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ABSTRACT

Deregistration of chemical fumigants in stored agricultural produce makes it urgent to find 
alternative solutions for the safe and durable storage. The ozone layer depletion and developing 
chemical resistance in pest due to continuous application of methyl bromide (MB) and phosphine 
(PH3), respectively, are the major reasons of phasing out of chemical methods. To overcome 
this global problem, a large number of potential alternative methods have been suggested but 
limitations prevent direct replacement. These methods include controlled atmosphere (CA), 
modified atmosphere storage (MAS), temperature manipulation, hermetic storage, pressure 
manipulation (hyperbaric and hypobaric) and combination of these technologies as hurdles to 
pest. The previous research proved that hermetic storage of agriculture produce in flexible bag 
could be an attractive non-chemical and environment benign technology. It can be used in three 
manners, i.e. organic storage, fumigation with inert gas and vacuum hermetic fumigation (VHF). 
The vacuum of 50 ± 10 mm Hg was developed inside the hermetic bag which was maintained 
to this limit using periodic use of rotary vane vacuum pump. Research evidences proved that 
egg stages were the most resistant stage in insects which take 46 h in Trogoderma granarium 
(Everts) for LT99 on 55% r.h. and 30°C interstitial condition. The lethal time for LT99 in all stages 
of insects (i.e. egg, larva, pupa and adult) increases with the reduction in temperature up to a 
certain limit. The advantages of this approach of vacuum fumigation in flexible bags involve no 
toxic chemical and short exposure time to LT99 in comparison to phosphine in same conditions.
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Rapid population growth is one of the major global 
issues. It is expected to reach 8.1 billion in 2025 and 
9.6 billion in 2050 (UN Report, 2015). The depleting 
and limited resources had diverted the research towards 
the food safety in future. Storage is the major unit 
operation in the food chain from farmer to consumer 
table. It is important to store the food in such an 
environment which plays as safeguard against biotic 
and abiotic components responsible for the post-harvest 
losses (Somavat et al., 2014). A survey conducted all 
over India, reveals that about 2.8–4.7% post-harvest 
losses of cereals (wheat, paddy, maize, pearl millet and 
sorghum) occur during various unit operations (Nanda 
et al., 2012). In addition, to improve the efficiency 
of the storage some chemical fumigants have to be 
used. Globally, methyl bromide and phosphine are the 
major fumigants used in the grains storage. Methyl 

bromide is an ozone depleting substance (ODS); 
continuous use of phosphine has developed chemical 
resistance in the insects (Ahmad et al., 2013). In the 
era of information technology, the consumer is well 
aware and demands for the residue free and organic 
food. Consumer resistance against the use of chemical 
fumigants in stored products and international trade 
treaties increase the focus to find green and residue free 
technology. A number of technologies in combinations 
or alone has been tested or are under testing for the 
organic storage of food. Controlled atmosphere (CA)/ 
modified atmosphere storage (MAS), temperature 
manipulation, hermetic storage, pressure manipulation 
(hyperbaric and hypobaric), safe fumigants of botanical 
derivatives and combination of these technologies; 
each have certain merits and limitations restricting 
direct replacement for the existing chemical methods 
(Kucerova et al., 2013). The previous research has 
proved that hermetic storage of agriculture produce 
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Table 1. Atmospheric pressure and their equivalent partial pressure of oxygen expressed in mm Hg and in percentage 

Vacuum, mm Hg 760 600 500 400 300 200 100 50
Oxygen, mm Hg 159 125 105 84 63 42 21 11
Oxygen, % 20.9 16.5 13.8 11.0 8.3 5.5 2.8 1.4

Source: Finkelman et al. (2004)

Table 2. The effect of 55±10 mm Hg at 18/30°C and 55 ± 3% r.h. on all stages of Ephestia cautella and Tribolium castaneum

Development stages LT99 at 18°C, h LT99 at 30°C, h
T. castaneum E. cautella T. castaneum E. cautella

Egg 96.3 148.8 53.0 40.7
Larva 36.8 43.6 <28.0 <28.0
Pupa 71.8 26.2 <38.0 <8.0
Adult 29.9 76.7 <28.0 <10.0

Source: Finkelman et al. (2002)

in flexible bag could be an attractive non-chemical 
and environment benign technology. It can be used in 
three manners, i.e. organic storage, fumigation with 
inert gas and vacuum hermetic fumigation (Navarro 
et al., 2012).

Earlier vacuum hermetic fumigation was 
abandoned due to unavailability of flexible container 
for the maintenance of negative pressure. Evolution 
of technologies enabled to maintain vacuum inside the 
flexible structure using the vacuum pump periodically 
(Finkelman et al., 2003). The maintenance of vacuum 
below 100 mm of Hg helps preserve the quality and 
quantity of the non-crushable commodities. This 
ensures 99% mortality of the insects and pests in 
storage ecosystem (Finkelman et al., 2002). This 
technology is used for quarantine purpose in infested 
grains as well as prevention of insect proliferation. In 
this review, suitability of vacuum hermetic fumigation 
for storage of grains and future prospects are discussed 
briefly.

VACUUM HERMETIC FUMIGATION
Vacuum is maintained in the three-layer ultra-low 

permeability PVC based, sealed, flexible and mobile 
innovative storage system, equipped with an airtight 
zipper (Navarro et al., 2001). Using flexible bags, it was 
practical to maintain sufficiently low pressures (below 
100 mm Hg absolute pressure) necessary for 99% 
insect mortality (LT99) using a commercial vacuum 
pump (Navarro et al., 2001). Rotary-vane, oil lubricated 
vacuum pump with oil type filter should be used to 
avoid the problem of corrosive outgassing of vapours 
from stored commodity. Commercially, these flexible 
bags are now available in international and national 
market as ‘VolcaniCubesTM’, ‘GrainProCocoonsTM’, 
MegaCocoonsTM or TranSafelinerTM for small and 

large scale storage (Navarro et al., 2001; Jonfia – Essien 
et al., 2010). There is a provision of one directional 
valve and a quick release hose at the base or bottom 
of bag used to connect vacuum pump with 1.5” pipes. 
The non-crushable commodities can be stored in bulk 
or stack of bags on pallets inside the structure. The bag 
shrinks over the material under vacuum and shaped 
as stored material (Finkelman et al., 2004). Several 
studies showed that VH-F has potential of being used 
for quarantine and pre-shipment (QPS) treatments as 
a safe alternative to MB with similar exposure time 
for insect control (Finkelman et al., 2002). 

Under vacuum, insect control was caused by the 
low par tial pressure of oxygen in storage ecosystem 
(Table 1), resulting in hypoxia and also dehydration 
due to removal of water vapour (Adler et al., 2000). 
Research evidences proved no signifi cant role of the 
vacuum itself in insect control (Finkelman et al., 2004).

INSECT CONTROL IN VACUUM HERMETIC 
FUMIGATION

Finkelman et al. (2002) observed that all life stages 
of Ephestia cautella (Walker) and Tribolium castaneum 
(Herbst) were controlled in the infested cocoa beans 
(Theobroma cocoa L.) stored under 55 ± 10 mm Hg 
at 30°C and 55 ± 3% r.h. The lethal time needed to 
obtain 99% mortality (LT99) for all life stages of insect 
varied between 8 and 96.3 h, for at storage temperature 
of 18º and 30°C (Table 2). The result also revealed 
that the egg stage of both the species was the most 
resistant stage at both 18°C and 30°C temperature. 
The time for LT99 was reduced to about one-third on 
increasing the temperature from 18º to 30°C.

Finkelman et al. (2002) conducted a field trial 
with 15 m3 capacity of Volcani CubeTM for cocoa 
beans infested with E. cautella and T. castaneum. 
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Table 3 Influence of carbon dioxide concentrations on LT99 of Trogoderma granarium larvae at three different temperatures 
with 25–29 mm Hg

Temperature, °C CO2 concentration, %
60 70 80 90

30 38 29 - 29
40 24 28 20 -
45 15 17 15 10

Source: Navarro et al. (2002)

vacuum (1 kPa) significantly shortened the exposure 
time (LT99) necessary to reach 100% mortality in the 
tested beetles (Kucerova et al., 2013). The eggs of 
E. cautella, P. interpunctella, Rhyzopertha dominica,
and T. castaneum were exposed to pressures of 50,
75, 100, 200 and 300 mm Hg at 5, 15, 22.5, 30, and
37.5ºC, respectively, for times ranging from 12 to 168
h in a glass chamber. In all four species, the mortality
of eggs increased with the increasing exposure time
and temperature. Low temperatures and high pressures
were observed to be least effective for killing eggs in
comparison with high temperatures and low pressures
combinations in all species investigated (Mbata et al.,
2004). In a similar laboratory experiment by Mbata
and Philips (2001), on eggs, larvae and pupae of T.
castaneum, P. interpunctella and R. dominica at 32.5
mm Hg at 25, 33, 37 and 40°C for times ranging from
30 min to 144 h in rigid glass chambers. Pupae stages
of T. castaneum and R. dominica were more tolerant
to vacuum than larvae. Higher temperatures and low
pressure resulted in further significant reduction in
lethal time values.

CONCLUSION
The concept of using vacuum hermetic storage 

was proved effective in prevention and disinfestations 
of infestation in stored commodity. Exposure time for 
complete mortality of insects was less in comparison 
to phosphine fumigation for same quantity. It is a 
residue free, safe for storage workers and non-target 
organisms, environment benign and portable vacuum 
storage technology. VH-F has potential to replace 
existing toxic fumigants with high level of consumer 
acceptance and satisfaction. The vacuum of below 
100 mm Hg was to be maintained inside bag using 
rotary vane vacuum pump. Research on combinations 
of CO2, pressure and temperature showed 99% insect 
control with minimum exposure time. High level 
of carbon dioxide and lower temperature decreased 
the exposure time. Egg stages of insects were the 
most resistant stage. It is adopted in more than 40 
countries and possibly to expand even more rapidly 
in the future.

Pressure maintained at 23–75 mm Hg resulted complete 
mortality in three days’ exposure at 28.0 ± 0.5°C and 
65% r.h. inside the cube. In another study by Finkelman 
et al. (2004), the effect of 50 ± 5 mm Hg at 30°C 
and a r.h. of 55% on six important stored-product 
pests: Trogoderma granarium (Everts), Lasioderma 
serricorne (Fabricius), Oryzaephilus surinamensis (L.), 
T. castaneum, E. cautella and Plodia interpunctella
(Hübner) revealed that lethal time is different for
different insects and the exposure times needed to
obtain LT99was 46 h, 91 h, 32 h, 22 h, 45 h, and 49 
h respectively. Additional results proved that egg was 
the most resistant stage in all species of insects at 
lower temperatures or at higher relative humidity. Low 
temperature or high humidity prolonged the exposure 
times needed to achieve 99% mortality in insect. 
Navarro et al. (2002) investigated the combination of 
various treatments of CO2, and temperature along with 
vacuum to increase the effectiveness of disinfestation 
and concluded that by increasing CO2 concentration, 
the effectiveness decreased (Table 3). As the CO2 
concentration increased from 60% to 90%, LT99
time decreased to about 10 h at 45°C, whereas at 
35ºC the LT99 value was 29 h. For E. cautella and 
O. surinamensis under the same conditions, the LT99
values were 3 h and 9 h for the most resistant pupae
and egg non-mobile stages respectively. The LT99 value 
for L. serricorne adults exposed to low pressures (25 
mm Hg) at 30ºC was 15 h, and in case of T. granarium 
larvae it was 172 h. Sensitivity of the most resistant 
stage of the most resistant insect species determined the 
treatment or exposure time to low pressure (Navarro 
et al., 2002).

In a similar work, Kucerova et al. (2013) found that 
there were significant differences in the susceptibility 
to low pressure (vacuum) between the adult stages 
of Tribolium castaneum and S. granarius insects. 
T. castaneum was approximately 10 times more
susceptible to low pressure than S. granarius. The lethal
exposure times (LT99) for adult T. castaneum were 
15.1 h at 25°C and 30.8 h at 15°C. In case of adult S. 
granarius, values of LT99 were 160.1 h at 25°C and 
274 h at 15°C. A higher temperature under a constant 



255

insects exposed to low pressure. Journal of Economic 
Entomology 94: 1302–1307.

Mbata GN, Phillips TW, Payton ME (2004) Mortality of 
eggs of stored-product insects held under vacuum: effect 
of pressure, temperature and exposure time. Journal of 
Economic Entomology 97: 695–702.

Nanda SK, Vishwakarma RK, Bathla HVL, Rai A, Chandra 
P (2012) Harvest and postharvest losses of major crops 
and livestock produce in India. AICRP on PHT, CIPHET 
(ICAR), Ludhiana, Punjab.

Navarro S, Donahaye ERD, Azrieli A, Rindner M, Phillips 
T, Noyes R, Villers P, DeBruin T, Truby R, Rodriguez R 
(2001) Application of vacuum in transportable system 
for insect control. (In) International Conference on 
Controlled Atmospheres and Fumigation in Stored 
Products. 

Navarro S, Finkelman S, Donahaye E, Dias R, Rindner M, 
Azrieli A (2002) Integrated storage pest control methods 
using vacuum or CO2 in transportable systems. Iobc 
Wprs Bulletin 25(3): 207–214.

Navarro S, Timlick B, Demianyk CJ, White NDG (2012) 
Controlled or modified atmospheres. (In) Hagstrum 
DW, Phillips TW, Cuperus GW (eds), Stored Product 
Protection (eds). Kansas State University, KSRE Publ. 
S–156, pp 191-202.

Somavat P, Huang H, Kumar S, Garg MK, Danao MG, 
Singh V, Rausch KD, Paulsen MR (2014) Comparison 
of hermetic storage of wheat with traditional storage 
methods in India. ASABE Paper No. 1898076, presented 
at 2014 ASABE Annual International Meeting, Jul 13–16, 
2014, Montreal, Quebec Canada.

UN 2015: http://www.un.org/en/development/desa/news/
population/2015-report.html.

REFERENCES
Adler C, Corinth HG, Reichmuth C (2000) Modified 

atmospheres. (In) Subramanyam BH, Hagstrum DW 
(Eds) Alternatives to Pesticides in Stored-Product IPM. 
Kluwer Academic Publishers, Boston, pp 105–146.

Ahmad A, Ahmed M, Noorullah Ali QM, Abbas M and Arif 
S (2013) Monitoring of resistance against phosphine in 
stored grain insect pests in Sindh. Middle-East Journal 
of Science Research 16(11): 1 501–1 507.

Kucerova Z, Kyhos K, Aulicky R, Stejskal V (2013) 
Low-pressure treatment to control food-infesting pests 
(Tribolium castaneum, Sitophilus granarius) using a 
vacuum packing machine. Czech Journal of Food Science 
31: 94–98.

Finkelman S, Navarro S, Rindner M, Dias R, Azrieli A (2003) 
Effect of low pressures on the survival of cocoa pests at 
18°C. Journal of Stored Products Research 39: 423–431. 

Finkelman S, Navarro S, Rindner M, Dias R, Azrieli A 
(2004) Effect of low pressures on the survival of three 
cocoa pests at 30°C. Journal of Stored Products Research 
40: 499–506.

Finkelman S, Navarro S, Isikber A, Dias D, Azrieli A, 
Rindner M, Lotan Y, Debruin T (2002) Application 
of vacuum to sealed flexible containers: a viable 
alternative to disinfestation of durable commodities with 
methyl bromide. (In) Batchelor TA, Bolivar JM (Eds) 
Proceedings of International Conference on Alternatives 
to Methyl Bromide. 5–8 March 2002, Sevilla, Spain, 
pp 145–149.

Jonfia-Essien W, Navarro S, Villers P (2010) Hermetic 
storage: a novel approach to the protection of cocoa 
beans. African Crop Science Journal 18(2): 59–68.

Mbata GN, Phillips TA (2001) Effects of temperature 
and exposure time on mortality of stored-product 

SUNIL KUMAR, DEBABANDYA MOHAPATRA, NACHIKET KOTWALIWALE, K K SINGH




