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Simple Summary: Smallholder farmers in sub-Saharan Africa lose grain to insect pests during
storage. To reduce these losses, several storage technologies are available for sale in East Africa;
but only a few are marketed in West Africa. We assessed the performance of four types of hermetic
bags (SuperGrainbagTM, AgroZ® bag, EVALTM, and Purdue Improved Crop Storage-PICSTM
bags), as well as an insecticide-treated woven bag (ZeroFly®), and a polypropylene (PP) woven bag.
The trials sought to determine if these technology packages prevent losses of insect-infested maize
purchased in local markets in northern Benin. After seven months of storage, we found that maize
stored in hermetic bags did not suffer further damage or lose weight due to insects. By contrast,
grain stored in insecticide-treated and regular PP woven bags had weight losses of 6.3% and 10.3%,
respectively. Grain moisture content of maize kept in hermetic bags remained unchanged during the
7-month storage period. However, moisture content decreased by about 30% in insecticide-treated
and PP woven bags due to the prevailing dry environmental conditions. Farmers and development
agencies in the Sahel can use and/or recommend these hermetic technologies to reduce maize grain
storage losses due to insects.

Abstract: Several postharvest technologies are currently being commercialized to help smallholder
farmers in sub-Saharan Africa reduce grain storage losses. We carried out a study in Northern Benin
to compare the effectiveness of five technologies being sold to protect stored grain. Maize that had
been naturally infested by insects was stored in four hermetic storage technologies (SuperGrainbag™,
AgroZ® bag, EVAL™, and Purdue Improved Crop Storage-PICS™ bags), an insecticide impregnated
bag (ZeroFly®), and a regular polypropylene (PP) woven bag as control. Oxygen levels in hermetic
bags fluctuated between 0.5 ± 0.0 (v/v) and 1.0 ± 0.3 (v/v) percent during the seven months of storage.
No weight loss or insect damage was observed in grain stored in any of the hermetic storage bags
after seven months. However, grain stored in ZeroFly® and PP woven bags had weight losses of 6.3%
and 10.3%, respectively. These results will help farmers and development agencies when making
decisions to use and/or promote storage technologies to reduce postharvest grain losses.

Keywords: insect pests; grain losses; hermetic storage bags; Sahel; West Africa

1. Introduction

Maize is a major staple food crop in several countries in sub-Saharan Africa. Significant crop losses
can occur during postharvest handling and storage. Maize postharvest losses vary significantly by crop,
stage in the value chain, and geography but may reach up to 20% or higher [1–6]. Losses are primarily
caused by feeding associated with population growth of pests (particularly insects, rodents, etc.)
and the presence of mycotoxins [7–10]. To deal with postharvest losses during storage, farmers employ

Insects 2020, 11, 541; doi:10.3390/insects11080541 www.mdpi.com/journal/insects

http://www.mdpi.com/journal/insects
http://www.mdpi.com
https://orcid.org/0000-0003-4170-8948
http://dx.doi.org/10.3390/insects11080541
http://www.mdpi.com/journal/insects
https://www.mdpi.com/2075-4450/11/8/541?type=check_update&version=2


Insects 2020, 11, 541 2 of 12

a variety of measures including traditional methods, applying chemicals, or selling their grain soon
after harvest. Many of the storage methods used by farmers have challenges. These include limited
access and cost-effectiveness, lack of scalability, and in some cases, they are not adapted to local
situations. Selling grain right after harvest results in loss of potential income and food insecurity at the
household level. Some smallholder farmers sell most of their grain due to households’ needs for cash
after harvest [11], resulting in food insecurity in subsequent months. Often, grain prices significantly
increase (e.g., may double) from harvest to lean season [12,13]. Hence, storing grain provides an
opportunity to be food secure but also allows farmers to tap into better grain prices.

Hermetic storage is an ancient technology that has received renewed attention in recent decades
and has led to development of modern hermetic storage technologies (HST). These HSTs have been
used to preserve grain and seed during storage [14–16]. Hermetic technologies encompass rigid
containers such as plastic and metal silos and drums as well as collapsible containers such as hermetic
bags. In the last two decades, hermetic grain storage bags have been tested and promoted around the
world, but their scale-up began in West and Central Africa with the widespread dissemination of the
Purdue Improved Crop Storage (PICS™) [12,17]. The PICS™ bags were first promoted for cowpea
storage [14] but later on were proven to be effective in storing a variety of crops including maize,
common beans, rice, sorghum, Bambara nuts, and mung beans [7,8,18–20].

The strategy used to scale-up the PICS™ technology in West and Central Africa attracted
private sectors, governments, and donors to invest in the development and/or the dissemination
of hermetic technologies. The SuperGrainbag™, a single layer hermetic bag promoted in Asia for
rice storage, was introduced into the African market in the late 2000s by GrainPro [21]. In recent
years, several other hermetic storage bags were introduced to smallholder farmers in Africa, including
AgroZ® (manufactured by A to Z in Arusha, Tanzania) and Elite (manufactured by Elite Innovations in
Eldoret, Kenya) bags [13,22,23]. In addition, Kuraray Co. Ltd. (Osaka, Japan) began exploring markets
for its EVAL™ bags in the African market. Several studies have been conducted to assess the efficacy of
different hermetic bags for storage of grains in different countries and regions of the world [18,24–29].
Limited studies have looked at comparing the different hermetic bags available in sub-Saharan Africa.
A side-by-side experiment comparing PICS™ and SuperGrainbag™ for storing cowpea in Niger found
no difference in effectiveness between the two hermetic bags [30]. Additional studies comparing
several hermetic bags for controlling Prostephanus truncatus (Horn, Coleoptera: Bostrichidae) on stored
maize in Malawi, Tanzania, and Zimbabwe found no difference among these technologies [22,28,31].
These hermetic bags are as effective as and often better than insecticides in protecting grains against
insect attacks during storage [24,27,32].

More brands of hermetic bags are becoming commercially available due to the growing demand
among smallholder farmers and the interest of the private sector in the business. In Kenya, more than
five brands of hermetic bags are being commercialized, including PICS™, AgroZ®, SuperGrainbag™,
ZeroFly®, and Elite bags [13]. Increased availability of various brands of hermetic bags is beneficial to
farmers and other users of these technologies. Before these hermetic bags are fully commercialized
in the Sahel region, there is a need to assess their performance in field conditions. Do they all
work, and equally well? If so, then other considerations need attention, including cost, availability,
and durability. We undertook this study to compare side-by-side performance of bag storage
technologies available in East Africa for preserving maize in the Sahel. The findings of the study should
be useful for farmers, grain traders, development agencies, and governments in decision-making for
postharvest maize preservation.

2. Materials and Methods

The experiment was conducted in Parakou, Benin in collaboration with a group of maize
traders. The trials were initiated on 14 August 2016 during the rainy season and were ended on
19 March 2017 during the dry season (218 days or about seven months). Five types of storage
technologies were tested, including PICS™, SuperGrainbag™, AgroZ®, EVAL™, and ZeroFly® bags.



Insects 2020, 11, 541 3 of 12

Conventional polypropylene (PP) woven bags were used as controls. The characteristics of the various
bags used in this experiment are described in Table 1. They include brand, composition, thickness,
and supplier of bags (where the bags were purchased or donated from). The capacity of the bags used
in this experiment ranged from 50 to 100 kg. The bags were filled with 50 kg of naturally-infested maize
purchased locally. All the maize was thoroughly mixed to ensure homogeneity before filling the bags.
All bags were closed using strings as described in an extension training guide [33]. Each treatment was
replicated four times. The bags were kept in a trader’s warehouse for the duration of the trial.

Table 1. Characteristics of six storage bags tested during this experiment in Parakou Benin.

Hermetic Bags Woven Bag (PP) Liner * Liner Thickness
(µm) Supplier

PICS™ bag 1 PP bag 2 high density
polyethylene liners 80 Lela Agro Industries Ltd.

Kano, Nigeria

AgroZ® bag 1 PP bag 1 multilayer
polyethylene liner 90 A to Z Textile Mills Ltd.

Nairobi, Kenya

SuperGrainbag™ 1 PP bag 1 multilayer
polyethylene liner 78 GrainPro Inc., Ltd.

Nairobi, Kenya

EVAL™ bag ** No PP bag 1 multilayer
polyethylene liner 100 Kuraray Private Ltd.,

New Delhi, India

ZeroFly® storage bag *** 1 PP bag No liner NA Vestergaard Frandsen
Ltd., Nairobi, Kenya

PP bags 1 PP bag No liner NA Lela Agro Industries Ltd.
Kano, Nigeria

* Bags with at least one liner are hermetic. ** In this experiment, EVAL™ liner was fitted with a PP woven bag to
provide support and ease handling. *** Polypropylene bag is impregnated with insecticide Deltamethrin.

The infestation level in the maize was assessed at the beginning of the experiment and after seven
months. Twelve 500 g samples (n = 12) were randomly collected from each treatment (three samples
per replicate). Each 500 g sample was sieved to separate and count live adults of each insect species.
Three sub-samples of 100 grains were randomly taken from each of the three 500 g samples, resulting in
900 grains per replicate (n = 36 per treatment). These 100 grain sub-samples were used to assess insect
damage and weight loss. We calculated the insect-damaged grain [34] and the weight losses [35] using
the formulas below:

% Insect− damaged grain =
(Number of damaged grains)

Total grain count
× 100

% weight loss =
(DWo− DWt)

DWo
× 100

where DWo is dry weight at the beginning, and DWt is dry weight at the end. The DW was obtained

using the following formula DW = Weight (100−MC)
100 where MC is the moisture content of the sample.

Grain moisture content was measured using the Dickey John mini GAC (DICKEY-john, Auburn,
IL, USA). Three measurements were made for each replicate (12 measurements for each treatment).
Oxygen and CO2 concentrations in each bag were recorded one day after closing the bags and just
before opening them using a Mocon PAC Check Model 325 Headspace analyzer (Mocon, Minneapolis,
MN, USA) fitted with a 20-gauge hypodermic needle for sampling through the walls of the storage
bags. The puncture hole in the outer bag was sealed with plastic tape after each measurement.
Data loggers, EL-USB-2 model (Lascar, Whiteparish, Wiltshire, UK), were placed in one bag for each
treatment to record temperature and relative humidity during the duration of the experiment. The data
logger recorded temperature and relative humidity every one hour. Data presented in the graphs are
daily averages. Upon completion of the experiment, the liners of hermetic bags were inspected for
perforations (holes) made by insects.
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Microsoft Excel was used to calculate means and standard errors of means. For both temperatures
and relative humidity, daily averages were calculated. The statistical analysis was done with SPSS 24.0
(IBM Corporation, Armonk, NY, USA). The analysis of variance (ANOVA) followed by least significant
difference (LSD) was used to compare means of oxygen and carbon dioxide concentrations, weight loss,
infestation levels, and damage per treatments.

3. Results

The maize used in this experiment had an initial mean infestation of 52.5 insects per 500 g
of which 50.0% were Sitophilus zeamais Motschulsky (Coleoptera: Dryophthoridae), 20.5% were
P. truncatus, and 29.5% were other insects (Rhyzopertha dominica (Fabricius) (Coleoptera: Bostrichidae),
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), and Cryptolestes ferrugineus Stephens
(Coleoptera: Laemophloeidae)) (Table 2). After seven months of storage, no live insects were
observed in any of the hermetic bag treatments. However, in the PP woven and the ZeroFly® storage
bags, insect populations ranged from 1.8 to 5.3 insects per 500 g for S. zeamais, R. dominica, T. castaneum,
and C. ferrugineus. No P. truncatus population was observed in PP woven bags and ZeroFly® storage
bag treatment at the end of the experiment.

Table 2. Live insect population (number per 500 g) in naturally infested maize grain stored for seven
months using six storage bags in Parakou, Benin.

Treatments n P. truncatus S. zeamais R. dominica T. castaneum C. ferrugineus

Initial
infestation 72 10.8 ± 2.4 a 26.2 ± 4.0 a 3.8 ± 0.4 a 3.9 ± 0.9 a 7.9 ± 1.2 a

After 7 months
PICS™ bag 12 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 c 0.0 ± 0.0 b 0.0 ± 0.0 c

AgroZ® bag 12 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 c 0.0 ± 0.0 b 0.0 ± 0.0 c
SuperGrainbag™ 12 0.0 ± 0.0 b 0.0 ± 0.00 b 0.0 ± 0.0 c 0.0 ± 0.0 b 0.0 ± 0.0 c

EVAL™ bag 12 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 c 0.0 ± 0.0 b 0.0 ± 0.0 c
ZeroFly® bag 12 0.0 ± 0.0 b 2.8 ± 0.8 c 1.7 ± 0.5 b 5.3 ± 0.8 a 2.3 ± 0.7 b

Woven bag 12 0.0 ± 0.0 b 3.2 ± 0.9 c 1.8 ± 0.5 b 5.2 ± 0.9 a 2.6 ± 0.7 b

ANOVA
F = 9.90;
df = 6/89;
p < 0.01

F = 19.23;
f = 6/89;
p < 0.01

F = 19.95;
df = 6/89;
p < 0.01

F = 12.80;
df = 6/89;
p < 0.01

F = 16.35;
df = 6/89;
p < 0.01

Means within the same column followed by the same letter are not significantly different (least significant difference
(LSD) 5%).

After seven months of storage, the average grain moisture content (MC) in grain stored in hermetic
containers did not differ from that observed at the beginning of the experiment. By contrast, grain stored
in the PP woven bag and in the ZeroFly® storage bag exhibited decreased average moisture content by
4.3% (Table 3).

Table 3. Moisture level of naturally infested maize stored in six types of storage bags for seven months
in Parakou, Benin.

Treatments n Moisture Content (%; Mean ± Standard Error of the Mean)

Initial 72 13.4 ± 0.1 a
After 7 months

PICS™ bag 12 13.4 ± 0.2 a
AgroZ® bag 12 13.2 ± 0.1 a

SuperGrainbag™ 12 12.8 ± 0.1 a
EVAL™ bag 12 13.2 ± 0.1 a

ZeroFly® bag 12 9.1 ± 0.1 b
Woven bag 12 9.1 ± 0.1 b

ANOVA F = (150.11; df = 6/137; p < 0.01)

Means in the same column followed by the same letter are not significantly different (LSD 5%).
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A week after the launch of the experiment (21 August 2016), the average daily temperature was
higher in the woven PP bags and the ZeroFly® bags compared to the other treatments (Figure 1a).
Temperatures in the woven PP and in the ZeroFly® bags varied between 30.3 ± 0.0 and 30.6 ± 0.0 ◦C,
respectively, and between 27.5 ± 0.0 and 27.8 ± 0.0 ◦C for the hermetic bags (F = 1093.0, 5/138, p < 0.001).
Temperatures in the PP woven bags reached their highest point around the third week of November
2017 at 37.7± 0.0 ◦C. Average temperatures were the highest in the ZeroFly® bags and the four hermetic
storage methods around the same period. Towards the end of the experiment (5 March 2017), the mean
daily temperatures were different among the six treatments ranging from 34.5 ± 0.0 to 36.8 ± 0.1 ◦C
(F = 77.57, 5/138, p < 0.001).
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Three days after setting up the experiment, daily average relative humidity differed among the
six storage containers ranging from 72.0 ± 0.0 to 66.9 ± 0.0% (F = 2267.00, 5/138, p < 0.001) (Figure 1b).
Toward the third week of October, about two months after the experiment was set up, the relative
humidity in both the PP woven and the ZeroFly® bags was already trending lower. On the other
hand, the relative humidity in all hermetic bags remained relatively constant. Around 5 March 2017
(toward the end of the experiment), relative humidity remained lower in the woven bag and the
ZeroFly® bags ranging between 32.2 ± 0.2 and 39.0 ± 0.2%, but there was an upward trend.

One day after the launch of the experiment, oxygen levels in the hermetically sealed bags
drastically decreased from 21% to levels between 0.8% to 2.3% but were not significantly different
among the different hermetic bags (Table 4). In the non-hermetic bags (ZeroFly® and PP woven bags),
oxygen levels remained at around 20% one day after closing the bags and stayed at this level until the
end of the experiment. Oxygen levels in the ZeroFly® bag treatment did not differ from that noted
in the PP woven bag. The CO2 levels in each of the types of hermetic bags were not significantly
different one day after the closure of the bags (12.6% to 14.0%) and seven months later (14.1% to 16.6%).
The ZeroFly® bag treatment recorded CO2 levels (below 0.5%) comparable to those observed in the PP
woven bags during the two periods of observation.

Table 4. Levels of O2 and CO2 in six types of storage bags filled with naturally infested maize stored
for seven months in Parakou, Benin.

Level of GAS in Bags (%; Mean ± Standard Error of the Mean)

O2 CO2

Storage
Method n 1 Day After

Bag Closure
7 Months After

Bag Closure
1 Day After
Bag Closure

7 Months After
Bag Closure

PICS™ 4 0.8 ± 0.3 a 0.7 ± 0.4 a 13.3 ± 0.2 a 16.2 ± 0.6 c
AgroZ® bag 4 2.3 ± 0.9 a 0.7 ± 0.1 a 13.7 ± 0.3 a 16.1 ± 0.6 c

SuperGrainbag™ 4 1.0 ± 0.3 a 0.5 ± 0.1 a 12.6 ± 0.9 a 14.1 ± 0.1 a
EVAL™ bag 4 0.8 ± 0.2 a 0.5 ± 0.0 a 14.0 ± 0.12 a 16.6 ± 0.4 c

ZeroFly® bag 4 20.3 ± 0.1 b 20.04 ± 0.2 b 0.3 ± 0.1 b 0.5 ± 0.1 b
Woven bag 4 20.3 ± 0.1 b 20.3 ± 0.06 b 0.0 ± 0.0 b 0.3 ± 0.0 b

F = 589.26;
df = 5/18; p < 0.01

F = 4149.00;
df = 5/18; p < 0.01

F = 295.25;
df = 5/18; p < 0.01

F = 435.35;
df = 5/18; p < 0.01

Means within the same column followed by the same letter are not significantly different (LSD 5%).

After seven months of storage, we observed weight loss of 10.3% in PP woven and 6.3% in ZeroFly®

storage bag treatments, while there was no significant weight loss in any of the hermetic bags (Table 5).
In addition, no grain damage beyond that which was originally present was observed in hermetically
sealed bags while it more than doubled to 62.5% in the control PP woven bag and reached 53.3% in the
ZeroFly® storage bag treatments. At the end of the experiment, no perforations were observed on any
inner liners of the hermetic technologies (Table 5). However, some alterations/abrasions (small holes)
were observed on the liners of the hermetic bags; no significant difference was observed among
treatments. No perforations or abrasions were observed on the middle (second) liner of the PICS™ bag.
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Table 5. Grain damage and weight of naturally infested maize as well as number of abrasions on liner
of hermetic bags after seven months of storage in Parakou, Benin.

Treatments n 100 Grains Weight (g) % of Grains with Holes Abrasion/Bag *

Initial 216 30.6 ± 0.2 a 30.5 ± 0.9 a NA
After 7 months

PICS™ bag 36 30.8 ± 0.2 a 28.1 ± 2.6 a 16.3 ± 8.1 a
AgroZ® bag 36 30.2 ± 0.2 a 29.8 ± 0.5 a 17.0 ± 2.3 a

SuperGrainbag™ 36 30.3 ± 0.2 a 29.2 ± 1.0 a 14.0 ± 4.0 a
EVAL™ bag 36 30.2 ± 0.2 a 31.1 ± 1.1 a 11.7 ± 3.2 a

ZeroFly® bag 36 27.3 ± 0.6 b 53.3 ± 4.7 b NA
Woven bag 36 26.2 ± 0.3 c 62.5 ± 3.0 c NA

ANOVA F = 26.54; df = 6/137;
p < 0.01

F = 44.032; df = 6/137;
p < 0.01

F = 0.24; df = 3/11;
p = 0.865

Means within the same column followed by the same letter are not significantly different (LSD 5%). * n for the
abrasion (minor holes) is four liners for each brand of hermetic bag.

4. Discussion

This study carried out in a trader’s warehouse in Benin established that maize has several
post-harvest storage insect pests. The five insect pests that were present in maize grain at the
trial set-up were P. truncatus, S. zeamais, R. dominica, T. castaneum, and C. ferrugineus. Three insects
were predominant at the beginning of the experiment- S. zeamais, P. truncatus, and C. ferrugineus.
However, after seven months of storage, all insects had died in hermetic bags while there were still
live insects in the PP woven and the ZeroFly® bags. Hermetic bags are known to be effective at
suppressing insect development and reproduction in stored cereal and legume crops [7,8,18,24,36,37].
Our results corroborate findings of previous studies comparing several hermetic technologies in
the Sahel and other regions in sub-Saharan Africa: SuperGrainbag™ and PICS™ bags in Niger for
preserving cowpea [30]; PICS™, SuperGrainbag™, and AgroZ® bags in Tanzania for storing maize [22];
PICS™ and SuperGrainbag™ for storing maize in Kenya [38]; PICS™ and SuperGrainbag™ for storing
maize in Malawi [28]; and PICS™, SuperGrainbag™ and EVAL™ (Kuraray) bags in Zimbabwe for
maize storage [29,31].

In the PP woven and the ZeroFly® bags, P. truncatus died after seven months of storage;
the other four insect pests were still found alive. The supply of oxygen in both PP woven bags
and ZeroFly® bags allowed the insect pests to continue to develop and reproduce and damage the
grain. The present results are consistent with those of studies comparing hermetic and non-hermetic
storage methods in Ghana, Malawi, Tanzania, and Zimbabwe, which demonstrated that ZeroFly®

did not control insect populations during the experiments [28,29,39,40]. The higher temperatures
and the relative humidities observed during the first three months of the experiment favored insect
growth, development, and reproduction and contributed to the losses observed in the non-hermetic
technologies. Because they are porous to air, the grain held in PP woven and ZeroFly® bags was
affected by change in ambient relative humidity during storage. Low insect populations after seven
months of maize storage could be explained by the significant decrease in relative humidity in both PP
woven and ZeroFly® bags treatments. The relative humidity was high during the rainy season and
then dropped in the dry season. This low humidity may explain the low survival of P. truncatus seen
with non-hermetic technologies (PP woven bag and ZeroFly® bag), because this species develops best
at high relative humidity [41]. The increase and the drop in relative humidity may also explain the
decrease in moisture content of the maize grain in PP woven and ZeroFly® bags after seven months of
storage. As noted in previous studies, relative humidity and grain moisture content in the hermetic
technologies are least affected by prevailing ambient conditions [42–45].

There was no grain damage and negligible weight loss of the maize grain stored in hermetic bags.
In the control PP woven bag, there was an increase of 32.0% of grains with holes and 10.3% weight
loss after seven months of storage. This weight loss, though substantial, was lower than the 20–50%
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reported in other studies after 6–6.5 months of storage of maize in Benin [7,46,47]. The grain damage
and the weight loss in PP bags were due to the high level of insect infestation. Insects developed in the
ZeroFly® storage bag; however, the proportions of damaged grain and weight losses were 9.3 and 4.0
percentage points lower, respectively, compared to the control PP woven bag. This could be explained
by the fact that ZeroFly® bag yarns are impregnated with deltamethrin. This pesticide affects insects
when they come into contact with the wall of the bag during storage. Our results corroborated findings
of other studies that showed ZeroFly® bags do not effectively protect grain from insect damage during
storage [28,29,40]. Weight loss of 6.3% in this study was higher than 3.7% observed in Ghana [39],
lower than the 7.2% in Malawi [28], but significantly lower than the 23% and the 35% observed in
Zimbabwe [29] and Tanzania [40], respectively. The lower weight loss observed in grain stored in
Zerofly bags in this study was presumably due to the reduction in insect population caused by lower
relative humidity during storage.

The ZeroFly® technology designed to prevent both internal and external insect infestation did
not provide full grain protection but appeared to perform better than PP woven bags. Since these bags
are being sold in several countries in sub-Saharan Africa for on-farm grain storage, it was important to
assess their performance under field conditions. These results with ZeroFly® bags make it necessary
for farmers to disinfest their grain before storage, which is difficult to do under smallholder farmers’
conditions [28,29]. Access to and cost of fumigants is a challenge for many smallholder farmers.
The knowledge and the use of simple technologies such as solar disinfestation [48] are still limited in
many developing countries. Based on in-field efficacy studies conducted in several countries in Africa
that have shown insects survival and damage of grain stored in ZeroFly® bags [28,29,40], and despite
a laboratory trial in Ghana suggesting otherwise [39], a new ZeroFly® hermetic bag was developed by
Vestergaard Frandsen Ltd. The ZeroFly® hermetic bag is the ZeroFly® bag fitted with a multilayered
plastic liner inside to stop the development of insects inside the bags while the impregnated woven
bag (with the pesticide deltamethrin) stops infestations from outside [49]. ZeroFly® hermetic bags
are now commercially available in Kenya and several other countries in sub-Saharan Africa [13].
Cases of insects making holes in hermetic bags from outside have been reported during an on-station
experiment in Kenya and Malawi [27,28]; however, fewer farmers appear to report this as a major issue
during storage [13]. This is due to the training provided to farmers on proper handling of hermetic
bags during storage. Farmers are advised not to store hermetic bags together with PP woven or jute
bags that contain highly infested grain to minimize insect damage on the liners of hermetic bags from
outside [27,33].

We observed a substantial reduction in the oxygen content and an increase in CO2 in the hermetic
bags compared to the non-hermetic ones. Regardless of the different design (single, double, or triple
bags) and composition (monolayer or multilayer liner) of hermetic bags, all technologies exhibited
the same oxygen levels. Hermetic conditions allowed the preservation of the initial moisture content
level of the maize and the internal relative humidity during the seven months of storage. Maize grain
can safely be stored in hermetic bags at a moisture content of 14% or below, as no mold growth
or aflatoxin development were observed [50]. Because most smallholder farmers store grain that
is often used as seed for planting, it is recommended that maize be stored in hermetic bags at 13%
moisture content or below to preserve seed viability [26]. Hermetic conditions led to almost total
mortality of the insect pests, thus preventing losses during storage; this has already been noted by
several studies [7,8,22,24,29]. The lower temperatures observed in hermetic treatments during this
experiment confirm the inactivity of insect pests and the effectiveness of these methods in preserving
the maize grain.

Minor insect damage on liners of all hermetic bags were observed at the end of the storage period,
but it was not significantly different across all the hermetic technologies. These deteriorations or
blemishes were limited to scratching or possibly salivation due to insect pest activities. Similar findings
have been highlighted by other studies in sub-Saharan Africa [22,28,30]. Insect damages on liners of
single or double bags such as SuperGrainbag™, AgroZ® and EVAL™ bags could affect their reuse.
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The second liner of the PICS™ bags provides extra protection in case of insect damage, given that
most abrasions are limited to the inner most liner. To minimize damage on liners of hermetic bags,
farmers are advised to store clean grain (right after harvest and drying) when the insect infestation
is very low [33]. Other minor damages to liners such as small holes can be repaired with adhesive
tape to increase the longevity of these hermetic bags. While studies have shown that triple layers
(e.g., PICS™ bags) can be used to store grain during three seasons [13,51], no information is available
on single and double bags.

Since the launch of the scale-up of the PICS technology in the Sahel 12 years ago, it remains the
most commercially available hermetic bag to farmers in several countries [52]. Several projects and
initiatives have promoted several brands of hermetic bags in Kenya to reduce storage losses through
prize competition [23,53]. These efforts have provided the private sector with incentives to improve
the availability of hermetic bags among smallholder farmers. In addition, competition has led to
decreases in prices of hermetic bags (e.g., in 2014, a triple layer PICS™ bag was $3.00 USD while,
in 2019, the price of same PICS™ bags and other hermetic bags was about $2.50 USD). Similar efforts
to promote hermetic storage bags in West and Central Africa would help improve availability at the
farm-level, provide farmers with more alternatives, and eventually lead to a reduction in prices of
these technologies.

5. Conclusions

The results of this study show that hermetic bags SuperGrainbag™, AgroZ® bag, EVAL™ bag,
and PICS™bag are effective for safe maize storage in the Sahel. ZeroFly® hermetic bags (not tested in this
study) instead of the non-hermetic ZeroFly® storage bag would be preferred because most smallholder
farmers do not disinfest their grains before storage. Increased awareness of all these hermetic bags
among smallholder farmers and development partners (e.g., government, non-profit organizations
(NGOs), projects) in West Africa would increase competition and eventually improve availability and
reduce prices.
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