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Abstract

Fumigation is one of the most effective methods for controlling insect pests and reducing postharvest losses
in stored products. Since accurate measurements of fumigant concentrations are keys to achieving high fumigation
efficacy and ensuring personnel safety, this review article aims to provide overall understanding of different
technolosgies in fumigant gas sensors. The working principles as well as criteria for selecting fumigant monitoring
devices are discussed. The types of devices discussed include colorimetric tubes, thermal conductivity sensors,
electrochemical sensors, non-dispersive infrared sensors and optical interferometers. This article primarily focuses
on efficacy monitoring while briefly addressing safety and clearance monitoring to provide contextual comparisons.

Future trends toward integrated monitoring systems and wireless sensors are also discussed.

Keywords: fumigation, gas concentration, fumigation concentration monitoring, gas sensor
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Figure 1 A hand pump with a colorimetric tube.
Adapted from: Wuensch Sales (2026)
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DC source

Figure 2 (a) An example of a Wheatstone bridge circuit

of a thermal conductivity gas sensor and (b) Fumiscope.

Adapted from: (a) Wikimedia Commons contributors
(2020) and (b) SGT Service (2026)
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Figure 3 A simplified schematic of an electrochemical
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gas sensor.
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Figure 4 A simplified schematic of an NDIR gas sensor.
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Figure 5 A simplified schematic of an Ol gas sensor.
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1 Table 1 Comparison of gas concentration monitoring technologies used in fumigation applications

Type Fumigant Application  Examples of commercial Measurement Accuracy Features Usage
(Example) models range considerations
cT PH5 Efficacy Dréger tubes 25-10,000 ppm  +10 - 15% (standard Low initial cost, and Single-use, and low
(Dréger, 2022) deviation) no power source accuracy
Multiple  Clearance 0.1-3,1-50.1- +15-30% (standard needed
50 ppm* deviation)*
TC  CHsBrand  Efficacy Fumiscope 0-2,999 ¢/m’ +2% (full scale)  Simple and rugged Low gas selectivity
SOsF, (Key Chemical & Equipment construction
Co, 2022)
EC PH; Efficacy Silo-Chek 0 - 2,000 ppm Data not available  High sensitivity and  Prone to cross-
(The Canary Company, low power sensitivity, and
2022) consumption short lifespan
PH3 Clearance DragerSensor XXS PHs 0- 20 ppm +2%
(Dréager, 2026)
NDIR PH3 Efficacy PM100 0 - 10,000 ppm +3% (full scale)  High accuracy, non- High equipment
(Spectros Instruments, 2026) depleting sensors,  cost, and consumes
SO,F; Clearance Fumispec Lo 0 - 100 ppm +2% and low cross-gas  more electrical
(Uniphos Envirotronic, 2026) interference power
Ol CH3Br, Efficacy FI-8000 0-50to 0-200 +3% Multiple-gas Compensation for
SO,F, (Riken Keiki Co, 2021) g/mB* capability environmental
and PH; effects needed

2 *Depending on the model targeting a specific fumigant

3
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Table 2 Threshold limit values (TLV) and typical working

concentrations of some common fumigants

Fumigant TLV Typical concentrations
during fumigation
0 ppm 515 - 25,700 ppm
CH3Br PP PP
(Graver, 2004) (Graver, 2004)
o1 0.3 ppm 70 - 3,500 ppm
’ (Graver, 2004) (Graver, 2004)
5.0 ppm* 30,720 ppm**
SOzF PP PP

(NIOSH, 2014)
*One of the product labels (Douglas Products, 2017a)

require below 1.0 ppm for re-entry

(Douglas Products, 2017a)

**Maximum allowed concentration
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3Ty assuwdazviedinaaudAduuadodiiae
wialulagnisnsiainlaunss  endieg1aau Woanull
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2% 6 9 +3 % full-scale (Riken Keiki Co, 2021;
Spectros Instruments, 2022; Uniphos Envirotronic, 2022)
Tusenineergnistdau gunsaldnanududuiignn
Usziandosldsunisaautieu (calibration) 1usay
svozandivun (aeitilu 1- 2 adwie?) wenanil ey
Wgunsalluldau gunsalaislasuniuaey (verification)
Tnensnsaninanududufeinsivan ieduduainy
Wioswsswesgunsainounsldauluudazads  adastn
ardudutedndnsfadsilawmes (filter) uazsadn
A188 U (moisture trap) Lﬁ'afﬁf{’l’mluasaaqLLazmm%‘u
dufuneuiiieanssuazidngiedos  fufTROLIRsT
ardAgyfunInsadoulasUdsuiangaautusiuds
lawmefesvaianenusounsthssnwuazanimnsld
37125 9 (Regulation and Assurance Branch, 2018)
wananUszifiufinannfednadunds Jadeduq dmas
fnsanldun dununaenegnisliau (medeade s
AldIglunisauiisuaznisgontnge), ANUNUNILYEY
guUnsal, Anmdngsenisldnuniaaus, mnuansadus
Wy naviaulaednlu® vienindeusdetu Intemet of
Things (IoT) tiensthiistoyaszeslng Wudu

6 wulduniswaunluauinn

Tusinadseina feanenisimuinalulagnismsiaina
aaduduanssuidaddsuiiuainied esdetaidaien
(stand alone) 1Ug52UUATIIAARIUULUUY TUINS
(integrated monitoring system) ﬁlLflauiﬂﬁ‘Uyagaﬂa’m
WHTUEIIY WIAUNITIATIZI LaTNITATUANNTEUIUNIT
sugtee19d usEUy 9nm 198 1949 U Fumiguide
(Douglas Products, 2017b) “ﬁ'ﬁLf] ygaNe wI5 (software)
Won1sau U3msdnnis muau AiesgsiuasAnnusa
nssuedheassudainiangealsd  lufunounisnauny
spuUIsteimuaUTInuMIUdesansTuvielad (dose) 7
Wz aNlnaNaNTIINTUALAZY19T36 (life stage) V99
waadmnedidesnisiida  funsuImsdans deya
FeUTinauasiusiifineUdesanssy rdsdnfiudoya
HANITIAAIITUTUA 19N AR 199 Azgnduiinlily
gonduwafosuduszuy  luvnzidiuvesnisaiugu
(control) s¥UULYNNTUsEIIANALT BUTEME RTINS
$7lna (leakage rate) ¥99a1553 9 992819 UF TR



Thai Society of Agricultural Engineering Journal Vol. 32 No. 1 (2026), 21-30

anwnsadadulafieatuausifulunsudesanssuiiniiu
(top-up) Hiesnwanududulndulunmunas  Tufifives
MTIATIZHNE SYUUILAIWINAT Ct product LiieUsziiiu
Sp8arNIINNLVDILIAY
Aanuivteululasdidansesind (microelectronics)
way loT Wrwadvayuliiinn swmul seuunsIvinine
SalusiBandvdannsadeudoteyaludanunioanns
NINULBUNALATY (web or smartphone applications)
2022;
2022) Sﬁqﬁﬂﬁmﬁﬁwﬁﬁa;ﬂaﬂ’mumazmmmﬁ’;mﬁu
sEUURINaNIgIIantadanainlun1sufuaauain
AuaEsalunsEFYYIUADUY MINATIANUNITANAS
gesrududufgegnaflinund  wenenil Tueunan syuu
p1agniwu iy sannIsiiiunsnsRaeufoundy, ssuy

(Spectros Instruments, Uniphos Envirotronic,

U%mﬁﬂmiﬂmmw (quality management system), s¥UU
VNUNUNTHYINTOIANT (enterprise resource planning)
wsoszuveanlususesguowlonivlusuuuuada sely
Sneluladnileiimdsldsunsiamnie waluladiwuees
15a1e (wireless sensor) (Brabec et al,, 2019; Brabec et
al,, 2022; Centaur Analytics, 2023) Taelasaas 199849
wulwasgneanuwuuliaiusadesiufing (gas proof) 14l
annso i funnndidnmsedndngld  mstnun
munsnsainaududuassuidinruaranunnduan
dudidesendensnaienatafinainaelulasiadianissy
sanugaunsalinanududuingatsuen  egslsfinu
walulagiwuwesliamednandinseglugieseninanidy
waziam Seadiusaifuidanaiaiidodinsdnuiuia
wu mssudyaaniiedesiasasugesmelulasiadidss
Audhdulane Wudu  Wamniseneg drefuagieuliiiu
Tmalulagnisnsiainanututuanssudidudagluns
Frefinuszdnsan aruvasasds wazarulusdaves
nszvIumsselaesn Snii Sadunsenseiuanmsgu
n1ssuen §adunsruiunisnd oii danuddglunia
NSNYATUALQAAINNTIUOINNT

7 1@N#195891994

Affognon, H., Mutungi, C., Sanginga, P., Borgemeister, C.
2015. Unpacking postharvest losses in sub-
Saharan  Africa: a meta-analysis.  World
Development 66, 49-68.

Annis, P.C. 1999. The relative effects of concentration,
time, temperature and other factors in

fumigant treatments. In: Jin, Z., Liang, Q,, Liang,

Y., Tan, X., Guan, L. (Eds). Proceedings of the

Seventh International Working Conference on

Stored Product Protection, 331—337. Sichuan

Publishing House of Science and Technology,
Chengdu, China. 14-19 October 1998, Beijing,
China.

Bond, E.J. 1984. Manual of fumigation for insect control,
FAO Plant Production and Protection Papers -

Food
Organization of the United Nations.

Brabec, D., Kaloudis, E., Athanassiou, C.G., Campbell, J.,
Agrafioti, P., Scheff, D.S., Bantas, S., Sotiroudas,
V. 2022. Fumigation Monitoring and Modeling

54, Rome, Italy, and  Agriculture

of Hopper-Bottom Railcars Loaded with Corn
Grits. Journal of Biosystems Engineering 47,
358-369.

Brabec, D.L., Campbell, J., Arthur, F., Casada, M., Tilley,
D., Bantas, S. 2019. Evaluation of Wireless
Phosphine Sensors for Monitoring Fumigation
Gas in Wheat Stored in Farm Bins. Insects 10(5),
121.

Centaur Analytics. 2023. Intelligent pest management
and fumigation. Centaur Analytics Inc. Available
at: https://centaur.ag/pest-control-and-
fumigations/. Accessed on 19 March 2023.

Chayaprasert, W., Maier, D.E. 2024. Fumigation process

using chemicals and controlled or modified
atmospheres. In: Jayas, D.S. (Ed.), Control and
Management of Pests in Stored Products (pp.
190-240). Boca Raton, Florida: CRC Press.
Cryer, S.A. 2008. Predicted gas loss of sulfuryl fluoride

and methyl bromide during structural
fumigation. Journal of Stored Products
Research 44(1), 1—10.

Douglas Products. 2017a. Applicator manual for

ProFume® gas fumigant. (Liberty, Missouri,
United States of America: Douglas Products and
Packaging Co LLC.

2017b.

Fumiguide™ program helps flour mill achieve

Dousglas Products. Maximizing  resources:
fumigation success. (Liberty, Missouri, United

States of America: Douglas Products and
Packaging Company LLC.

Drager. 2022. Drager short-term tubes. Dragerwerk AG &
Co. KGaA. Available at:
https://www.draeger.com/en_seeur/Products/
Short-term-Tubes?s=354.

February 2022.

Accessed on 22

28


https://centaur.ag/pest-control-and-fumigations/
https://centaur.ag/pest-control-and-fumigations/
https://www.draeger.com/en_seeur/Products/Short-term-Tubes?s=354
https://www.draeger.com/en_seeur/Products/Short-term-Tubes?s=354

MsansauALArINssUINERsWiIUsEAlve U7 32 atuii 1 (2569), 21-30

Drager. 2026. DrégerSensor® XXS PHs. Dragerwerk AG &
Co. KGaA. Available at:

https://static.draeger.com/www/sensors/en/68

10886.pdf. Accessed on 30 April 2026.
Environmental Protection Authority. 2019. Application

for approval to import EDN for release.
Zealand:

(Wellington, New

Environmental Protection Authority, New
Zealand Government.

Gandy, D.G., Chanter, D.O. 1976. Some effects of time,
temperature of treatment and fumigant
concentration on the fungicidal properties of
methyl bromide. Annals of Applied Biology
82(2), 279—290.

Graver, J.v.S. 2004. Guide to Fumigation Under Gas-Proof
Sheets. (Rome, ltaly: Food and Agriculture

Organization of the United Nations.

Key Chemical & Equipment Co.  2022.  Fumiscope
Version 5.1 Manual. Key Chemical & Equipment
Co. Available at:

http://www.fumiscope.com/pdf/51englishlang

uacefumiscopemanual.pdf. Accessed on 25
February 2022.

Muhle, J., Huang, J., Weiss, R.F., Prinn, R.G., Miller, B.R,,
Salameh, P.K,, Harth, C.M., Fraser, P.J., Porter,
L.W., Greally, B.R., O’Doherty, S., Simmonds,
P.G., Krummel, P.B., Steele, L.P. 2009. Sulfuryl
fluoride in the global atmosphere. Journal of

114,

Geophysical  Research:  Atmospheres
D05306.

Nath, B., Chen, G., O’Sullivan, C.M., Zare, D. 2024.
Research and technologies to reduce grain
postharvest losses: a review. Foods 13(12),
1875.

Nayak, M.K, Holloway, J.C., Emery, R.N., Pavic, H.,

Bartlet, J., Collins, P.J. 2013. Strong resistance

to phosphine in the rusty grain beetle,
Cryptolestes ferrugineus (Stephens)
(Coleoptera: Laemophloeidae): its

characterisation, a rapid assay for diagnosis and
its distribution in Australia. Pest Management
Science 69, 48—53.

NIOSH. 2014. Sulfuryl fluoride: Immediately dangerous
to life or health concentrations (IDLH). The

National Institute for Occupational Safety and

29

Health. Available at:
https://www.cdc.gov/niosh/idlh/2699798.html.
Accessed on 24 February 2026.

Pengkum, K., Uraichuen, J., Suthisut, D. 2018. The Proper
Phosphine Fumigation to Control Flat Grain

Beetle Resistance Strains. (Bangkok, Thailand:
Postharvest and Processing Research and
Development  Division,  Department  of
Agriculture. (in Thai)

Regulation and Assurance Branch. 2018. Methyl
bromide fumigation enclosure gas monitoring.
Ministry for Primary Industries, New Zealand
Available at:
https://www.mpi.govt.nz/dmsdocument/2982
5/sitemap. Accessed on 29 April 2026.

Reichmuth, C.H., Klementz, D., Rassmann, W., Stenglein,

Government.

M., Mdnzel, M. 2004. Phosphine resistance in
the stored product insect pests the rusty grain
beetle Crytolestes ferrugineus and the granary
weevil Sitophilus granarius. In: Donahaye, E.J.,
Navarro, S., Bell, C., Jayas, D., Noyes, R., Phillips,
T.W. (Eds). Proceedings of the International
Conference on Controlled Atmosphere and
Fumigation in Stored Products, 613. FTIC Ltd.
Publishing, Israel, Gold-Coast, Australia.

Riken Keiki Co, L. 2021. Optical Interferometric Gas
Monitor: Model FI-8000. Riken Keiki Co., Ltd.
Available at:
https://product.rikenkeiki.co.jp/assets/imeg/pro
ducts/62/cat/PC3E-0421-250400S FI-8000.pdf.
Accessed on 30 January 2026.

B., Voglewede, C., Shodrock, D. 2003.

Developing precision fumigation plans using

2003 Annual

International Research Conference on Methyl

Schneider,

the ProFume Fumiguide. In.

Bromide Alternatives and Emissions
Reductions, San Diego, CA.

SGT Service. 2026. Fumiscope. SGT Service (Thailand)
Co,, Ltd. Available at:
https://www.sgtservice.co.th/products/0-5-
FUMISCOPE. Accessed on 20 January 2026.

Spectros Instruments. 2022. PM400 phosphine monitor.

Available at:

https://www.spectrosinstruments.com/prod _p

mMA400.html. Accessed on 14 February 2022.

Spectros  Instruments  Inc.



https://static.draeger.com/www/sensors/en/6810886.pdf
https://static.draeger.com/www/sensors/en/6810886.pdf
http://www.fumiscope.com/pdf/51englishlanguagefumiscopemanual.pdf
http://www.fumiscope.com/pdf/51englishlanguagefumiscopemanual.pdf
https://www.cdc.gov/niosh/idlh/2699798.html
https://www.mpi.govt.nz/dmsdocument/29825/sitemap
https://www.mpi.govt.nz/dmsdocument/29825/sitemap
https://product.rikenkeiki.co.jp/assets/img/products/62/cat/PC3E-0421-250400S_FI-8000.pdf
https://product.rikenkeiki.co.jp/assets/img/products/62/cat/PC3E-0421-250400S_FI-8000.pdf
https://www.sgtservice.co.th/products/0-5-FUMISCOPE
https://www.sgtservice.co.th/products/0-5-FUMISCOPE
https://www.spectrosinstruments.com/prod_pm400.html
https://www.spectrosinstruments.com/prod_pm400.html

Thai Society of Agricultural Engineering Journal Vol. 32 No. 1 (2026), 21-30

Spectros Instruments. 2026. PM100 series: phosphine

monitor. Spectros Instruments Inc. Available at:

https://www.spectrosinstruments.com/pm100.
Accessed on 30 April 2026.

The Canary Company. 2022. Silo-Chek. The Canary
Company Pty. Ltd. Available at:
http://www.canaryco.com.au/silo-chek/.
Accessed on 14 February 2023.

UNEP. 2026. The Montreal protocol on substances that

deplete the ozone layer.

United Nations Environment Programme.
Available at:

https://ozone.unep.org/treaties/montreal-

protocol. Accessed on 7 November 2022.
Uniphos Envirotronic. 2022. FumiTrack Multiport with

Expansion Module. Uniphos Envirotronic Pvt.

Ltd. Available at: https://uniphos-

envirotronic.com/fumigation-monitoring-

equipment/phosphine/multi-port-with-

expansion-module/. Accessed on 14 February
2022.

Uniphos Envirotronic. 2026. Fumispec Lo. Uniphos
Envirotronic ~ Pvt.  Ltd.  Available at:

https://uniphos-envirotronic.com/fumigation-

monitoring-equipment/sulphuryl-

fluoride/fumispec-lo/.  Accessed on 25
February 2026.
Wikimedia Commons contributors. 2020.

File:Thermal Conductivity Detector nl.svg.
Wikimedia Commons. Available at:

https://commons.wikimedia.org/w/index.php?t

itle=File:Thermal Conductivity Detector nl.sv
gRoldid=498660584. Accessed on 20 February
2026.

Williams, R.E., Prabhakaran, S., Schneider, B.M. 2000.

Monitoring for precision fumigant application in

food-processing plants. In. 2000 Annual
International Research Conference on Methyl
Bromide Alternatives and Emissions
Reductions. 6-9 November 2000, Orlando, FL.
Wuensch Sales. 2026. Draeger Accuro pump. Wuensch
Sales Company. Available at:
https://www.wuenschsales.com/product/drae

ger-accuro-
pump/?srsltid=AfmBOorYz4CwaR1mkZolv2dI5

tBWfWkp28IAtWEVM62CH5 JjyYjgye5X.
Accessed on 20 February 2026.

30


https://www.spectrosinstruments.com/pm100
http://www.canaryco.com.au/silo-chek/
https://ozone.unep.org/treaties/montreal-protocol
https://ozone.unep.org/treaties/montreal-protocol
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/phosphine/multi-port-with-expansion-module/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/phosphine/multi-port-with-expansion-module/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/phosphine/multi-port-with-expansion-module/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/phosphine/multi-port-with-expansion-module/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/sulphuryl-fluoride/fumispec-lo/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/sulphuryl-fluoride/fumispec-lo/
https://uniphos-envirotronic.com/fumigation-monitoring-equipment/sulphuryl-fluoride/fumispec-lo/
https://commons.wikimedia.org/w/index.php?title=File:Thermal_Conductivity_Detector_nl.svg&oldid=498660584
https://commons.wikimedia.org/w/index.php?title=File:Thermal_Conductivity_Detector_nl.svg&oldid=498660584
https://commons.wikimedia.org/w/index.php?title=File:Thermal_Conductivity_Detector_nl.svg&oldid=498660584
https://www.wuenschsales.com/product/draeger-accuro-pump/?srsltid=AfmBOorYz4CwaR1mkZoLv2dI5tBwfWkp28IAtWEVm62CH5JjyYjgye5X
https://www.wuenschsales.com/product/draeger-accuro-pump/?srsltid=AfmBOorYz4CwaR1mkZoLv2dI5tBwfWkp28IAtWEVm62CH5JjyYjgye5X
https://www.wuenschsales.com/product/draeger-accuro-pump/?srsltid=AfmBOorYz4CwaR1mkZoLv2dI5tBwfWkp28IAtWEVm62CH5JjyYjgye5X
https://www.wuenschsales.com/product/draeger-accuro-pump/?srsltid=AfmBOorYz4CwaR1mkZoLv2dI5tBwfWkp28IAtWEVm62CH5JjyYjgye5X

