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Abstract: Due to its characteristics of short response time (1-10 s), low limit of detection (LOD)
(107" (V/V)), and self-quantitative measurement, proton transfer reaction mass spectrometry (PTR-
MS) has become a powerful technique for real-time trace detection of volatile organic compounds
(VOCs). Different from traditional VOCs detection technology, PTR-MS is termed as self-
quantitative detection, can provide empirical concentration of the analytes without calibration, which
makes it more advantageous in the quantitative detection of multi-component VOCs. Self-quantitative
measurement detects the concentration of VOCs by calculating the reaction rate constants of ion-

molecule reactions, there is no need for prior calibration unless exceptionally high measurement

LRUR B SRR H (2022AH051712, 2023AH052104); HLlI2= Bl 2= 55501 H (KYQD-202208, KYQD-202207, XLZ202303 )
ASGEFVER AR, TR


https://doi.org/
https://cstr.cn/32365.14.zpxb.2024.0140

B3 W A% BTRBUT

accuracy is desired. In 2014, our research team developed a new method of proton-extraction-reaction
mass spectrometry (PER-MS) with OH anion as the reagent ions, which can be applied for the
detection of VOCs and even inorganic compounds. Due to the lack of reaction rate constant data of
OH and VOCs, the ability for self-quantitative measurements is limited. Therefore, in order to
expand the data on the reaction rate constants of OH and VOCs and promote the self-quantitative
measurement ability of PER-MS technique, a new method of proton extraction reaction mass
spectrometry (PER-MS) was developed for measuring reaction rate constants of OH and VOCs. The
reaction rate constants were calculated based on the reaction kinetic equations after detecting the
signal intensity of product ions and reactive ions by PER-MS and measuring the number density of
VOCs and the reaction time. In this work, the pressure in the ion detection system was 7.4x10"° Pa,
the pressure in the drift tube was 200 Pa, and the temperature of drift tube was kept at 308 K.
Acetonitrile was used as a reference to measure the reaction rate constants of acetone with OH . The
measured results are agreement with the data reported in the literature. The reaction rate constants of
seven VOCs (acetone, 2-butanone, 2-pentanone, 2-hexanone, 2-heptanone, formic acid and acetic
acid) reacting with OH ion were measured by the proposed method. The results enrich the contents
of the reaction rate constants between OH and VOCs, and improve the capability of self-quantitative
detection for PER-MS, and also provide a useful reference for the research of ion-molecular reactions.

Key words: proton extraction reaction mass spectrometry (PER-MS); reaction rate constants; self-

JOL ST RE I 5 OHL 5 - FIBRZE | RIS AT HLA IF] S5 B3k 2 5 287

quantitative detection; OH

Hwr, <A &M A LS W (volatile
organic compounds, VOCs ) %) ‘& #L e I £ AR 75 22
HEAT R HEA BB 76 B AT, SO -
1% ( gas chromatography-mass spectrometry, GC-MS)
F0 B G F B B BT 1% (single photon ionization mass
spectrometer, SPI-MS) . 7EIXFIEHL T, #5714
B35 2%, DA X 4 B A T 5 o G DA 2R 4, D)
Tk AL o

S FHRS SO BT ( proton transfer reaction mass
spectrometry, PTR-MS ) J& — Rl 7E £k Wi I VOCs #)
AR, H Rz e () CRD %0 . Al BRAIR (107"
VIV 4 Fn] [ 58 R s i ), e iz g
FHTAREEW, Eamfhes, gk, At s
SRR AR R T T R HE A LT $ 4t
SR 2 B v B (S A ), A 24
3 VOCs 1195 A I 3 BAL S

H 5 et Il 5 S /o RO B Bl )2 T
RS VOCs M I0 WK BE, 76 A5 2450 e DU
HRGEERIEBU T, 5 B A I e AN T B e A et
MEFI VOCs 5B B 1Y N o 28 52 JRT,
g5 A A (D), AL D & A 0 5 (Lony A0
Tow ) RCRLES ] () *HX‘T@%TJ‘%E(T(M—H)’ ) =
BNIREE(T) T (P) 28] 3/1% VOCs W JiE:

1 I(M—H)’ RT
6.02x 1014 IOH’ PktT(M,H)’
(D

FI 20 42 90 4RFRLISE, S48t HyOWE h Bf i
B 1648 PTR-MS B & J& T JLH4EM, Bk,
A % F 1 H,0'5 VOCs 2 [ i 21N 2 53 %1
B, 3l i A ik RN R L, JRAE A SR
DU A oA 285, T DASER A 2 4

PL H, O R A& B F (191 48 PTR-MS H A K
W 5 —F 2 A1 # (proton affinity, PA) & T H,O ¥
VOCs!"™, Sy 7 A I Y L, B A b R
VOCs, W5 # 2R H] 0,". NO™ #l NH, %4E
B U 2014 45, v ERRE B A5 IR R
S0 5E B A BATF & 1 — R L OH 2l BEA 2+ 1)
T 2 B B % 3% (proton extraction reaction
mass spectrometry, PER-MS) ¥z K, 7] F§ F VOCs
=LA A P R, I B PTR-MS F
PER-MS WU REARZS &, FF & T AU M T 17 7%
J R Ji % (dipolar proton transfer reaction mass
spectrometry, DP-PTR-MS)., 7 DP-PTR-MS ',
OH A 15 H;0" P [ & Il VOCs, #27 1 & L fE
JpU, SR, OH 5 H0 8 TR IR, & F OH
1 'VOCs 2 8] Y S 1o 38 3 BCEUE AR B =, X
%3 PER-MS H 7 il 147 o — %€ IR

[VOCs]x 1072(V/V) =



288

B e 4R Hae

AWF ST M FL AL AE PER-MS 268 | (%
IR B 4R R AE 308 KU i OH il VOCs Z [A] &
Az I B RN ) R B AT L 2- TR
2-JGH  2-CU | 2-BE R A 2RSS 7 Fh VOCs
S, 2 T AT OH B BN R 4, I 5 3C
HR AR AT L, BRI T T SR

1 EWES
11 XWEE
o [ BL 2 BE A I W J5RE 2 BT 5T B T R Y
PER-MS Z5#n i Bl T 1, i & 7 38
B UE R R G 4R A, A
OB B IR A K Z8 S 7= A R B2 OHL . 7
B 1519 T, OH # AERE, 500 (M) &
Az TR, o8 F20(2), Horb k ok g R
W YT (M-H) 758 A 5 40 Bl
D, DA% & T 20 R 1 i ey e A e 1o
OH +M 5 H,0+(M-H) (2)
S b, B TR A K ZE R
1.4 mL/min, EEFS4E FE 58K 200 Pa, B8 35 1R il
I PR R B R TE 308 K. RS Y E/N 1%
BN 66.2 Td(1 Td=10"" V-em®), Hirp, E WK
BRI, N ERE I RECRE . BT
K 22 58 He 58 A 7.4%10°7° Pa.
12 LRFE
AR W HERE TS R TR L 20 A3
M 1 R 28 A0 e 3 S A D e R g | AR I

Syringe
pump Capillary

k

(°N) ses 1orue)

H H _;UT‘QUladrupole mass
filter

OH+M—H,0+[M—-H]

W (PTFE) &, fEEE D, WMES S &
WAAIRG, AR HF TR ETES . BE
ARG I K 2 20 em B B AN E A ERS R, B
2045 TR R R TE 333 K, AR IR SARTE S RE ¥
W6 o LN 2 SR i RS i ) AT R R
o, 7F PER-MS K i it £ 04 L4 e B
ARA, BT A=Wy s - 805 B (M—H) (LA[(M—H) ]
F R )AL /N TRV BT OH 1 4 B B0U% JE (LU
[OH 1, ), M4 S 1 3l )15 07 #&, [(M—H) ]A]
LRI A
[(M~H)"] = [OH][1 - exp(~k[M]7) ~ [OH‘]O[g])kz
[FIRE, F AR v BEARAIR, BN 5 1 1 4
B B A A AR AR AR N, AT R 1 AR R
B [OH 1,=[OH 1, Fif LA S5 o7 33 85 B0 -
M-H)] 1
p= Q) o g 4
%, ¢ N B JE], BT DL ST OH (W i B8 R
FENAETHE; IMPZ 4T M 8% . =X
(3)., (4)% 1 T% #L PTR-MS (% 5& & I 521, |
SR SN B ) 8 1A T DX
SRS - BI85 R B 1Y B 5 A
IE L, {H PER-MS X T AN [R] 25 (4 45 DU 3503 AN [«
(M-H)|

Li-ny
[OF | (5)

Tow-

KA, Tvewy « Tow 29 512 I 245 21 () (M—H) 1
OH HY B T3 &, T(M-H) T (M—H) #J 4
Xzt R, Al ko R (6):

TM-Hy =

| ==
I:IQEM
F:Z_

Turbo pump 2

Self-developed multichannel
DC power source

Turbo pump 1

Ton source Drift tube

Intermediate
chamber

Ion detection system

E 1 PER-MS Wi r=E"

Fig.1 Schematic view of PER-MS instrumen

t[19]



B3 W A BT RIBUZ TR E OH & T B |

TRZEAT WL 18] S 17 2 4 3 K 289

Alp-ny
Alony

P, i i 20 (4) L (5), S B o R 5 %on] LA
ENF

(6)

Tm-ny =

A
ot 0
low- Tov-ny [M]1?

A AR 5 2 (7) AR S I T R B, T AR
J IS R] ¢ 72 40 8 1 A 35 3 Rty S S K
G W R S A . A AR T R
AR SCR FH FE I SE OH A VOCs & 2E i 14
BRIV 1 7 3R B
1.3 XWEHE

R 2 3 I mL R (A2 i
A IREUR 2 0.1 mL AR 4iRE M, TS 38 2
14 J it v 5 B TR G 2, AR 1k T S A 2 T
SBOBAR MG Y. SRJE, KRS A O FE R
B, A R e MR R 2R L R ST AR S
B AE L, O DU B A MR R 2R R
#E A PTFE 45 i, 50 (2 A 18 8 i 1Y) = 46
JE RO IR A IR RS, IR A AR B A0 i A
B,

M RO B T 278

Pyvm
M] =
(Ml Py

A, Py 2 MAESER IR T BRI 28 UK, vy
= MARFIZE S HERE R, P& PTFE 4518 1 (1Y)
FEa#, v &I 2F PTFE 45 38 (14 6 i (R A
vy FEATD

ARG B M, BE AR 058 B Tonm
TR o TEARES FAERIN 2 B R B 158 B Tow &
FR o I I I LAUAS R A M A ES -5
B B . M HE AR I EUR R IERE IR Y 0 £
S Ak A, DR AR e 2 AU FD PTFE 4873
JEJIAAE, K (9) AT LAfaifk A= (10):

I(M,H)f Py

(8

I (M-H)~ 1

kmon- _ Tou-wm TM-H)[M]r _ IOH’MT(M—H)’ Pyvu
krson-  Ir-m 1 Ig-u-  Pv
Iou-r T(R-H)[R]t IOH*RT(R—H)* Prvr
9
Tov-ny-
e
kvsor- o mTo-ny (10)
krsom- Ir-ny
—— Pun
Ton rRTR-1)

1.4 AFIFEE
. W3R A b 22 iR ) A BR 2 &l 7= 0
2-TH . 2-5 B, 2-CLFR ., 2-BER . B IR 2R b

VR 2 A R 2 w7 s R SGER PR U
2548 A Ak 2R A BR BT AR /7 s = AR
3.(99.999%): B L RERR RS B2 H 72

i 1K 2 b2 Ee % K ik & 48 (KNTR-1-10
F1 Micropure UF) 45 &2k A= 7= I T A K 2839
15 47K ; LSPO1-1A ol v G 2 - P A 1 i 52
A BR A E] = o

B

¥

2 #RE5iTE
2.1 AS OH KM EREHHNE
R 0 AH AR R 2%, S S 5 A o L LA
5 L UK RN A MOFT S IR R 43 51 16 A DERE
F1EATASHI,  4AS I B 4 3~4 Wk, BIXF R 5 41
PRI(M—H)’ MI(R—H)’

P
T (] ) e Ol 2 R ).

Lo Touny OH TR-H)"
DLy AR5, x O A 748 &, SR P [0 X0 B
TR A

i 2 (L) AT, Z Lt 46 7 R B R

ko |
keion °

N7 2 A 5k, B ek £ O (G
5 OH 8 114 [V 3R H 50Ch 4.4x107° cm’/mol-s)
YE RS2y, 5 OH 55 P9 i A9 Js2 i o 5 5 4,
I 5 SCHERPIRT H . SE T R v, SE 0 ISR IR
429015 K, Z BT, N ER AR M ZE SRR
21.498 kPa, ZJiE W MR FIZE <%y 8.068 kPa( £ 45
3k B http://webbook.nist.gov). LA 0.05, 0.1, 0.15,
0.2 F1 0.25 mL/h i 3804 P4 B 7 A PTFE 45 1, 4
N ZREFGE SR 0.1, 0.2, 0.3, 0.4 F10.5 mL/h,
ol 20 R IR AR HF 0.6 Limin, 5 40 SIS )
LHERLA SRR T 2.

HR I &1 2 v 2 1k LG 19 AR A 0.45, T L
THA NS OH 22 [|] ) 52 1 34 55 B0H 3.96%
107 cm*/mol-s, 5 CHRPP(3.7+0.9x107° ecm®/mol-s)
— 5, FWA %7 e S E R DI B OH 15 Bl 20 Bt
Y1 M 22 ) B IS 3 R
2.2 VOCs 5 OH R MiEREEHMNE

R FH A ) f 2 R 7 v 00 5 O 5 2- T il
2-J% L 2-CV B | 2-BR T . R RN £ TR Y 2 g
HORL, BRI ) F D ST AT 3 R SE IR, 45
BHNFH 1o ABFFTI LS5 SR s —5.

B 25 5 N BT PER-MS K, ] DA S
F S IR RN A VR B, ke T bR R,
TAZIT R E s ERe ) .



290 i 46 %
0.30 Pl 715 % SIC ﬁjk H
X ML (R-H)
" ow Ty [1] REINECKE T, LEIMINGER M, JORDAN A,
025 ..
Pl WISTHALER A, MULLER M. Ultrahigh sensitivity
y: RE(M-H)
020+ TowTou-ny PTR-MS instrument with a well-defined ion
= chemistry[J]. Anal Chem, 2023, 95(32): 11 879-11 884.
0.15} [2] SEKIMOTO K, LI S M, YUAN B, KOSS A, COGGON
010 220 96 M, WARNEKE C, de GOUW J. Calculation of the sensi-
' ' tivity of proton-transfer-reaction mass spectrometry
0.05 ; ; ; ; ; ; (PTR-MS) for organic trace gases using molecular prop-
0.1 0.2 0.3 0.4 0.5 0.6 . .
. erties[J]. International Journal of Mass Spectrometry,
2017,421: 71-94.
i P M s ZI8Y) R L 0
T 5 Tﬁﬁ) A W@E T m AR ALK [3] ERNLEL, WANG N, BEKO G, MORRISON G, WAR-
lg 2 IOH— T(M-H)~ 5(1 IOH— T(R-H)~ H’J@é'l‘i?u‘“@
Prlog - Patl g n- GOCKI P, WESCHLER C J, WILLIAMS J. Assessment
Fig. 2 Plot of Toy vy w VS Ton e mr- of aldehyde contributions to PTR-MS m/z 69.07 in
%1 OH 5 VOCs R EZRTELE indoor air measurements[J]. Environmental Science:
Table 1 Reaction rate constants between Atmospheres, 2023, 3(9): 1 286-1 295.
OH and VOCs [4] BAYER B, MACCANI A, JAHN J, DUERKOP M,
AR Yy KAPELLER E, PLETZENAUER R, KRAUS B,
v e ity By —Reaction rate constant (<1077 cm’/mol s) STRIEDNER G, HERNANDEZ BORT J A. Proton-
ey s T ) _
VOCs A BRI I#,jk’ Hii transfer-reaction mass spectrometry (PTR-MS) for online
Measured Theory Literature
value calculation®’ value™ monitoring of glucose depletion and cell concentrations
R 3.96 3.540.8 3.740.9 in HEK 293 gene therapy processes[J]. Biotechnology
2-T T 3.82 35405 o Letters, 2022, 44(1): 77-88.
2RI 314 [5] PAPURELLO D, BOSCHETTI A, SILVESTRI S,
~ KHOMENKO I, BIASIOLI F. Real-time monitoring of
2-CL i 3.90 — —
removal of trace compounds with PTR-MS: biochar
2- 2.52 — — . . .
experimental investigation[J]. Renewable Energy, 2018,
HR 2.07 — 2.240.7 125: 344-355.
Ll 2.86 — - [6] CAPOZZI V, MAKHOUL S, APREA E, ROMANO A,
U —FRARTER TR B CAPPELLIN L, SANCHEZ JIMENA A, SPANO G,
3 gﬁi@ GASPERI F, SCAMPICCHIO M, BIASIOLI F. PTR-

AHJF 5% He F PER-MS $ AR #3717 — Fhal
FE OH 5 8 43 M i 22 18] )5 o7 8 6 3 004 7 3
WECIEE IS BY, £ 5% &R E 308 K
T, ST R 1 g e R AT R, T A
25K 3.96x107° cm®/mol-s, 5 SCHRHR3E (3.7£0.9x
10~ em*/mol-s) — L, F B T % 5 ik 09 A &% 1
B, BT ATkt — 220 T OH 5 55 4k 6 F
VOCs 1) 2 )0 2 85 %5, Horb, DR 2-7T i 1 H
i %) 0 {5 SRk P B AL AT A
1) — b, 534 4 Fh s R R $ICHE 3 PER-
MS HARME A F] . A5 FEE T OH F1 VOCs
22 1) I 07 3 25 RSCRCHE J2E , R L R A S o T 4
W B4 A PER-MS £ AR AT DL SERT R LK I VOCs
We B o [RIE, 320t 285 S A 7 3 0 B o RO
R B —ENSHE XL

(7]

(8]

(9]

MS characterization of VOCs associated with commer-
cial aromatic bakery yeasts of wine and beer origin[J].
Molecules, 2016, 21(4): 483.

ZOU X, ZHOU W, SHEN C, WANG H, LU Y, WANG
H, CHU Y. Online exhaled gas measurements for radio-
therapy patients by proton transfer reaction mass spec-
trometry[J]. Journal of Environmental Radioactivity,
2016, 160: 135-140.

XU B, LI P, MA F, WANG X, MATTHAUS B, CHEN
R, YANG Q, ZHANG W, ZHANG Q. Detection of vir-
gin coconut oil adulteration with animal fats using quan-
titative cholesterol by GCxGC-TOF/MS analysis[J].
Food Chemistry, 2015, 178: 128-135.

ZHANG S, WANG H, ZHU M J. A sensitive GC/MS
detection method for analyzing microbial metabolites

short chain fatty acids in fecal and serum samples[J].


https://doi.org/10.1016/j.ijms.2017.04.006
https://doi.org/10.1007/s10529-021-03205-y
https://doi.org/10.1007/s10529-021-03205-y
https://doi.org/10.1016/j.renene.2018.02.122
https://doi.org/10.3390/molecules21040483
https://doi.org/10.1016/j.jenvrad.2016.04.029
https://doi.org/10.1016/j.foodchem.2015.01.035

B3 W S BT EREUN BTN E OH 8 RIS | MRISA P ] S5z iy 3 4 4 4

291

[10]

[11]

[12]

[13]

[14]

[15]

[1e]

Talanta, 2019, 196: 249-254.

WU C, LIU W, JIANG J, WANG Y, HOU K, LI H. An
in-source helical membrane inlet single photon ioniza-
tion time-of-flight mass spectrometer for automatic
monitoring of trace VOCs in water[J]. Talanta, 2019, 192:
46-51.

TAIPALE R, RUUSKANEN T M, RINNE J, KAJOS M
K, HAKOLA H, POHJA T, KULMALA M. Technical
Note: quantitative long-term measurements of VOC con-
centrations by PTR-MS-measurement, calibration, and
volume mixing ratio calculation methods[J]. Atmo-
spheric Chemistry and Physics, 2008, 8(22): 6 681-6 698.
LINDINGER W, JORDAN A. Proton-transfer-reaction
mass spectrometry (PTR-MS): on-line monitoring of
volatile organic compounds at pptv levels[J]. Chemical
Society Reviews, 1998, 27(5): 347.

ZHAO J, ZHANG R. Proton transfer reaction rate con-
stants between hydronium ion (H;O") and volatile
organic compounds[J]. Atmospheric Environment, 2004,
38(14):2177-2 185.

LUCHNER M, GUTMANN R, BAYER K, DUNKL J,
HANSEL A, HERBIG J, SINGER W, STROBL F, WIN-
KLER K, STRIEDNER G. Implementation of proton
transfer reaction-mass spectrometry (PTR-MS) for
advanced bioprocess monitoring[J]. Biotechnology and
Bioengineering, 2012, 109(12): 3 059-3 069.

HEGEN O, SALAZAR GOMEZ J I, SCHLOGL R,
RULAND H. The potential of NO" and O**" in switch-
able reagent ion proton transfer reaction time-of-flight
mass spectrometry[J]. Mass
2023, 42(5): 1 688-1 726.
SHEN C, LI J, WANG H, WANG Y, WANG H,
HUANG C, LI H, LIU S, CHU Y. Proton transfer reac-

Spectrometry Reviews,

tion mass spectrometer with multi-reagent ions[J]. Chem-

ical Journal 2012, 33(2):

263-267.

of Chinses Universitise,

[17]

(18]

[19]

[20]

(21]

[22]

(23]

SPANEL P, SPESYVYI A, SMITH D. Electrostatic
switching and selection of H;0', NO", and O,"" reagent
ions for selected ion flow-drift tube mass spectrometric
analyses of air and breath[J]. Analytical Chemistry, 2019,
91(8): 5380-5 388.
SHEN C, NIU W, HUANG C, XIA L, LU Y, WANG S,
WANG H, JIANG H, CHU Y. Proton-extraction-reac-
tion mass spectrometry (PER-MS) for monitoring
organic and inorganic compounds[J]. International Jour-
nal of Mass Spectrometry, 2014, 371: 36-41.
PAN Y, ZHANG Q, ZHOU W, ZOU X, WANG H,
HUANG C, SHEN C, CHU Y. Detection of ketones by a
novel technology: dipolar proton transfer reaction mass
spectrometry (DP-PTR-MS)[J]. Journal of the American
Society for Mass Spectrometry, 2017, 28(5): 873-879.
ZHANG Q, ZOU X, LIANG Q, ZHANG Y, YI M,
WANG H, HUANG C, SHEN C, CHU Y. Development
of dipolar proton transfer reaction mass spectrometer for
real-time monitoring of volatile organic compounds in
ambient air[J]. Chinese Journal of Analytical Chemistry,
2018, 46(4): 471-478.
WANG Y, HAN H, SHEN C, L1 J, WANG H, CHU Y.
Control of solvent use in medical devices by proton
transfer reaction mass spectrometry and ion molecule
reaction mass spectrometry[J]. Journal of Pharmaceuti-
cal and Biomedical Analysis, 2009, 50(2): 252-256.
IKEZOEY, ATSUOKA S M, TAKEBE M, VIG-
GIANO A. Gas ion-molecular reaction rate-constants
through 1986[M]. Tokyo, Japan: Maruzen Co. Ltd.,
1987.
CUSTER T G, KATO S, FALL R, BIERBAUM V M.
Negative-ion CIMS: analysis of volatile leaf wound com-
pounds including HCNJ[J]. International Journal of Mass
Spectrometry, 2003, 223: 427-446.

(i H 41 2024-08-09; &1l H 11 2024-10-09)


https://doi.org/10.1016/j.talanta.2018.12.049
https://doi.org/10.1016/j.talanta.2018.09.013
https://doi.org/10.1039/a827347z
https://doi.org/10.1039/a827347z
https://doi.org/10.1016/j.ijms.2014.07.031
https://doi.org/10.1016/j.ijms.2014.07.031
https://doi.org/10.1016/j.ijms.2014.07.031
https://doi.org/10.1007/s13361-017-1638-7
https://doi.org/10.1007/s13361-017-1638-7
https://doi.org/10.1016/S1872-2040(17)61078-8
https://doi.org/10.1016/j.jpba.2009.04.020
https://doi.org/10.1016/j.jpba.2009.04.020
https://doi.org/10.1016/j.jpba.2009.04.020

	1 实验部分
	1.1 实验装置
	1.2 实验原理
	1.3 实验方法
	1.4 试剂和装置

	2 结果与讨论
	2.1 丙酮与OH−反应速率常数的测量
	2.2 VOCs与OH−反应速率常数的测量

	3 结论
	参考文献

