 / 36 5
407 / / £
2 37 35 F
£ 243 2
167 34
s/ /[
0 T T 717t 71—
0 5 10 15 20 25

t/ms
E10 AEMREZSHRETRA ML =4S NE
Fig. 10 Three-dimensional overlay of sulfur luminescence
response at different combustion chamber air flow
rates
Combustion chamber H, flow: 5.0 mL/min; ignition chamber
H, flow: 8.0 mL/min; ignition chamber air flow: 19.0 mL/min
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NWE 0.00  0.16
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025 z
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Combustion chamber air flow /(mL/min)

E11 EERENIRFESSNREKEESSRENHNE (K

wER—1)

Fig. 11 Heat map of peak area, detection sensitivity, and
signal-to-noise ratio (SNR) as a function of
combustion-chamber air flow rate (Data normal-
ized)

ME DL RS RN IR 2 150 TA S
B, 2B 3R R OEF & 8 o de e, U T FRRLER R R IR
B e K QR LETHIR 2= 170~250 CJi , 53R S & 45 ]
W€ ), {H 0 T FRUR SBCRE T [ O B B O 1T 2
R AOF & R YE . RS SRR R I R &
) A 42E 3R & A5 5 T BURER B L 150 T A7 AT AE
Sy T 308 G ) A A A E AR R
2.3 PMT LiEREMRKL
FE 58 B L B Ak T i G T R R B T4
B 5, PMT A H s By 34— 25 52 el i 388 3 A )
PERE Y L EE S H . PMT HL R o E (5 S 1 1 45, ok
) U R R0 TD AR 2 ) 2D O M S 7R i
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Intensity/V
_— W s AW
SRR SRS -

t/ms

12 REKRNSFEE TERAXEE=4%4EmE
Fig. 12 Three-dimensional overlay of sulfur luminescence
response at different detector temperatures
Combustion chamber H, flow: 5.0 mL/min; combustion cham-
ber air flow: 3.7 mL/min; ignition chamber H, flow: 8.0 mL/min;
ignition chamber air flow: 19.0 mL/min.

1.00
SNR
0.75
L
=
<
. -
i | 1.00 0.98 0.89 0.83 050 3
sensitivity =
E
=}
025 Z
Peak area 1.00 0.99 0.90 0.84
0.00

100 120 140 160 180 200 220 240 260

Detector temperature/°C

13 EERENRFESSNRERETHKNHRANBE(LHES A
—1k)
Fig. 13 Heat map of peak area, detection sensitivity, and
SNR as a function of temperature (data normalized)

JE N AT e 51 R R I A Y A e B o PR, AE
RIBATSERFE AW 5 F T 4 590~730 V i [l
P PMT AR B e i A7 B B 41 48, LAt s e Jost g
N7 5 BE A MR b R T S 4 M 1) T X ] o

ZE R FLW] AE 590~730 V JEH N, B % PMT H
JE T+ e, A 38 T A (] ) 0 (% 3 K Tk B e
W R AE R K 6T R S R A, DR 14, W
F 326 A 38 00, A W HEAE 590~710 VX (8] P 71 Bt F
JE TV e i e U B B B A S R 2R AR T T T
MRS R R MR B . MR TR E 730 VO 1 4T 4k
SR R e L B SR R ) B E SR R T 5 T
5 I T 4, 2R WY AR O 4 0 s A
FURZE, S BCA A5 15 BB 48, DT A A6 )

Intensity/V

t/ms
E14 AEPMTEETHRANIEN=4£EME
Fig. 14 Three-dimensional overlay of sulfur luminescence
response at different PMT voltages
Conditions are the same as in Fig. 12.

e R, WL 15,
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-, S BODK M ik e sORCHE BE RS TR 4 .

3 BfiE 4 PR M S R EE AR & S R 4 A

78 58 1 PFPD 25 44 B 11 Fliz 17 2 5000 b ) 3
filt b, i — 25 2 B X B A 5 5 e 28 S S B i)
Ay PEE B BIALIE . PFPD (3% £ R 508 A
1A P T B A DG, B R I R TR TS R R R ) Rl 7R
ik wh R 58 ik B v B ) AR AT RRAE B 25 . A A G
H,S A1 CH,, 1 i 6] mi B 52 56 ok 4% 3% 5 F AR K
BLE S DL R A 3R KO RN o B L 43 B B AE T AE
R B R A
31 BREESEmRESHRERMEZER

Sk 56 0F BIr F il PFPD Xt 8% 5 5 58 2885 5 10
B 1] 43 ¥ X0 BB 0, 78 A 26 T AR 254 R 40 0 3k T
1.1 pmol/mol 1 H,S #r #E <& (X< A S )M
10.3 pmol/mol [ CH,, #5 S (JE S A ) W
FE SR G [T 1, 45 5 LR 16,

P FP AL 43 76 0 mus BiE I ¥ Hh B BA S 0 I A 0
2R T FERWE T JIAAET] K SRS TR D 2%
IS e I N (P o e Bl NP SR /3 e gl W
B 7 2 R R MR N o R 4R B AR g 41, C H, E IR
B FEEAAAE 1~5 ms 0 F P, Bl 5 P 2 ; i
H,S #E 3R % % 20 #i 7F 6~24 ms {5 Bl N, FR4E
[E] B WK, SR AR R 2T S e e e o A B AT
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Fig. 15 Peak height, SNR, and baseline noise versus PMT voltage
The error bars on the peak height and SNR bars represent the standard deviation (SD) of repeated measurements (n=7). All error bars

are shown on the original measurement scale without any amplification.

Lih Delayed luminescence of hydrocarbons
56 Delayed luminescence of sulfur
48 -
% 40 4
£ 321
= 24
16 4
8 -
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B 16 &2 5%7E PFPD f R TR & S A 18] M B # 2%
Fig. 16 Time-resolved delayed luminescence response
curves of hydrocarbons and sulfur in the PFPD
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REEr DA EE . o G 2% I B 2 5 3%
1 AR A AN S
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V) S 3 25 4 o 4 3% 2o A R BB & A AR Ak Bl ik
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18 58 5 K S B be = AR S B R I R
BE K PMT W55 G S 5L | i — 0 e L
TAEL T 5 UE PFPD B 4r Mr ok g o A7 8 2%t
D7 % 0 4R PR S B B A R R e AT PR AT T
M, I 5 Ak B ARG I # E AT M AR L, DAPE A
IR LR E A ) MIs AT AR E T
4.1 MWXEGSFENFE

JVE A B WF ) PFPD A9 4 #r o BE , 92 56 % H
GC-8860 T AHH 2 ik 4% (1L A< & B i 0T Ak T A 25 45 KR
AN ED A H310(A) 8 &8 7 B AL CR A H R
ABRAF PED) . AR SRR A
L4l AR T 99.999%,, 3t Bk SR R 10
pmol/mol Al 1.1 wmol/mol AY H.S, KX N A XK .
o, SR 30 A B 10 pmol/mol ) Ha.S FrifE
MR BEAT B RS TS TR P A a3 R D
A, TR B AF 4 5 1.1 pmol/mol 1Y H.S br
S T B PR R T M

o 3% R A B % A 9 404 AR (30 mx
0.32 mmx5.00 pm, L1 75 & 5 3 01 Ak T3 A7 B A
AL ED . SRR EE A 60 T, R 7S 1 I A2 3R
oy R LB NAR R ER 1S
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K FH A A AL 25 5L - 51 k& H, FAS S0 a4
8.0 mL/min HI 19.0 mL/min, ¥k 5% H, F125 < &
43 % 7 5.0 mL/min A1 3.7 mL/min, ¥ 0 #§ 6 2 Hy
150 C. WHEI[TEZHCHTTER 6 ms. []%E 18 ms,
fish & HLAF- 2R 500 mV
4.2 £MEE

KRR TR & 5 1 H,S bR o SR 76 A0 R 2F FE 2%

8T Xt i 3 A £ e R A RE L SR L 17
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Fig. 17 Linear calibration curve of sulfur-channel peak
area versus H,S amount fraction for the PFPD
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A, Dyppp : PFPD X6 (149 451 4 B (g/s) 5 N - Fk 2k e 7 % 12
(wV), I N=21 pV; W i fb & i iE ke it (g) , H W= g
6.42x107"7 g5 h: B A6 = (V) B h=94.57 WV W,,: g &
T 1) 0 v 174 Kb A 0B E L B W,,=9.92 s; ng: it fb & 4
g3 F iR 5 B ], ng=0.9407 . . . . .
38 (5) TR AR H], Dypy=4.1x 107 g/s. v B e T

44 ETEEEMH

% 1.1 pmol/mol H,S Fr <A 1E 22 7 IR FEFE,
SEAL UL 18, #5 IR HERE VT AL B 5 R] R R R
I 1 X RSD 2 0.37% , Ui W 3240 I 4% 76 477 TAF 5%
PR B BP0 i 1 AT M s AT R

LA UL 25 B0, 3% PFPD 1EA0 Ak T4 41
T LA R LR i A e R
FWHHC H&Re MR R e a6, It e

E 18 1.1 pmol/mol H,S % 4 7 Xk it # ) & % &
Fig. 18 Chromatograms of seven consecutive injections of
1.1 pmol/mol H-S
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Table 4 Comparison of the main performance metrics of the developed PFPD and commercial sulfur detectors

Linear range Quantitative repeatability

Detector Sulfur detection limit/(g/s)
PFPD developed in this work 4.1x107"
5383 PFPD' 7"/ 1x107"2
Nexis FPD-20302-2!) 2x107"2

2 orders of magnitude 0.37% (1.1 pmol/mol H,S)

2.4 orders of magnitude 11% (0.657 pmol/mol H.S)

3 orders of magnitude 0.91% (1 pmol/mol thiophene)
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