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1. Publications to peer review journals 

The following publications were developed in the frame of the project and are 

attached at the end of this deliverable: 

 

1. Faliagka, S., Agrafioti, P., Lampiri, E., Katsoulas, N., Athanassiou, C., 2020. 

Assessment of different inert dust formulations for the control of Sitophilus oryzae, 

Tribolium confusum and Aphis fabae. Journal of Stored Product Research, 137: 

105312, https://doi.org/10.1016/j.cropro.2020.105312 

2. Agrafioti, P., Faliagka, S., Lampiri, E., Orth, M., Pätzel, M., Katsoulas, N., & 

Athanassiou, C. G. Evaluation of silica-coated insect proof nets for the control of 

Aphis fabae, Sitophilus oryzae, and Tribolium confusum. Nanomaterials, 2020 10(9), 

1–12. https://doi.org/10.3390/nano10091658 

3. Faliagka, S., Katsoulas, N., 2022. Silica coated insect proof screens for effective 

insect control in greenhouses. Biosystems Engineering, 215, 21-31 

https://doi.org/10.1016/j.biosystemseng.2022.01.003. 

 

2. Presentations to Scientific symposia 

In addition, the following announcements have been done in International scientific 

symposia 

4. Pelzer M., 2018. Development of a Textile with Silica Coating for Environmental 

Friendly Control of Insects in Agricultural Production, Poster presentation by done 

to 15th International Conference on Nanosciences and Nanotechnologies (NN18), 

3-6 July 2018, Thessaloniki, Greece, 

https://www.nanotexnology.com/2018/images/stories/food/NN18_PROGRAM.pdf 

5. Katsoulas N, Athanasiou Ch, Agrafioti P, Baklavaridis A, Pelzer M, Schulte Ch, 2019. 

Development of an insect screen with silica coating for environmental friendly 

control of insects in greenhouses. XI International Symposium on Protected 

Cultivation in Mild Winter Climates & I International Symposium on Nettings and 

Screens in Horticulture held in Tenerife, Spain between January 27, 2019 and 

January 31, 2019.  

6. Faliagka, S., Germani, R., Agrafioti, P., Xidas, P., Athanassiou, C., Katsoulas, N., 2021. 

SiO2 applications as an alternative to insect control in greenhouses. 1st 

International Electronic Conference on Agronomy. 

https://doi.org/10.3390/IECAG2021-09720 

7. Faliagka, S., Germani, R., Agrafioti, P., Xidas, P., Athanassiou, Ch., Katsoulas, N., 2022. 

SiO2 applications as an alternative to insect control in greenhouses. Biology and 

Life Sciences Forum 2021, 3, 32. https://doi.org/10.3390/IECAG2021-09720  

 

https://doi.org/10.1016/j.cropro.2020.105312
https://doi.org/10.3390/nano10091658
https://doi.org/10.1016/j.biosystemseng.2022.01.003
https://doi.org/10.3390/IECAG2021-09720
https://doi.org/10.3390/IECAG2021-09720
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Finally, the following has been presented in Greek National Symposia 

8. Faliagka S and Katsoulas N, 2021. Effect of silica coated insect screens on screens 

air permeability and insects control. 12th Panhellenic Conference on Agricultural 

Engineering, 21-22 October 2021, Thessaloniki, Greece 
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In the following pages the manuscripts written in English are presented 
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Assessment of different inert dust formulations for the control of Sitophilus 
oryzae, Tribolium confusum and Aphis fabae 

Sofia Faliagka a, Paraskevi Agrafioti b,*, Evagelia Lampiri b, Nikolaos Katsoulas a, 
Christos G. Athanassiou b 
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A B S T R A C T   

The necessity to ensure the quality of food by simultaneously reducing the environmental footprint due to the 
extensive use of convectional insecticides has led to an increase in the efforts towards the development of non- 
chemical control strategies. Silicon dioxide is considered as a promising alternative active ingredient for the 
control of various arthropods in different crops and products. Silicon dioxide and the relative silicaceous ma-
terials (silica) are classified in the category of inert dusts, which act on arthropods through contact leading to 
desiccation. In our study, we tested three different silica-based dust formulations, Sylobloc® S200, Syloid® ED3 
and Syloid® ED5 in order to evaluate their pest control efficacy. As target species, we used, in laboratory bio-
assays, a field/greenhouse pest the aphid Aphis fabae and the stored-product pests Tribolium confusum and 
Sitophilus oryzae. These species were exposed to the aforementioned dusts under three different doses (0, 12.5, 
25.0 mg/petri) and different time intervals. Taking into account the exposure time of the above species to the 
inert dusts, S. oryzae adults and T. confusum larvae were more susceptible to ED5 at 25.0 and 12.5 mg, 
respectively, while A. fabae adults to S200 at the highest tested dose, since less time was needed in order to 
achieve the highest mortality. Sitophilus oryzae and T. confusum mortality was increased to 90% after the 7th day 
of post exposure period to all dust formulations, while the highest mortality levels of A. fabae were recorded after 
1 day of post exposure to S200. The results of this study show that these silicon dust formulations are effective to 
greenhouse and storage insect control and can be further exploited through various uses, e.g. in insect-proof nets 
to minimize the pest invasions in greenhouses.   

1. Introduction 

The invasion of insects in the protected environment of greenhouse 
crops can lead to enormous yield losses and quality deterioration 
causing significant economic damage. In order to exclude insects and 
minimize the application of pesticides, all vents of a greenhouse are 
usually covered by insect proof nets. Although the use of insect proof 
screens reduce the need for pesticide application; on the opposite the 
screens impede ventilation (Katsoulas et al., 2006), intensifying the 
problem of high internal temperatures (Kittas et al., 2001, 2009). In 
addition, screenhouses, which are structures completely covered by 
screens are also popular among growers in arid and semiarid regions like 

the Mediterranean area, due to the environmental and agronomic ben-
efits they offer (Kitta et al., 2014). The mesh size of nets is of great 
importance, since fine mesh nets may prevent the invasion of insects but 
at the same time reduce ventilation capacity (Teitel, 2001). According to 
Weintraub et al. (2017), the exclusion of thrips can be achieved when 
the diameter of the openings of an insect proof net is less than 0.2 mm. 
Nevertheless, nearly 50% of the ventilation can be reduced due to the 
use of anti-aphid and anti-thrip nets (Fantassi et al., 2002; Rigakis et al., 
2015). Bell and Backer (2000) found that mesh size is not always related 
to the penetration of small sized insects such as thrips and whiteflies in 
the interior of a greenhouse. Indeed, the entry of these insects is often 
inevitable even by applying nets consisted of the finest mesh size 
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(Athanassiou et al., 2019; Paloukas et al., 2020). In fact, theses nets can 
be effective even mechanically, without the simultaneous use of in-
secticides (Athanassiou et al., 2019). 

Insecticide-treated nets have been widely used in order to protect 
greenhouse crops from insect infestations. According to a recent study, 
long lasting insecticide nets (LLINs) significantly reduced the population 
density of aphids and whiteflies in an open field cucumber crop (D�ader 
et al., 2015). However, Arthurs et al. (2018) found that the use of LLINs 
in the ventilation openings is unsuccessful despite the reduced number 
of thrips that eventually invade in the greenhouse, since increased 
reproduction of the incoming insects could cause qualitative losses and 
quantitative degradations. At the same time, the use of 
insecticide-treated (impregnated or coated) nets is classified in the 
category of chemical control methods, with the concomitant re-
quirements for regulatory issues and potential risks for the final com-
modity and the users/applicators. The application requires special 
attention and protection measures, such as gloves, in order to minimize 
exposure (Rumbos et al., 2018). One alternative to insecticide-treated 
nets is the development of a textile with silica coating for a non-toxic 
and environmental friendly control of insects in agricultural production. 

It is well known that the addition of silica in the nutrition of plants 
leads to the development of defense mechanisms against herbivores 
(Han et al., 2015). Thus, this element has been widely studied as an 
alternative method of natural insecticides. According to the desiccation 
theory of Zacher and Kunicke (1931), the mode of action of an inert dust, 
such as silica, is to adhere to the insect’s cuticle, disrupt its lipid layer 
causing water loss and eventually death (Subramanyam and Roesli, 
2000; Eroglu et al., 2017; Athanassiou et al., 2011, 2014, 2019). Silica is 
a very light, hygroscopic with low density material (Quarles, 1992; 

Subramanyam and Roesli, 2000). The size of silicon particles is of great 
importance, since the use of finest particles has been proved the most 
effective against a wide range of pests (Alexander et al., 1944; Kaval-
lieratos et al., 2010, 2012; Athanassiou et al., 2004, 2016; Vayias et al., 
2009; Rumbos et al., 2016). 

Traditionally, inert dusts have been applied to various types of agro- 
ecosystems, but have been extensively studied in the case of the post- 
harvest stages of durable agricultural commodities, in order to ensure 
food safety (Golob, 1997; Athanassiou et al., 2004; Kavallieratos et al., 
2010; Rumbos et al., 2016). In this context, numerous studies have been 
conducted in order to investigate the effect of various types of inert dusts 
in stored-product pest management. Diatomaceous earth (DE), silica 
gels and zeolites are mainly consisted of amorphous silica, which are 
widely applied in agriculture for their insecticidal properties due to their 
high silicon dioxide concentration (Athanassiou et al., 2004, 2005, 
2007; Eroglu et al., 2017). Dose as well as exposure time of insects to the 
inert dust differ compared to synthetic residual insecticides, but several 
DEs and zeolites have been used with success and are currently regis-
tered for this purpose in many parts of the word, including EU, USA and 
Australia (Arthur, 2000; Athanassiou et al., 2004, 2005, 2007, 2011, 
2014, 2019). Nevertheless, it is worth mention that the time of action of 
inert dusts is much slower in comparison to insecticides, which means 
that recovery is likely to occur under short exposures (Golob, 1997; 
Athanassiou and Arthur, 2018). The adults of Tribolium spp. are tolerant 
to DEs and thus, higher concentrations and longer exposure intervals to 
DEs are needed (Athanassiou et al., 2011). On the other hand, 
flat-bodied species, such as the rusty grain beetle, Cryptolestes ferrugienus 
(Stephens) (Coleoptera: Cucujiidae) are considered highly susceptible to 
DEs and zeolites (Subramanyam and Roesli, 2000; Eroglou et al., 2017). 
Moreover, mortality of insects exposed to inert dusts depends on food 
availability, given that the presence of food increases survival, appar-
ently through moderation of water loss (Vrba et al., 1983; Arthur, 1998). 
Wakil et al. (2010) found that adults of the rice weevil, Sitophilus oryzae 
(L.) (Coleoptera: Curculionidae) were dead after 4 days of exposure to a 
combination of DE and silica gel. 

The efficacy of silica is generally much greater than DE dusts due to 
its porosity. Although the deposition of silica dust may be less successful 
because of its weight properties, the small sized particles contribute to 
better adhesion of silica in the applied surface in comparison with DE. 
Furthermore, DEs need to be applied in high concentrations in order to 
achieve a satisfactory level of insect mortality (Athanassiou and Kor-
unic, 2007). The performance of a mixture consisting of silica and DE 

Table 1 
Probit analysis for KDt50, KDt95 and KDt99 of Sitophilus oryzae adults exposed to 
three different dusts at 12.5 and 25.0 mg for 180 min (KDt values are expressed 
as minutes).  

Dusts Dose (mg) KDt50 KDt95 KDt99 x2 P 

S200 12.5 322.1 (*) 487.2 (*) 555.6 (*) 0.65 0.99 
25.0 396.2 (*) 657.9 (*) 766.4 (*) 1.30 0.98 

ED3 12.5 778.9 (*) 1295.8 (*) 1510.0 (*) 0.75 0.99 
25.0 311.8 (*) 496.7 (*) 573.3 (*) 1.39 0.98 

ED5 12.5 321.9 (*) 525.9 (*) 610.3 (*) 0.56 0.99 
25.0 229.6 (*) 328.0 (*) 368.8 (*) 0.08 0.99 

*Confidence intervals could not be estimated accurately. 

Table 2 
Probit analysis for KDt50, KDt95 and KDt99 of Tribolium confusum larvae exposed to different dusts at 12.5 and 25.0 mg for 180 min (KDt values are expressed as 
minutes).  

Dusts Dose (mg) KDt50 KDt95 KDt99 x2 P 

S200 12.5 297.9 (*) 594.7 (*) 718.1 (*) 1.61 0.97 
25.0 283.2 (172.9–4082) 517.3 (*) 614.2 (348.6–10462.5) 2.70 0.91 

ED3 12.5 271.7 (*) 585.0 (*) 714.8 (*) 0.92 0.99 
25.0 312.6 (*) 621.1 (*) 783.2 (*) 1.37 0.98 

ED5 12.5 233.0 (155.1–724.9) 436.1 (276.4–1539.1) 520.2 (325.2–1877.9) 0.99 0.99 
25.0 270.2 (*) 542.5 (*) 655.3 (*) 2.49 0.92 

*Confidence intervals could not be estimated accurately. 

Table 3 
Probit analysis for KDt50, KDt95 and KDt99 of Aphis fabae adults exposed to different dusts at 12.5 and 25.0 mg for 180 min (KDt values are expressed as minutes).  

Dusts Dose (mg) KDt50 KDt95 KDt99 x2 P 

S200 12.5 237.8 (153.6–966.1) 460.5 (281.9–2142.0) 552.7 (333.6–261.1) 4.30 0.74 
25.0 176.6 (142.7–251.1) 272.0 (214.4–444.1) 311.5 (241.5–526.6) 0.44 0.99 

ED3 12.5 171.0 (127–239) 321.6 (231.1–611.8) 384.0 (272.5–745.6) 2.13 0.95 
25.0 207.0 (126–1740) 491.4 (281.3–4912.8) 609.1 (*) 2.75 0.90 

ED5 12.5 189.3 (125.9–535.6) 410.5 (*) 502.1 (314.2–1670.3) 2.37 0.93 
25.0 201.0 (124.1–1227.0) 474.5 (*) 587.8 (*) 3.38 0.84 

*Confidence intervals could not be estimated accurately. 
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has been proved to be more effective than DE itself when applied 
directly on the grains (Subramanyam and Roesli, 2000). According to 
Rojht et al. (2010), the effectiveness DEs on S. oryzae was mainly based 
on the high content of SiO2 obtained in the mixture. In this context, silica 
aerogels and related silicaceous materials that have enhanced silicon 
dioxide content are likely to provide higher and faster insect mortality 
(Athanassiou and Arthur, 2018). 

From the literature available, there are disproportionally few data on 
the application of inert materials in protected crops (greenhouses), as 
compared with stored-products, despite the fact that there are some 
initial results that show some good insecticidal efficacy. Theoretically, 
some of the major insect pests in greenhouses, such as aphids, whiteflies 
and thrips, are expected to be more susceptible to inert dusts than 
stored-product beetles, as they are soft bodied and desiccation occurs 
more rapidly. Nevertheless, in contrast with the use of inert materials in 
the stored product mass, the application of inert dusts on crops’ foliar 
area may not affect the non-leaf feeding insects. Massey et al. (2006) 
suggested that sap sucking insects such as aphids could avoid the silica 
particles applied on the leaf blade of a plant due to the occurrence of the 
stylet in their mouthparts. In an experiment conducted by Glenn et al. 
(1999) in apple leaves covered with kaolin there was a decrease in adult 
spirea aphid, Aphis spireacola Patch (Hemiptera: Aphididae) in a 24-h 
period, while kaolin also suppressed the production of nymphs in the 
treated apple leaves. Aphids are considered to be among the major and 
most frequent enemies detected in protected cultivations. They are 
mostly asexually reproduced sucking insects feeding from the phloem of 
plants. Moreover, aphids have developed significant resistance to a large 
number of convectional insecticides making their management very 
complex (Criniti et al., 2008). Numerous aphid species are accounted for 
high yield losses and the transmission of many plant viruses, causing 

additional damage (Yi and Gray, 2020). 
Considering the above, and in an attempt to evaluate silica for both 

aphids and stored-product insects, the aim of this study was to determine 
the insecticidal efficacy of three silicon dusts of different particle size for 
application in insect-proof nets, which can be utilized further as barriers 
in greenhouses. For this purpose, laboratory experiments were con-
ducted with the black bean aphid, Aphis fabae Scopoli (Hemipetra: 
Aphididae), which is a common pest in protected crops, and the 
confused flour beetle, Tribolium confusum Jacquelin Du Val (Coleoptera: 
Tenebrionidae) and S. oryzae, which are major stored-product pests. 

2. Materials and methods 

2.1. Tested insects 

Sitophilus oryzae and T. confusum have been reared at the Laboratory 
of Entomology and Agricultural Zoology (LEAZ), Department of Agri-
culture, Crop Production and Rural Environment, University of Thessaly 
at 25 �C, 65% relative humidity (r.h.) and continuous darkness, on 
whole wheat kernels and wheat flour, respectively. The A. fabae in-
dividuals used were taken from a colony that has been kept at the 
Laboratory of Agricultural Entomology, Benaki Phytopathological 
Institute, Attica, Greece for more than 20 years. The A. fabae was on 
Vicia faba L. plants at controlled conditions 20 � 1 �C, 65 � 2% r.h. and a 
photoperiod of 16 h in light: 8 h in dark, as suggested by Papanikolaou 
et al. (2011). Some of these plants were kept in LEAZ. 

2.2. Dust formulations 

The following inert dust formulations were used in the experiments: 
Sylobloc® S200, Syloid® ED3 and Syloid® ED5. All the formulations 
mentioned above are amorphous silica appearing as white, free flowing 
powder that contains different levels of silicon dioxide (SiO2). Specif-
ically, Sylobloc® S200, Syloid® ED3 and Syloid® ED5 (P&S Powder and 
Surface GmbH, Salzkotten, Germany) contain 99, 99–100 and 95–100% 
SiO2, respectively. The particle size for each dust formulation was 
2.9–3.5, 5.3–6.3 and 8.4–10.2 μm for Sylobloc® S200, Syloid® ED3 and 
Syloid® ED5, respectively. 

2.3. Bioassay series 

In the bioassays, the insecticidal efficacy of S200, ED3 and ED5 was 
assessed on plastic petri dishes (59.4 cm2 in surface) against individuals 
of the three species that were mentioned above. The “neck” of each Petri 
dish was covered with polytetrafluoroethylene dispersion (Northern 
Product, Cumberland, RI, USA), to prevent insects from escaping. The 
dust formulations were applied using a brush at the dose rates of 
0 (control), 12.5 and 25.0 mg per dish, per 59.4 cm2. There were two 
series of bioassays, which are illustrated below. 

2.3.1. First series of bioassays - immediate effect 
Ten individuals of the tested species were placed into the dishes, with 

separate dishes for each species. For each combination, there were three 
replicates with three sub-replicates (3 � 2 ¼ 6 dishes in total per com-
bination). An additional untreated series of dishes (without dust) were 
used as control. Insect knockdown and mortality was determined after 5, 
10, 15, 20, 25, 30, 60, 90 and 180 min of exposure. In total, 126 petri 
dishes were used in this series of bioassays. The adults of A. fabae were 
placed in petri dishes by using a single fine brush in order to minimize 
the possibility of injuring them while transferring. 

2.3.2. Second series of bioassays - delayed effect 
In this series of bioassays, individuals of the above species were 

exposed on petri dishes for 15, 30 and 60 min and three dose rates, i.e. 
0 (control), 12.5 and 25.0 mg, as above. In brief, ten individuals of each 
species (for S. oryzae and A. fabae) and life stage (for T. confusum) tested 

Table 4 
Mean knockdown and mortality (�SE) of Sitophilus oryzae adults after exposure 
to three different dust formulations (S200, ED3 and ED5) applied at three dose 
rates (12.5, 25.0 and 0 mg) for 15, 30 and 60 min.  

Dusts Time 
(min) 

12.5 mg 25.0 mg Control (0 mg) 

KD Mortality KD Mortality KD Mortality 

S200 15 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

30 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

60 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

F – – – – – – 
P – – – – – – 

ED3 15 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

30 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

60 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

F – – – – – – 
P – – – – – – 

ED5 15 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

30 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

60 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

F – – – – – – 
P – – – – – –  
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in the previous bioassays were placed in dishes for each combination of 
dose – exposure interval. After the termination of each exposure inter-
val, knockdown and mortality were assessed. Then, all insects (dead, 
knocked down, alive) were transferred from the treated to untreated 
dishes with cracked wheat (0.5 � 0.1 gr) for S. oryzae and wheat flour 
(1.0 � 0.1 gr) for T. confusum, while no food was added in the case of 
A. fabae, as suggested by Paloukas et al. (2020). The petri dishes were 
placed into an incubator set at 25 �C and 65% r.h. Then, the petri dishes 
for A. fabae were evaluated for knockdown and mortality after 1 day, 
whereas for the other species the dishes were evaluated after 1, 7 and 10 
days. In this series of bioassays, there were three replicates with two 
sub-replicates for each combination (3 � 2 ¼ 6 dishes per combination). 
An additional series of untreated dishes was used as controls, as above. 
In total, 324 petri dishes were used in this series of bioassays. 

2.4. Statistical analysis 

For the first series of bioassays, we used Probit Regression Analysis to 
estimate the knockdown time, i.e. KDt50, KDt95, KDt99 for each species, 
dust and dose. For the second series of bioassays, separately of each 
species, the data (knockdown and mortality) were submitted separately 
to a two-way ANOVA, to determine differences among the exposure 
intervals (15, 30 and 60 min) and the dust formulations, while means of 
knockdown and mortality were separated using the Tukey-Kramer HSD 
test at the 5% level. Furthermore, a Student’s t-test for independent 
samples at the 5% level was used, within each exposure interval, to 
determine differences between the two doses (12.5 and 25.0 mg). The 
same approach was conducted for the delayed effect. The data were 
analyzed using SPSS 25.0 (SPSS Inc., Chicago, Illinois, USA). 

3. Results 

3.1. First series of bioassays - immediate effect 

Control mortality was generally low for all tested species. In the first 
series of tests, KDt values were found to fit the data well, in all cases 
(Tables 1–3). Confidence interval values (CI) could not be estimated for 
S. oryzae and T. confusum (in some of the cases examined), in contrast 
with A. fabae (Tables 1–3). 

Overall, KDt99 values for S. oryzae at S200 were much higher than 
those of ED5, in which 369 min (approximately 6 h) was estimated as the 
lowest value (Table 1). In contrast, the lowest KDt99 value for 
T. confusum was noted at the lowest dose by using ED5 (520min), 
whereas the highest KDt99 value was achieved by using ED3 at 783 min 
(Table 2). Moreover, for A. fabae the estimated values were considerably 
lower than those of the other two species. Hence, for A. fabae KDt50 for 
ED3 was approx. 3 h, whereas KDt99 for S200, was approx. 5 h (Table 3). 

3.2. Second series of bioassays – delayed effect 

In some of the cases tested there was a considerably high range in 
mortality levels (Tables 4–9). All tested dusts were not effective against 
S. oryzae in all exposure intervals (15, 30 and 60 min) for both doses 
tested (12.5 and 25.0 mg) (Table 4). However, after exposure for 30 and 
60 min, knockdown was significantly increased at the 1 d post-exposure 
period, as compared with the 15 min knockdown levels, for both S200 
and ED3 (Table 5). In general, mortality did not exceed 20% at the 1 day 
of post-exposure period, for both doses (Table 5). Nevertheless, at the 7 
d post-exposure, mortality was notably increased and exceeded 90% in 
all cases. Finally, in most of the cases, complete control (100%) was 
achieved at the 10 d post-exposure period (Table 5). 

For T. confusum, all tested dusts were not effective, since mortality 

Table 5 
Mean delayed knockdown and mortality (% � SE) of S. oryzae adults that had been exposed for 15, 30 and 60 min to three dust formulations (S200, ED3 and ED5) 
applied at two dose rates (12.5 and 25.0 mg), 1, 7 and 10 days after the termination of the exposure.  

12.5 mg 25.0 mg  

1st Day 7th Day 10th Day 1st Day 7th Day 10th Day 

KD Mortality KD Mortality KD Mortality KD Mortality KD Mortality KD Mortality 

S200 
15 

min 
8.3 � 4.0 AB 8.3 � 4.0 0.0 �

0.0 
96.6 � 3.3 0.0 �

0.0 
98.3 � 1.6 8.3 � 3.0 1.6 � 1.6 0.0 �

0.0 
91.6 � 5.4 0.0 �

0.0 
96.6 � 2.1 

30 
min 

1.6 � 1.6 Aa 0.0 � 0.0 0.0 �
0.0 

86.6 � 4.2 0.0 �
0.0 

90.0 � 4.4 13.3 �
4.2 

1.6 � 1.6 0.0 �
0.0 

95.0 � 2.2 0.0 �
0.0 

96.6 � 2.2 

60 
min 

20.0 � 4.4 B 3.3 � 2.1 0.0 �
0.0 

95.0 � 2.2 0.0 �
0.0 

100.0 � 0.0 10.3 �
3.4 

3.3 � 2.1 0.0 �
0.0 

91.6 � 4.7 0.0 �
0.0 

93.3 � 4.9 

F 6.64 2.56 – 2.54 – 3.78 0.48 0.27 – 0.19 – 0.33 
P <0.01 0.11 – 0.11 – 0.05 0.62 0.76 – 0.82 – 0.72 
ED3 
15 

min 
3.3 � 2.1 A 18.3 � 6.0 0.0 �

0.0 
86.6 � 8.8 0.0 �

0.0 
96.6 � 2.1 31.6 �

7.1 
3.3 � 2.1 0.0 �

0.0 
98.3 � 1.6 0.0 �

0.0 
100.0 � 0.0 

30 
min 

20.0 � 3.6 
Bab 

3.3 � 2.1 0.0 �
0.0 

90.0 � 5.1 0.0 �
0.0 

90.0 � 5.1 18.3 �
5.4 

10.0 � 3.6 0.0 �
0.0 

95.0 � 3.4 0.0 �
0.0 

100.0 � 0.0 

60 
min 

26.6 � 2.1 B 5.0 � 5.0 0.0 �
0.0 

96.0 � 2.1 0.0 �
0.0 

98.3 � 1.6 28.3 �
6.5 

5.0 � 3.4 0.0 �
0.0 

100 � 0.0 0.0 �
0.0 

100.0 � 0.0 

F 19.5 3.09 – 0.71 – 1.72 1.07 1.22 – 1.34 – – 
P <0.01 0.07 – 0.50 – 0.21 0.36 0.32 – 0.29 – – 
ED5 
15 

min 
13.3 � 4.9 3.3 � 2.1 0.0 �

0.0 
100.0 � 0.0 0.0 �

0.0 
100 � 0.0 16.6 �

4.9 
13.3 � 5.5 0.0 �

0.0 
93.3 � 3.3 0.0 �

0.0 
100.0 � 0.0 

30 
min 

15.0 � 5.6b 1.6 � 1.6 0.0 �
0.0 

98.3 � 1.6 0.0 �
0.0 

100 � 0.0 18.3 �
3.0 

5.0 � 2.2 0.0 �
0.0 

98.3 � 1.6 0.0 �
0.0 

100.0 � 0.0 

60 
min 

15.0 � 4.2 3.3 � 2.1 0.0 �
0.0 

96.6 � 2.1 0.0 �
0.0 

100 � 0.0 15.0 �
3.4 

6.6 � 2.1 0.0 �
0.0 

98.3 � 1.6 0.0 �
0.0 

100.0 � 0.0 

F 0.03 0.23 – 1.15 – – 0.18 1.43 – 1.5 – – 
P 0.96 0.79 – 0.34 – – 0.83 0.26 – 0.25 – – 

Within each column, formulation and dose, means (knockdown and mortality) followed by the same uppercase letter are not significantly different (in all cases df ¼ 2, 
17). Within each column, for each exposure interval and dose, means (knockdown and mortality) followed by the same lowercase letter are not significantly different 
(in all cases df ¼ 2, 17). Where no letter exist, no significant differences were noted. 
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after exposure for 15, 30 and 60 min did not exceed 10% (Table 6). No 
significant differences were noted among the tested exposure intervals 
(15, 30 and 60 min), with the exception of S200 at the highest dose 
(Table 6). After 1 d of the post-exposure period, there were some sig-
nificant differences among the exposure intervals, while after 7 d com-
plete control was recorded in most of the cases (Table 7). Moreover, 
there were significant differences in mortality levels for some of the 
combinations tested, but at the 10 d post-exposure period, mortality was 
usually >90% (Table 7). 

Regarding A. fabae, knockdown and mortality were generally low, 
and did not exceed 7.5 and 24%, respectively (Table 8). Significant 
differences were achieved by using ED3 and ED5 among the exposure 
times (15, 30 and 60 min). After 1 d of the post-exposure period, mor-
tality at S200 ranged between 98 and 100%, whereas for the rest of dusts 
mortality levels were lower (Table 9). 

4. Discussion 

It is well established that different types of silicaceous materials vary 
considerably in their insecticidal effect (Korunic, 1998; Subramanyam 

and Roesli, 2000; Athanassiou et al., 2004; Vayias et al., 2009). Indic-
atively, Vayias et al. (2009) underlined the importance of DE particle 
size in the insecticidal value of different DEs, and found that smaller 
particles were more effective for the control of stored-product beetles. 
Nevertheless, smaller particles may have a negative influence on some 
key grain properties, especially the bulk density (Korunic, 1998). This is 
one of the main reasons why DEs are not used that extensively, despite 
the fact that they can be easily removed from the treated grains during 
processing (Korunic, 1998; Subramanyam and Roesli, 2000). On the 
other hand, the application of inert dusts as surface treatments may 
provide an alternative to this implication, as there is no interaction with 
the commodity (Subramanyam and Roesli, 2000; Eroglou et al., 2017; 
Athanassiou and Arthur, 2018). In a field work, Dowdy and Fields 
(2002) reported that the simultaneous application of heat treatment 
with DEs increased the control rates of T. confusum in a flour mill, 
suggesting that this combination increased the speed of desiccation. 

Arthur (2000) found that both T. confusum and the red flour beetle, 
Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) could be 
controlled with the application of DEs in surfaces but the DEs were 
generally slow-acting, and may result in partial recovery. The recovery 
is enhanced by the presence of food, underlying the importance of 
cleaning and sanitation of the area that is to be treated, prior to the 
application (Arthur, 2000; Arthur et al., 2018). In this case, it is postu-
lated that partially-treated substrates may allow insects to survive, 
escape, reproduce and continue the damage (Subramanyam and Roesli, 
2000). However, our results show that there was a considerable delayed 
mortality of the insects that were treated with the dusts tested, despite 
the fact that, in some of the cases tested, there was low or even no initial 
mortality. Hence, the insects were affected even by the short exposures 
to the treated surfaces, which eventually led to high mortality rates at 
the post-exposure period. This effect was also evident from the 
post-exposure increase of the percentages of the knocked down in-
dividuals, indicating that the insects were affected and not able to cause 
additional damage. In contrast with the majority of the studies that are 
available for the insecticidal effect of inert dusts, where insects are 
exposed for longer periods (usually 7 d or longer), we saw that the dusts 
used here were eventually effective even after a short exposure interval, 
that did not exceed 1 h. This is particularly important for the incorpo-
ration of some of these dusts in nets, where it is generally expected that 
insect contact will be relatively short, and comparable with the intervals 
reported here. Similar results have been also reported for an 
insecticide-coated net by Rumbos et al. (2018), that was used as a barrier 
for the control of the cigarette beetle, Lasioderma serricorne (F.) (Cole-
optera: Anobiidae) and the tobacco moth, Ephestia elutella (Hübner) 
(Lepidoptera: Pyralidae). In that study, the authors have recorded a 
considerable delayed mortality after short exposures in laboratory tests 
(Rumbos et al., 2018), which were later confirmed in semi-field and field 
studies (Athanassiou et al., 2019). Both L. serricorne and E. elutella are 
strong flyers, so we estimate that the contact with the treated net would 
have been short. Our results stand in accordance with these findings. 
Moreover, a potential net that contains the dusts tested here may not 
only act as a barrier, i.e. prevent insects from entering the protected area 
(e.g. the greenhouse), but will eventually kill the insects that come in 
contact with the net, through desiccation. 

As expected, A. fabae was much more susceptible that the other two 
species to the dusts examined. Apparently, aphids are much more soft- 
bodied than beetles, so we assume that desiccation is likely to occur 
much more rapidly. For soft-bodied insects it seems that the contact with 
sorpive agents is irreversibly lethal (Korunic, 1998), and thus, aphids 
may be ideal target species for the application of silicaceous materials. 
At the same time, some inert materials are able to create micro-wounds 
in the insects’ cuticle, which accelerates water loss. Vayias and Atha-
nassiou (2004) used the commercially available DE formulation Silico-
Sec for the control of T. confusum and found that larvae were much more 
susceptible than adults, for the reasons mentioned above. However, 
there are cases where some species, although soft-bodied, are extremely 

Table 6 
Mean knockdown and mortality (�SE) of Tribolium confusum larvae after 
exposure to three different dust formulations (S200, ED3 and ED5) applied at 
three dose rates (12.5, 25.0 and 0 mg) at different exposure intervals for 15, 30 
and 60 min.  

Dusts Time 
(min) 

12.5 mg 25.0 mg Control (0 mg) 

KD Mortality KD Mortality KD Mortality 

S200 15 1.6 �
1.6 

0.0 � 0.0 0.0 �
0.0 a 

0.0 � 0.0 
A 

0.0 
�

0.0 

0.0 � 0.0 

30 1.6 �
1.6 

1.6 � 1.6 8.3 �
5.4 

6.6 � 2.1 
B 

0.0 
�

0.0 

0.0 � 0.0 

60 6.6 �
2.1 
ab 

0.0 � 0.0 6.6 �
2.1 

1.6 � 1.6 
AB 

0.0 
�

0.0 

0.0 � 0.0 

F 2.50 1.00 1.72 5.00 – – 
P 0.11 0.39 0.21 0.02 – – 

ED3 15 8.3 �
4.0 

5.0 � 3.4 16.6 
� 5.5 
b 

0.0 � 0.0 0.0 
�

0.0 

0.0 � 0.0 

30 6.6 �
4.2 

5.0 � 2.2 15.0 
� 4.2 

5.0 � 3.4 0.0 
�

0.0 

0.0 � 0.0 

60 13.3 
� 4.9 
b 

10.0 �
5.1 

13.3 
� 6.1 

5.0 � 5.0 0.0 
�

0.0 

0.0 � 0.0 

F 0.34 0.57 0.09 0.68 – – 
P 0.71 0.57 0.90 0.52 – – 

ED5 15 8.3 �
3.0 

5.0 � 2.2 13.3 
� 4.9 
ab 

3.3 � 2.1 0.0 
�

0.0 

0.0 � 0.0 

30 6.6 �
4.9 

5.0 � 2.2 15.0 
� 4.2 

1.6 � 1.6 0.0 
�

0.0 

0.0 � 0.0 

60 0.0 �
0.0 
a* 

0.0 � 0.0 16.6 
� 4.2 

5.0 � 2.2 0.0 
�

0.0 

0.0 � 0.0 

F 1.72 2.50 0.13 0.68 – – 
P 0.21 0.11 0.87 0.52 – – 

Within each column, formulation and dose, means (knockdown and mortality) 
followed by the same uppercase letter are not significantly different (in all cases 
df ¼ 2, 17). Within each column, for each exposure interval and dose, means 
(knockdown and mortality) followed by the same lowercase letter are not 
significantly different (in all cases df ¼ 2, 17). Where no letter exist, no signif-
icant differences were noted. Means with asterisks (*), obtained on dishes with 
12.5 mg dust formulation, are significantly different from the respective means 
obtained on dishes with 25.0 mg, for each exposure interval, according to Stu-
dent’s t-test. 
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tolerant to water loss. In an earlier study, Athanassiou et al. (2019) 
found that stored-product psocids (Psocoptera: Liposcelididae) were 
extremely tolerant to DEs, and have the ability to moderate desiccation. 
Still, this was not the case with the aphid species tested here. 

Our results clearly demonstrate that the dusts tested here were 
effective for the control of aphids, and, to a lesser extent, for stored- 
product beetles, and merit additional investigation. Interestingly, we 

found that even short exposures can be irreversibly lethal for all species 
tested, and thus, apart from the “barrier” activity, these dusts can 
gradually eliminate the population that comes in contact with the 
treated substrate. Regarding the utilization of these dusts in nets in 
openings (windows etc.) in greenhouses, this delayed effect may allow 
the design of nets with larger openings, since even a short contact may 
be lethal, even if the insect is eventually able to enter the protected area. 

Table 7 
Mean of delayed knockdown and mortality (% � SE) of Tribolium confusum larvae that had been exposed for 15, 30 and 60 min to three dust formulations (S200, ED3 
and ED5) applied at two dose rates (12.5 and 25.0 mg), 1, 7 and 10 days after the termination of exposure.  

12.5 mg 25.0 mg  

1st Day 7th Day 10th Day 1st Day 7th Day 10th Day 

KD Mortality KD Mortality KD Mortality KD Mortality KD Mortality KD Mortality 

S200 
15 20.0 � 3.6 

a 
11.6 � 7.9 * 25.0 �

8.0Aa 
75.0 � 8.0 
Aa* 

0.0 �
0.0 

78.3 �
4.7Aa* 

25.0 �
2.2 

53.3 � 12.5 0.0 �
0.0 

95.0 � 3.4 0.0 �
0.0 

96.6 � 3.3 

30 33.3 � 9.5 45.0 � 15.0 0.0 � 0.0 B 100.0 � 0.0 
B 

0.0 �
0.0 

100.0 � 0.0 
B 

25.0 �
3.4 

65.0 � 8.0 a 0.0 �
0.0 

100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

60 38.3 � 8.7 
* 

48.3 � 10.7 
* 

0.0 � 0.0 B 100.0 � 0.0 
B 

0.0 �
0.0 

100.0 � 0.0 
B 

15.0 �
3.4 

81.0 � 4.7 a 1.6 �
1.6 

98.3 � 1.6 0.0 �
0.0 

100.0 �
0.0 

F 1.49 3.05 9.61 9.61 – 20.61 3.52 2.47 1.00 1.34 – 1.00 
P 0.25 0.07 <0.01 <0.01 – <0.01 0.05 0.11 0.39 0.29 – 0.39 
ED3 
15 36.6 �

3.3 b 
33.3 � 6.6 0.0 � 0.0b 98.3 � 1.6b 0.0 �

0.0 
98.3 � 1.6b 26.6 �

5.5 
46.6 � 6.1 0.0 �

0.0 
100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

30 23.3 � 7.1 46.6 � 10.5 1.6 � 1.6 98.3 � 1.6 0.0 �
0.0 

1000.0 � 0.0 30.0 �
5.1 

33.3 � 10.6 b 0.0 �
0.0 

100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

60 31.6 � 7.0 56.6 � 7.6 0.0 � 0.0 100.0 � 0.0 0.0 �
0.0 

1000.0 � 0.0 33.3 �
7.1 

48.3 � 7.4 b 0.0 �
0.0 

100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

F 1.21 1.92 1.00 0.50 – 1.00 0.30 1.18 – – – – 
P 0.32 0.18 0.39 0.61 – 0.39 0.74 0.33 – – – – 
ED5 
15 20.0 � 4.4 

a 
25.0 � 7.6 
AB 

0.0 � 0.0b 100.0 � 0.0b 0.0 �
0.0 

100 � 0.0b 25.0 �
8.8 

33.3 � 10.2 A 0.0 �
0.0 

83.3 �
16.6 

0.0 �
0.0 

83.3 �
16.6 

30 26.6 � 2.1 15.0 � 4.2 
B* 

0.0 � 0.0 98.3 � 1.6 0.0 �
0.0 

98.3 � 1.6 20.0 �
5.1 

40.0 � 4.4 
ABab 

0.0 �
0.0 

100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

60 25.0 � 2.2 45.0 � 7.1 A 0.0 � 0.0 98.3 � 1.6 0.0 �
0.0 

100 � 0.0 30.0 �
5.1 

61.6 � 7.0 B 
ab 

0.0 �
0.0 

100.0 �
0.0 

0.0 �
0.0 

100.0 �
0.0 

F 1.22 5.45 – 0.50 – 1.00 0.57 3.78 – 1.00 – 1.00 
P 0.32 0.01 – 0.61 – 0.39 0.57 0.04 – 0.39 – 0.39 

Within each column, formulation and dose, means (knockdown and mortality) followed by the same uppercase letter are not significantly different (in all cases df ¼ 2, 
17). Within each column, for each exposure interval and dose, means (knockdown and mortality) followed by the same lowercase letter are not significantly different 
(in all cases df ¼ 2, 17). Where no letter exist, no significant differences were noted. Means with asterisks (*), obtained on dishes with 12.5 mg dose, are significantly 
different from the respective means obtained on dishes with 25.0 mg dose, for each exposure interval, according to Student’s t-test at P < 0.05. 

Table 8 
Mean knockdown and mortality (�SE) of Aphis fabae adults after exposure to three dust formulations (S200, ED3 and ED5) applied at three dose rates (12.5, 25.0 and 0 
mg) at different exposure intervals for 15, 30 and 60 min.  

Dusts Time (min) 12.5 mg 25.0 mg Control (0 mg) 

KD Mortality KD Mortality KD Mortality 

S200 15 5.0 � 2.6 0.0 � 0.0 6.2 � 3.2 1.2 � 1.2 0.0 � 0.0 0.0 � 0.0 
30 8.7 � 4.7 0.0 � 0.0 7.5 � 4.1 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 
60 10.0 � 2.6 0.0 � 0.0 a 15.0 � 3.2 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 
F 0.54 – 1.76 0.99 – – 
P 0.58 – 0.19 0.38 – – 

ED3 15 3.7 � 2.6 A 1.2 � 1.2 11.2 � 2.9 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 
30 8.7 � 2.2 A 0.0 � 0.0 16.2 � 4.6 1.2 � 1.2 0.0 � 0.0 0.0 � 0.0 
60 23.7 � 6.2 B 2.5 � 1.6 ab 13.7 � 2.1 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 
F 6.35 0.99 0.42 0.99 – – 
P <0.01 0.35 0.65 0.38 – – 

ED5 15 8.7 � 2.2 0.0 � 0.0 A 10.0 � 3.2 1.2 � 1.2 0.0 � 0.0 0.0 � 0.0 
30 11.2 � 2.9 2.5 � 1.6 AB 8.7 � 2.9 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 
60 11.2 � 3.5 7.5 � 2.5 Bb* 8.7 � 2.9 1.2 � 1.2 0.0 � 0.0 0.0 � 0.0 
F 0.23 4.90 0.05 0.50 – – 
P 0.78 0.01 0.94 0.61 – – 

Within each column, formulation and dose, means (knockdown and mortality) followed by the same uppercase letter are not significantly different (in all cases df ¼ 2, 
17). Where no letter exist, no significant differences were noted. Means with asterisks (*), obtained on dishes with 12.5 mg dose, are significantly different from the 
respective means obtained on dishes with 25.0 mg dose, for each exposure interval, according to Student’s t-test at P < 0.05. 
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According to D�ader et al. (2015), the incorporation of LLINs in the vent 
openings of a greenhouse did not affect the ventilation rate but signifi-
cantly limit the invasion of pests. Theoretically, the air permeability of 
the silica treated nets may be slightly affected by the presence of silicon 
dioxide particles considering that bigger particles may reduce the 
ventilation rate. However, in our experiments, the selected mesh size of 
the tested nets was larger in comparison to the common nets used to 
impede the greenhouse pest intrusion. Thus, the nets’ airflow charac-
teristics cannot be considered as a limiting factor for their installation in 
greenhouse windows. In this way, these nets can provide both protection 
in a mechanical way, as opposed to the use of conventional insecticides, 
and allow sufficient aeration, light etc. in the greenhouse. 
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Table 9 
Mean of delayed knockdown and mortality (% � SE) after 1 day, of Aphis fabae adults after treated with three formulations (S200, ED3 and ED5), applied at three dose 
rates (12.5, 25.0 and 0 mg) at different exposure intervals.  

Dusts Time (min) 12.5 mg 25.0 mg Control (0 mg) 

KD Mortality KD Mortality KD Mortality 

S200 15 0.0 � 0.0 a 100.0 � 0.0 a 1.2 � 1.2 a 98.7 � 1.2 a 31.2 � 12.0 21.2 � 8.3 
30 2.5 � 2.5 a 97.5 � 2.5 a 0.0 � 0.0 a 100.0 � 0.0 a 27.5 � 5.9 32.5 � 5.9 
60 1.2 � 1.2 98.7 � 1.2 1.2 � 1.2 98.7 � 1.2 36.2 � 10.8 42.5 � 7.5 
F 0.60 0.60 0.50 0.50 0.19 2.11 
P 0.55 0.55 0.61 0.61 0.82 0.14 

ED3 15 12.5 � 3.1 Aab 87.5 � 3.1 Aab 18.7 � 5.8 b 81.2 � 5.8 b 11.2 � 3.9 17.5 � 2.5 
30 5.0 � 2.6 ABa 95.0 � 0.0 ABa 8.7 � 3.5 b 91.2 � 3.5 b 9.1 � 3.8 11.8 � 2.9 
60 2.5 � 1.6 B 97.5 � 1.6 B 5.0 � 2.6 95.0 � 2.6 18.7 � 4.4 21.2 � 4.7 
F 4.13 4.13 2.48 2.85 1.52 1.75 
P <0.01 <0.01 0.10 0.08 0.24 0.19 

ED5 15 17.5 � 6.1 b 82.5 � 6.1 b 5.0 � 1.8 a 95.0 � 1.8 a 11.2 � 3.5 27.5 � 6.4 
30 16.2 � 3.7 b* 83.7 � 3.7 b* 2.5 � 1.6 ab 97.5 � 1.6 ab 31.2 � 11.8 30.0 � 9.4 
60 5.0 � 2.6 95.0 � 2.6 3.7 � 1.8 96.2 � 1.8 17.5 � 5.2 23.7 � 6.7 
F 2.38 2.38 0.48 0.48 1.73 0.16 
P 0.11 0.11 0.62 0.62 0.20 0.84 

Within each column, formulation and dose, means (knockdown and mortality) followed by the same uppercase letter are not significantly different (in all cases df ¼ 2, 
23). Where no letter exist, no significant differences were noted. Means with asterisks (*), obtained on dishes with 12.5 mg dose, are significantly different from the 
respective means obtained on dishes with 25.0 mg dose, for each exposure interval, according to Student’s t-test at P < 0.05. 
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Abstract: Insect proof nets are widely used in agriculture as mechanical and physical barriers to
regulate pest populations in a greenhouse. However, their integration in the greenhouse ventilation
openings is highly associated with the decrease of air flow and the adequate ventilation. Thus, there is
need for alternative pest management tools that do not impair adequate ventilation. In the present
study, we tested four net formulations of relatively large mesh size coated with SiO2 nanoparticles,
namely, ED3, ED3-P, ED5, and ED5-P to evaluate their insecticidal properties against adults of
Aphis fabae and Sitophilus oryzae and larvae of Tribolium confusum. ED3 and ED5 nets were coated
with SiO2 nanoparticles of different diameter, while in the case of ED3-P and ED5-P, paraffin was
added to increase the mass of the deposited particles on the net’s surface. In the first series of
bioassays, the knockdown and mortality rates of these species were evaluated after exposure to the
aforementioned net formulations for 5, 10, 15, 20, 25, 30, 60, 90, and 180 min. In the second series
of bioassays, knockdown and mortality of these species were recorded after 1, 7, and 10 days of
post-exposure to the nets for different time intervals (15, 30, and 60 min). Based on our results, all nets
significantly affected A. fabae, since all insects were dead at the 1-day post-exposure period to the
silica-treated nets. Conversely, at the same interval, no effect on either S. oryzae adults or T. confusum
larvae was observed. However, in the case of S. oryzae, the efficacy of all nets reached 100% 7 days
after the exposure, even for adults that had been initially exposed for 15 min to the treated nets.
Among the species tested, T. confusum larvae exhibited the lowest mortality rate, which did not exceed
34% at the 10 days of post-exposure interval. Our work underlines the efficacy of treated nets in pest
management programs, under different application scenarios, at the pre- and post-harvest stages of
agricultural commodities.

Keywords: net formulations; stored product insects; knockdown; mortality; long-term effect

1. Introduction

Despite the association of many insecticidal compounds with mammalian toxicity and increased
environmental footprint, conventional pesticides are widely used as a means of pest management.
Over the years, many insects species have developed resistance mechanisms to the vast majority of
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active ingredients that are used as synthetic insecticides [1–3]. According to the European Commission,
a sustainable and environmentally friendly insecticidal strategy should be followed in the case
of adequate crop protection, to minimize the negative effects of the intensive chemical pesticide
applications on both natural enemies (predators, parasitoids) and human health [4,5]. Thus, the notion
of integrated pest management (IPM) has now become entrenched in agriculture.

Nets are widely used in agriculture as mechanical or physical barriers in order to protect crops from
either biotic or abiotic stresses. In the Mediterranean region, protection against insects is considered
significantly important even compared to the management of excessive heat during the summer [6].
Insect proof nets have been integrated in greenhouse ventilation openings as an alternative to pesticides
for many years and their use is related to the management of the population density of external agents.
At the same time, exclusion nets are used to cover entire greenhouse structures or screenhouses [7].
Nets have a dual effect as they block the penetration of pests, while prevent the escape of insects used
for crop pollination [8]. The design of nettings is determined by the size and geometry of the hole,
the size of the insect thorax, as well as the method of knitting [9].

According to Kittas et al. [6], the environment of a greenhouse is qualified by significant
heterogeneity in which various factors contribute, such as the crop itself, the cover materials and the
insect screens. Microclimate conditions of a greenhouse are strongly affected by nets’ physical and
optical properties [10]. Very fine mesh size nets severely affect the ventilation and air capacity of the
enclosed area by decreasing permeability [11,12]. Indeed, the ventilation rate can be decreased by
40–50% when anti-aphid or anti-thrip nettings are applied [11,13]. These results are in accordance with
those of Katsoulas et al. [14], who indicated a 33% decrease of ventilation flow due to the installation
of an anti-aphid insect screen with 50% porosity on the vents of a polyethylene-covered greenhouse.
In addition, Baeza et al. [15] showed that the use of an anti-insect screen with porosity of 25%, which is
commonly used to exclude white flies Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodoidae) and the
western flower thrips Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), could lead to a
ventilation reduction of approximately 88%. As a result, higher temperature regimes are recorded in the
interior of the protected greenhouse plants leading to non-uniform production, increased yield losses,
as well as quality deterioration [6,14]. Small mesh size nets (i.e., low porosity nets) may contribute to
undesired results, since they exclude not only harmful pests but also beneficial insects [16]. Moreover,
Bell and Baker [11], showed that the migration of insects in a greenhouse is not always correlated to
the mesh size, since insects with very small thoracic width, such as whiteflies, can intrude the finest
pore size net.

The establishment of insect proof nets for the stored product pest management is directly linked to
environmental protection, as their use does not lead to residues or to contamination in storage facilities
and stored commodities [17]. Many studies are focused on the design of long-lasting insecticide-
treated nets (LLINs) by incorporating insecticides into the net coating in order to minimize the chemical
sprays directly on the crop [18,19]. Dáder et al. [18] showed that LLINs caused a significant reduction
in Myzus persicae (Sulzer) (Hemipetra: Aphidedae) and Aphis gossypii (Glover) (Hemipetra: Aphididae)
immigration without affecting the parasitoid Aphidius colemani Viereck (Hymenoptrea: Aphididae).
However, during field trials, LLINs effectiveness was degraded after sun exposure whereas, the efficacy
of either bifenthrin or deltamethrin was suggested as insufficient to control B. tabaci culture due to its
small size. Notwithstanding, according to Arthurs et al. [19], nettings of large mesh size treated with
deltamethrin proved insufficient to protect a greenhouse crop from F. occidentalis invasion. Hence, both
the effect of LLINs on beneficial enemies and their effectiveness in small sized insects should be further
evaluated [18].

Recently, Rumbos et al. [17] successfully demonstrated the efficacy of Carifend®, a polyester net
coated with alpha-cypermethrin, against two stored tobacco insect pests, the cigarette beetle, Lasioderma
serricorne (F.) (Coleoptera: Anobiidae) and the tobacco moth, Ephestia elutella (Hübner) (Lepidoptera:
Pyralidae). Moreover, Paloukas et al. [20] suggested that Carifend® could be effectively used to
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control different major stored-product insects such as the rice weevil, Sitophilus oryzae (L.) (Coleoptera:
Curculionidae), since 98% mortality was recorded two weeks after the exposure to the treated net.

The use of nanoparticles as a novel biological insect control agent has been well established in the
recent years. Silicon is known as the most frequent metalloid and the most copious element on earth
after oxygen [21–23]. The mode of action of silicon dioxide (SiO2) begins with the adherence of the
nanoparticles on the cuticle of the insect, inactivating epicuticular lipids, which leads to death through
desiccation [24,25]. Furthermore, Rastogi et al. [22], suggested that the mortality of pests could be
related to congestion of spiracles and tracheas caused by the nanosilica particles.

Diatomaceous earth (DE) that consists mainly of amorphous hydrated silica has been extensively
used in stored product insect management. Vayias and Athanassiou [26] stated that the effectiveness of
DE is associated with the developmental stage of the insects. Indeed, the management of the confused
flour beetle adults, Tribolium confusum Jacquelin DuVal (Coleoptera: Tenebrionidae) is considerably
difficult compared to soft-bodied greenhouse pests such as aphids. On the other hand, aphids are
among the most common pests in horticultural crops and are related to the transmission of many
economically hazardous viruses even after injecting their sucking mouthparts on the leaves for a
very short time interval [18,27]. Unlike hard-bodied beetles, aphids are considered to be much
more vulnerable to desiccation from sorptive materials and micro-wounds. For instance, Singh and
Singh [28] found that DEs could cause rapid mortality of the aphid Rhopalosiphum padi (L.) (Homoptera:
Aphididae), when applied on wheat plants. However, in that study, the authors stood eventually
against these DE applications, because of negative photosynthetic rates [28].

Recently, Shoaib et al. [29], indicated that the exposure of larvae of Plutella xylostella (L.)
(Lepidoptera: Plutellidae) to 1 mg × cm−2 of a siliceous dust formulation resulted in 85% mortality
after 72 h. The authors suggested that the mortality rate is improved as dose and exposure interval are
increased. Moreover, silica nanoparticles, concerning their physical and chemical properties, differ
significantly from their bulk formation [19]. According to Debnath et al. [30], nanoparticles proved to
be much more effective when compared with bulk silica against S. oryzae. At the post-harvest stages of
agricultural commodities, stored product protection could be enhanced by the use of silicon-based
nanoparticles as non-conventional pesticide agents [2,31].

To date, little attention has been given to the incorporation of physical inert dusts to the yarns
of insect proof nets. The application of non-toxic and environmental-friendly nets could replace the
insecticidal treated nets leading to insecticide-free products. Thus, the objective of our study was
to assess the effectiveness of silicon dioxide-treated nets under laboratory conditions for the control
of the black bean aphid, Aphis fabae Scopoli (Hemipetra: Aphididae), and the stored product pests
T. confusum and S. oryzae. The aforementioned species were exposed to insect proof nets coated with
two different silicon dioxide dust formulations, Syloid®ED3 and Syloid®ED5 with and without the
addition of paraffin in order to achieve better particle adherence to the net, respectively.

2. Materials and Methods

2.1. Insects Tested

The rearing of the A. fabae individuals took place at the Laboratory of Agricultural Entomology,
Benaki Phytopathological Institute, Attica, Greece. Aphids were reared on Vicia faba L. plants at
20 ± 1 ◦C, relative humidity (r.h.) of 65 ± 2% and a photoperiod of 16 h in light: 8 h in dark [32].
Aphid colonies were transferred to the Laboratory of Entomology and Agricultural Zoology (LEAZ),
Department of Agriculture, Crop Production and Rural Environment, University of Thessaly to carry
out the bioassays.

Established laboratory colonies of S. oryzae and T. confusum were maintained in LEAZ under
controlled conditions in a growth chamber as suggested by Faliagka et al. [33].
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2.2. Nettings and Dust Formulations

Experiments were carried out with four samples of the same insect proof net, the textiles of which
were performed by the Institut für Textiltechnik (ITA) of RWTH Aachen University. The weaving and
the evaluation of the nets was provided from Thrace Nonwovens & Geosynthetics S.A. (Thrace, Greece).
All textiles were coated either with Syloid® ED3 or Syloid® ED5 which are amorphous silica dust
formulations (P&S Powder and Surface GmbH, Salzkotten, Germany). The former silica dust consists
of 99–100% SiO2 with particle size of 5.8 µm, while the latter consists of 95–100% SiO2 with particle
size of 9.0 µm. Paraffin was added as an organic primer in two of the four netting samples (ED3-P and
ED5-P) consisting of different silica formulation in order to enhance the adhesion properties of each
dust to the net. ED3 and ED5 samples were used without the addition of paraffin. The purpose of the
primer is the integration of up to 40% more SiO2 particles on the net. The mass of the deposited silica
particles on the net’s surface was fluctuated from 0.4 to 0.9 g ×m−2 depending on the dust formulation
as well as the addition of paraffin. However, paraffin may reduce the mesh size and therefore, the air
permeability properties of the tested nets. In the present study, the insecticidal properties of SiO2

nanoparticles were evaluated. In the case where adequate results are provided, it is suggested to
incorporate silica on nets of larger pores in order to alleviate insufficient ventilation. Table 1 shows the
properties of the nets used in the experimental trials.

Table 1. Properties of the silicon coated nets ED3 (without paraffin), ED3-P (paraffin), ED5 (without
paraffin), and ED5-P (paraffin).

Sample Mesh Size Silica Particles
Diameter (µm)

Coating
Repetition

Mass of Deposited Silica
Particles on the Surface

of the Net (g ×m−2)

ED3 50 mesh 5.8 2 0.4
ED3-P 50 mesh 5.8 2 0.7
ED5 50 mesh 9.0 2 0.7

ED5-P 50 mesh 9.0 2 0.9

All samples were produced by the same 50 mesh net that was constructed by using high density
polyethylene (HDPE) monofilament yarns. SiO2 free-nettings with the same mesh size as well as clear
Petri dishes without the addition of nets were used as a control treatment. The silica coating procedure
was repeated two times for each tested net.

2.3. Bioassay Series

Nets were fine cut and adjusted at the bottom of plastic Petri dishes (59.4 cm2 in surface), using
a thin layer of silicon. The lids of plastic dishes are usually loose-fitting making it easy for insects
to escape, so, the “neck” of each Petri dish was covered with polytetrafluoroethylene dispersion,
(Northern Product, Cumberland, RI, USA). A single fine brush was used to insert the species into the
Petri dishes to avoid wounding.

2.3.1. Short-Term Effect

In the short-term effect bioassay series, adults of A. fabae and S. oryzae, and larvae of T. confusum
were used. Ten insects of each species were transferred to the Petri dishes. All species were exposed to
silica-treated nets, clear Petri dishes (without nets), and untreated nets for the intervals of 5, 10, 15, 20,
25, 30, 60, 90, and 180 min. For each exposure interval, mortality and knockdown effect of all species in
each Petri dish were recorded. For each of the four nets, the bioassay was replicated eight times per
exposure interval. Thus, in this series of bioassays 144 Petri dishes were used in total.
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2.3.2. Long-Term Effect

The purpose of this series of bioassays was to evaluate the effect of the nets on the knockdown
and mortality rates of the exposed individuals at certain post-exposure intervals. Thus, as above, ten
individuals of each species were transferred to Petri dishes, with different plates per species, and
exposed to the nets for 15, 30, and 60 min. Knockdown and mortality were recorded immediately
after the completion of the exposure periods and then all insects were carefully transferred to new
dishes consisting of untreated nets or clear Petri dishes (without nets). When transferring the insects,
a clean single fine brush was used to avoid possible contamination of the dust in the treated nets.
Within each exposure interval of 15, 30, and 60 min no food was added in the Petri dishes. However,
during post-exposure period for S. oryzae and T. confusum, cracked wheat (0.5 ± 0.1 gr) and wheat flour
(1.0 ± 0.1 gr) were added in all petri dishes, respectively. In the case of A. fabae no food was supplied,
since the bioassay lasted one day, unlike that of the stored product insects which was completed after
10 days. All bioassays were carried out at 25 ◦C and 65% r.h. Mortality and knockdown effect of
S. oryzae and T. confusum were assessed after 1, 7, and 10 days, whereas in the case of A. fabae after
1 day. For each of the four nets, the bioassays were replicated eight times. A total of 624 Petri dishes
were used to perform this series of bioassays.

2.4. Statistical Analysis

The results of the first series of bioassay (short-term effect) were analyzed using Probit Analysis
to estimate the knockdown time, i.e., KDt50, KDt95, and KDt99 for each species and net formulation.
The intervals tested yielded a variety of knockdown results only for A. fabae, which allowed the
calculation of KDt50, KDt95, and KDt99 values. For the second series of bioassays, separately of each
species, the data (knockdown and mortality) were converted to percentages and then were submitted
to a two-way ANOVA, to determine the differences among the exposure intervals (15, 30, and 60 min)
and among the net formulations (including controls as well), while means of knockdown and mortality
were separated using the Tukey-Kramer HSD test at the 5% level. Moreover, the same approach was
conducted for the long-term effect for each species tested. The data were analyzed using SPSS 25.0
(SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Short-Term Effect

The mortality rate of all tested species was relatively low. In the first series of tests, KDt values
were not found to fit the data well, since P values were <0.01 (Table 2). In most of the cases, confidence
interval could not be estimated for A. fabae and S. oryzae, except for ED5-P of A. fabae. For T. confusum,
Probit could not be estimated, since the percentage of knocked down individuals was negligible
(data not presented).

Overall, KDt99 values for A. fabae at ED3-P resulted in the highest values among treatments,
corresponding to 1590.9 min (approximately 26 h) (Table 2). Contrariwise, the lowest KDt99 value was
recorded at ED5-P, corresponding to 363.3 min (approximately 6 h) (Table 2). Moreover, for S. oryzae
the resulting values were similar with those of A. fabae at ED3, which were 1235.7 min (approximately
20 h) and 1281.4 min (approximately 21 h), respectively. For KDt50 the lowest value (51.3 min) for
A. fabae was recorded at ED5, whereas the highest value (279.7 min) was noted at ED3-P (Table 2).
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Table 2. Probit analysis for KDt50, KDt95, and KDT99 (confidence intervals) of Aphis fabae and Sitophilus
oryzae adults exposed to four different nets (ED3, ED3-P, ED5, ED5-P) for 180 min, values are expressed
as minutes to knockdown.

# Nets KDt50 KDt95 KDt99 Slope ± SE X2 P

A. fabae

ED3 253.3 a 980.2 a 1281.4 a 2.7 ± 0.1 389.8 <0.01
ED3-P 279.7 a 1206.8 a 1590.9 a 2.1 ± 0.1 290.9 <0.01
ED5 51.3 a 669.6 a 925.8 a 3.3 ± 0.1 561.7 <0.01

ED5-P 74.9
(49.8—109.1)

278.8
(206.6—465.8)

363.3
(265.6—619.5) 9.6 ± 0.1 372.8 <0.01

# Nets KDt50 KDt95 KDt99 Slope ± SE X2 P

S. oryzae

ED3 - - - - - -
ED3-P 767.3 a 1098.5 a 1235.7 a 0.6 ± 0.1 449.7 <0.01
ED5 - - - - - -

ED5-P - - - - - -
a Could not estimate confidence intervals; - Could not estimate knockdown time.

3.2. Long-Term Effect

The mortality rate ranged significantly between the tested cases (Tables 3–5). Knockdown
of A. fabae was low and did not exceed 28.7% (Table 3), whereas mortality was negligible (data
not presented). For knocked down individuals, significant differences were noted in all tested net
formulations among the time intervals (15, 30, and 60 min). Finally, at the 1-day post-exposure period,
mortality was 100% in all tested net formulations (Table 3).

Regarding S. oryzae individuals, knockdown and mortality were negligible, in all tested net
formulations for the 15, 30, and 60 min intervals (data not presented), while at the 1-day post-exposure
period, no significant differences were noted among the exposure intervals (Table 4). At this interval,
mortality was generally low, reaching 6.2%. However, in most of the cases, at the 7-day post-exposure
period mortality was approximately 87%, even when the initial exposure was 15 min, while after
10 days mortality reached 100% (Table 4).

Regarding T. confusum larvae, knockdown and mortality were generally low (<5%, data not
presented). Larval knockdown of T. confusum was also negligible (data not presented). After 7 d of
exposure in all formulations, mortality did not exceed 30%, whereas after 10 d the highest mortality
level was 34% at ED5-P (Table 5). Significant differences were recorded among the exposure intervals
in most of the cases (Table 5).
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Table 3. Short- and long-term knockdown (KD) and mortality (% ± SE) of Aphis fabae adults exposed for 15, 30, and 60 min to dishes with four different treated nets
(ED3, ED3-P, ED5, ED5-P), dishes with untreated net and dishes without net. The first day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated net Without net

Short term Long term Short term Long term Short term Long term Short term Long term Short term Long term Short term Long term

Exposure
time KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality KD KD Mortality

15 min 0.0 ± 0.0 a 0.0± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 2.5 ± 2.5 A 100.0 ± 0.0 A 0.0 ± 0.0 20.0 ± 3.2 B 36.2 ± 8.6 B
30 min 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 a 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 22.5 ± 13.1 B 12.5 ± 3.1 B
60 min 27.5 ± 4.5 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 22.5 ± 3.1 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 28.7 ± 3.9 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 15.0 ± 4.6 bA 0.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 B 0.0 ± 0.0 A 93.7 ± 4.1 A 0.0 ± 0.0 B 16.2 ± 4.6 B 23.7 ± 6.7 B

F 36.8 - - 51.5 - - 52.1 - - 10.5 - - - 1.0 2.2 - 0.1 3.2
P <0.01 - - <0.01 - - <0.01 - - <0.01 - - - 0.38 0.13 - 0.86 0.06

Within each exposure interval, post-exposure interval, and net formulation, means followed by the same lowercase letters (a, b) do not differ significantly according to Tukey-Kramer HSD
test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality, and knockdown means followed by the same uppercase letters (A, B) do not differ
significantly across treatments according to Tukey-Kramer HSD test at P < 0.05. Where no letter exist, no significant differences were noted. ANOVA parameters for long-term effect and
knocked down adults were: at 15 min F = 22.8, P < 0.01, 30 min, F = 2.9, P = 0.02, 60 min, F = 12.4, P < 0.01, whereas for short-term effect and knocked down adults at 60 min, F = 22.9, P <
0.01. For delayed mortality at 15 min, F = 54.3, P < 0.01, 30 min, F = 779.5, P < 0.01, 60 min, F = 88.7, P < 0.01, in all cases df = 2, 23. In the case where “-“is indicated, F and P values were
not provided in the Table since no variances among the samples were recorded.

Table 4. Delayed mortality (% ± SE) of Sitophilus oryzae adults exposed for 15, 30, and 60 min to dishes with four different nets (ED3, ED3-P, ED5, ED5-P), dishes with
untreated net and dishes without net. The 1st, 7th and 10th day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated Net Without Net

Exposure
time (d) 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th

15 min 2.5 ± 1.6 100.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 97.5 ± 2.5 A 98.7 ± 1.2 A 0.0 ± 0.0 100.0 ± 0.0 aA 100.0 ± 0.0 aA 5.0 ± 1.8 100.0 ± 0.0 bA 100.0 ± 0.0 aA 6.2 ± 4.1 40.0 ± 8.4 B 56.2 ± 9.0 B 0.0 ± 0.0 0.0 ± 0.0 C 11.2 ± 2.2 C
30 min 3.7 ± 1.8 97.5 ± 2.5 A 100.0 ± 0.0 A 5.0 ± 1.8 97.5 ± 1.6 A 100.0 ± 0.0 A 0.0 ± 0.0 96.2 ± 1.8 bA 96.2 ± 1.8 bA 3.7 ± 2.6 97.5 ± 2.5 abA 100.0 ± 0.0 aA 2.5 ± 1.6 22.5 ± 10.6 B 30.0 ± 11.0 B 0.0 ± 0.0 0.0 ± 0.0 C 11.2 ± 2.9 C
60 min 2.5 ± 1.6 98.7 ± 1.2 A 100.0 ± 0.0 A 3.7 ± 1.8 100.0 ± 0.0 A 100.0 ± 0.0 A 0.0 ± 0.0 100.0 ± 0.0 aA 100.0 ± 0.0 aA 0.0 ± 0.0 87.5 ± 5.2 aA 88.7 ± 5.4 bA 2.5 ± 2.5 43.7 ± 9.9 B 56.2 ± 9.8 B 0.0 ± 0.0 0.0 ± 0.0 C 12.5 ± 3.1 C

F 0.8 0.6 - 2.9 0.7 1.0 - 4.2 4.2 1.9 3.9 4.2 0.5 1.3 2.3 - - 0.1
P 0.83 0.55 - 0.07 0.50 0.38 - 0.02 0.02 0.16 0.03 0.02 0.59 0.27 0.12 - - 0.93

Within each exposure interval, post-exposure interval, and net formulation, means followed by the same lowercase letters (a, b) do not differ significantly according to the Tukey-Kramer
HSD test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality means followed by the same uppercase letters (A, B) do not differ significantly
across treatments according to the Tukey-Kramer HSD test at P < 0.05. Where no letters exist, no significant differences were noted. ANOVA parameters for 1st day were: at 15 min, F = 1.9,
P = 0.10, 30 min, F = 1.6, P = 0.18, 60 min, F = 1.3, P = 0.26, for 7th day were: at 15 min, F = 142.2, P < 0.01, 30 min, F = 91.9, P < 0.01, 60 min, F = 79.1, P < 0.01, whereas for 10th day were: at
15 min, F = 92.2, P < 0.01, 30 min, F = 75.4, P < 0.01, 60 min, F = 55.6, P < 0.01, in all cases df = 5, 47. In the case where “-“is indicated, F and P values were not provided in the Table since no
variances among the samples were recorded.
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Table 5. Delayed mortality (% ± SE) of Tribolium confusum larvae exposed for 15, 30, and 60 min to dishes with four different nets (ED3, ED3-P, ED5, ED5-P), dishes
with untreated net and dishes without net. The 1st, 7th, and 10th day after exposure for each exposure interval is considered as the long-term effect.

ED3 ED3-P ED5 ED5-P Untreated net Without Net

Exposure
time (d) 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th 1st 7th 10th

15 min 3.7 ± 2.6 12.5 ± 3.1 ab 13.7 ± 3.2 1.2 ± 1.2 a 8.7 ± 4.4 a 18.7 ± 3.5 2.5 ± 1.6 ab 13.7 ± 4.1 28.7 ± 2.9 a 2.5 ± 1.6 11.2 ± 4.7 ab 18.7 ± 5.4 ab 6.2 ± 2.6 5.0 ± 1.8 16.2 ± 3.7 0.0 ± 0.0 3.7 ± 2.6 28.7 ± 5.1
30 min 0.0 ± 0.0 7.5 ± 2.5 aA 12.5 ± 3.6 2.5 ± 1.6 ab 18.7 ± 3.5 abB 20.0 ± 3.7 0.0 ± 0.0 a 6.2 ± 2.6 A 8.7 ± 2.2 b 0.0 ± 0.0 8.7 ± 2.2 aAB 11.2 ± 1.2 a 2.5 ± 2.5 7.5 ± 2.5 A 18.7 ± 6.3 0.0 ± 0.0 1.2 ± 1.2 A 21.2 ± 3.5
60 min 6.2 ± 1.8 B 20.0 ± 4.2 bAB 22.5 ± 3.6 7.5 ± 1.6 bB 30.0 ± 5.3 bB 32.5 ± 5.2 7.5 ± 2.5 bB 16.2 ± 3.7 AB 25.0 ± 3.7 a 3.7 ± 1.8 AB 26.5 ± 6.5 bB 33.7 ± 7.0 b 3.7 ± 1.8 AB 6.2 ± 3.2 A 15.0 ± 4.2 0.0± 0.0A 2.5 ± 1.6 A 22.5 ± 3.1

F 2.9 3.5 2.4 4.7 5.6 3.2 4.9 2.1 12.0 1.8 3.8 4.8 0.7 0.2 0.1 - 0.4 1.0
P 0.07 0.04 0.11 0.02 0.01 0.06 0.01 0.14 0.01 0.18 0.03 0.01 0.52 0.79 0.86 - 0.66 0.38

Within each exposure interval, post-exposure interval, and net formulation mortality, means followed by the same lowercase letter do not differ significantly according to the Tukey-Kramer
HSD test at P < 0.05. Within each exposure interval, post-exposure interval, and net formulation, mortality means followed by the same uppercase letter do not differ significantly across
treatments according to the Tukey-Kramer HSD test at P < 0.05. Where no letters exist, no significant differences were noted. ANOVA parameters for 1st day were: at 15 min, F = 1.3,
P = 0.6, 30 min, F = 1.1, P = 0.36, 60 min, F = 2.6, P = 0.03, for 7th day were: at 15 min, F = 1.2, P = 0.30, 30 min, F = 5.1, P < 0.01, 60 min, F = 6.1, P < 0.01, whereas for 10th day were: at
15 min, F = 2.4, P = 0.05, 30 min, F = 1.9, P = 0.12, 60min, F = 2.2, P = 0.07, in all cases df = 5, 47. In the case where “-” is indicated, F and P values were not provided in the Table since no
variances among the samples were recorded.
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4. Discussion

The results of our study indicated that even in the case of the longest exposure interval (180 min) no
immediate mortality was achieved for either of the stored product species tested. However, for A. fabae,
knockdown effect was vigorous and rapid, especially at longer intervals, as KDt50 was high after
approximately one hour. In general, from the most to the least susceptible, the species/life stages tested
here can be classified as A. fabae adults > S. oryzae adults > T. confusum larvae.

Particle size is highly associated with the insecticidal efficacy of inert dusts. Many authors have
emphasized on the importance of the particle size, a significant physical property of dust formulations,
underlining that formulations of smaller particles may enhance the insecticidal efficacy on a variety of
stored-product beetles [34–39]. Korunić [40] found that the efficacy of DEs is promoted when particle
size ranges between 1 and 30 µm. Similarly, Vayias et al. [38] indicated that DEs particles, sized up
to 45 µm, resulted in higher mortality of stored product beetles, as compared with larger particles.
However, Korunić [40] underlined the significance of the DEs origin, and concluded that even a high
range between the size of particles (i.e., 0–192 µm) could lead to similar insecticidal results, indicating
the significance of the particle shape. In this context, Rumbos et al. [39] found that the insecticidal
effect of zeolites on the control of stored-product pests was not highly associated with particle size.

Peng et al. [41] stated that the dispersity and stability of SiO2 nanoparticles are enhanced when
added to liquid paraffin. In the present study, it was concluded that the susceptibility of A. fabae and S.
oryzae was high, regardless of the addition of the primer or the size of silica nanoparticles, since no
significant differences were recorded concerning the long-term effect. Notwithstanding, our results
suggested that the use of paraffin on the net’s surface contributes to the reduction of fabrics’ shrinkage
whereas it increases the rate of the particle deposition. Thus, the knockdown effect of A. fabae was
increased when insects were exposed to ED5-P nets since in this case, the deposition of silica particles
was the highest among all tested samples due to the addition of paraffin. In particular, it was shown
that 99% of the adults were knocked down after six hours when exposed to the net coated with the
ED5-P dust formulation, which consisted of the largest silica particles at the highest deposition rate.

Silica particles should not be considered as the only lethal factor in our study, as mortality can be
also attributed to the presence of the net itself. As shown in the results corresponding to the control
treatments, insects exposed to the SiO2-free nets were also affected by the presence of the net as opposed
to the insects exposed to the dishes without net. Concerning the above, silica-treated nets could be
applied on the vent openings of a greenhouse limiting the number of infestations due to greenhouse
pests’ invasions, which occurs mechanically, i.e., without the use of the dust. A similar approach has
been investigated in the case of stored product insects, with similar results regarding the detrimental
effect of the net to the insect bodies [17,20].

Although no immediate mortality was recorded for all the insect species tested, delayed mortality
was high, reaching 100% even in the shortest exposure time (15 min). Similarly, Kavallieratos et al. [42]
observed a significant delayed mortality on 14 d for S. oryzae and the lesser grain borer, Rhyzopertha
dominica (F.) (Coleoptrea: Bostrychidae) when exposed to a mixture of DE and abamectin. Our data
show that, despite low initial effect, delayed mortality for the two beetle species was high, which clearly
suggests that the exposed individuals were heavily affected by the presence of the dusts in their cuticles.
As inert materials are slow-acting, it has been observed that mortality may take several days or even
weeks to occur, even if the insects are in continuous contact with the dust particles [43,44]. Nevertheless,
the current results suggest that even the shortest exposure to the dust particles tested here is irreversibly
lethal, and recovery is less likely to appear. This is particularly important, as insects will eventually die
after their removal from the treated substrate, a characteristic that is even more important in the case
of aphids, if it is combined with the knockdown that appears rapidly after exposure.

To conclude, this study indicates that all of the nets tested here were effective for the control of
aphids and less for beetles (including larval stage), despite variations in efficacy among treatments.
Practically, the nets that are coated with inert materials can serve as a good alternatives to traditional
pesticides in greenhouses but also in food and processing facilities, significantly moderating insect
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immigration. This technology can be adopted in a wide range of facilities, and also in food packaging,
where the larval stage can penetrate with ease. At the same time, in a “real world” greenhouse scenario,
immigration of aphids from the outside toward the plantation will force the insects to pass through the
treated net, which is expected to be lethal, even if some aphids eventually pass successfully.
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Insect proof screens were coated with silica (SiO2) nanoparticles using the plasma coating

process. The work studied whether a screen coated by SiO2 nanoparticles could be more

effective on insects' control than a non-coated screen. Thus, the insect control properties of

25- and 40-mesh screens were studied. Besides, a series of experiments were performed to

investigate the mechanical, optical, and airflow properties of different (25, 40, and 50) mesh

screens coated or not with SiO2 nanoparticles. The air permeability of the screens was

affected, while the mechanical and optical properties of the screens were not significantly

affected by the SiO2 coating. Compared to 40- and 50-mesh non-coated screens, a 25-mesh

SiO2-coated screen had 54% and 66% higher air permeability values, respectively. The

mean number of aphids infesting the leaves and stems of the crop grown under a 25- or a

40-mesh SiO2-coated screen was up to 93% and 81% lower than those grown under the non-

coated screens, respectively. The number of aphids found on plants grown under a 25-

mesh SiO2-coated screen were significantly lower (about 80%) than those recorded under

a 40-mesh non-coated screen. Based on the differences observed on screen's air perme-

ability and on greenhouse ventilation models available in the literature, it was estimated

that a greenhouse with a 25-mesh SiO2-coated screen will have 11.5% and 23.1% higher

ventilation rate than a greenhouse with a 40- or 50-mesh non-coated screen, respectively.

© 2022 IAgrE. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Screens are widely used in agriculture as a means of crop

protection against biotic or abiotic factors, including hail,

rainfall, wind, and virus-vector insects. Insect-proof screens

aremainly established as physical andmechanical barriers on

the greenhouse vent openings to prevent crops from insect

invasions and limit insecticide applications (Teitel et al., 2009).
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In naturally ventilated greenhouses, insect screen instal-

lation significantly negatively affects the passive flow of the

outdoor air into the greenhouse environment and flow of in-

door air outside, in contrast to fan ventilated greenhouses,

where microclimate conditions are efficiently controlled

(Teitel, 2007). The use of finer mesh screens as an insect in-

vasion obstacle adversely affects both the air temperature and

humidity in the protected environment (Harmanto et al.,

2006). Several authors have studied the effect of insect-proof
.
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Nomenclature

AT ventilation opening area (m2)

Cd discharge coefficient of the greenhouse inlet

opening

Cd,tot total discharge coefficient of the greenhouse

inlet openings covered by a screen

Cds discharge coefficient of the screen

e screen thickness (m)

Kp permeability of the screen (m2)

P pressure (Pa)

u upstream velocity (m s�1)

x direction of airflow

Y inertial factor

Greek letters

ε porosity

m dynamic viscosity (kg m�1 s�1)

r density (kg m�3)
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screens on greenhouse ventilation performance, concluding

that their installation in vent openings can reduce ventilation

rate by 50% (Fatnassi et al., 2002; Katsoulas et al., 2006; Kittas

et al., 2008), whilst increasing the greenhouse temperature.

Therefore, higher temperature levels are recorded in the

greenhouse environment adversely affecting crop growth

(Kittas et al., 2002; Katsoulas et al., 2006).

Microclimate homogeneity is strongly related to screen's
physical properties such as air permeability and porosity

(L�opez-Martı́nez et al., 2020). Screenhouses, constructions

that are completely covered by screens, have been widely

used as amore economically viablemeans of sustainable food

production (Tanny et al., 2009; Kitta et al., 2014). As in green-

houses, the thermal distribution, velocity, and airflow in these

structures differ significantly between the outdoor and indoor

environments. It is evident that air velocity in the interior of a

screenhouse is considerably reduced compared to that in the

open field (Teitel et al., 2015), nonetheless, the air exchange in

screenhouses is much higher compared to that of green-

houses as their whole structure is covered by screens as

opposed to greenhouses with openings generally not

exceeding 30% of the covered area (Tanny et al., 2003).

The air permeability and the porosity of an insect screen are

of great importance as they affect both the environment of the

greenhouse and the pressure coefficients of the screen

(Castellano et al., 2008). However, porosity cannot be consid-

ered as the only source for determining airflow characteristics,

as screenswith similar porosities have been found to differ, due

to additional geometric characteristics such as the diameter

and type of the thread (Castellano, Starace, De Pascalis,

Lippolis, & Scarascia-Mugnozza, 2016). Besides, the discharge

coefficient is used to determine the airflow resistance when air

is passing through the greenhouse openings (Bailey et al., 2003).

Despite pressure loss, that usually occurs due to the geometric

characteristics of the greenhouse vents, insect-proof screens

form a supplementary ventilation barrier by producing addi-

tional pressure drop (L�opez-Martı́nez et al., 2020).
Screens are directly linked to ventilation capacity; thus, it

is important to determine the airflow resistance of the insect-

proof screens. Miguel et al. (1997) stated that air permeability

varies according to the agronomic use of the screen, with that

of the insect-proof screen being less than 10�8 m2.

In light of the necessity to determine the airflow charac-

teristics in a greenhouse equipped with insect-proof screens,

researchers have used experimental and modelling tech-

niques that enable the estimation of the air permeability and

the inertial factor. From the literature available, the dynamics

of the air movement through insect screening has been esti-

mated either in terms of permeability, by using the motion

equation of a fluid through a porousmaterial expressed by the

Forchheimer equation, or in terms of the discharge coefficient

according to Bernoulli's flow theory (Rigakis et al., 2015;

Castellano, Starace, De Pascalis, Lippolis, & Scarascia

Mugnozza, 2016).

The physical properties of screens are related to the

screen's construction features such as the screen material,

thread dimension, and texture, and in particular, mesh

(Castellano, Starace, De Pascalis, Lippolis, & Scarascia

Mugnozza, 2016). The mesh size of insect-proof screens usu-

ally ranges between 0.2 and 3.1 mm and is defined as the

distance between two threads in the warp or weft direction

(Castellano et al., 2008). Although screens of relatively low

mesh size significantly reduce the insect penetration in the

greenhouse facility, they also cause spatial heterogeneity due

to insufficient ventilation. Moreover, they impede light

transmission, air velocity, and turbulence within the green-

house (Teitel, 2001, 2007).

Many studies have shown promising results regarding the

incorporation of conventional insecticides into the yarns of

screens (D�ader et al., 2014; Arthurs et al., 2018). However,

these screens were insufficient to control the penetration and

the reproduction rate of thrips and whiteflies in the interior of

a protected environment, necessitating the application of

higher mesh screens.

Recently, scientific interest has turned to the study of SiO2

nanoparticles as a non-toxic substance for pest control. Silica

nanoparticles’ mode of action relies on its intensive sorptivity

by the insects' epicuticle lipids, damaging the protecting wax

shell covering their chitin, which in turn leads to death

through increasing evaporative water loss as a result of the

abrasion (Ayoub et al., 2017). Nevertheless, to date, most re-

searchers have focused on the study of silica as a desiccant

powder in terms of stored-product insects.

In the frame of an idea to use silica in combination with

low mesh insect-proof screens in greenhouses for effective

control of insects, Faliagka et al. (2020) studied different types

of silica nanoparticle formulations in the lab and presented

proof that SiO2 nanoparticles positively affect insects' mor-

tality, while lab tests on the effect of SiO2-coated screens (in

petri dishes) on different insects’ mortality were presented by

Agrafioti et al. (2020). However, the above studies were con-

ducted in a laboratory under controlled and low humidity

conditions.

The present study aims to prove that a low mesh screen

coated by SiO2 nanoparticles could be at least as effective on

insects’ control as a high mesh non-coated screen. The ob-

jectives of this study were (a) to study the efficiency of SiO2
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coated screens in pest control under greenhouse conditions

and (b) to determine the effect of SiO2 coating on the physical,

mechanical, and optical properties of three commonly used

insect-proof screens.

Innovative and original parts of thiswork constitute the: (a)

use of plasma coating process to incorporate and attach SiO2

nanoparticles on different insect-proof screens, (b) study of

screens’ airflow, optical and mechanical properties, and (c)

field experiments in real environment conditions.
2. Materials and methods

2.1. Greenhouse facilities and plant material

2.1.1. Experimental setup
A series of five experiments was conducted in the greenhouse

facilities of the Laboratory of Agricultural Constructions and

Environmental Control, at the University of Thessaly, in the

area of Velestino (latitude 39�440, longitude 22�790, altitude

85 m), Greece. Six small-scale greenhouses (1.5 m

length � 0.8 m width � 0.9 m height) were constructed and

placed inside a gothic arch type greenhouse of 25.0 � 9.6 m

and a gutter height of 5.0 m (Fig. 1). The small-scale green-

houses were used for testing two different screens per

experiment, so there were three randomised repetitions per

material tested.

The air temperature and relative humidity inside the

greenhouse compartment where the small-scale greenhouses

were located was automatically monitored by a climate con-

trol computer. In each of the tested experimental periods

different mesh screens were assessed. The six small-scale

greenhouses were completely covered by insect-proof

screens and used to assess two different screens (25-mesh

coated and non-coated screens or 40-mesh coated and non-

coated screens) per experimental period comprising of three

randomised repetitions per each period. Thus, in three of

them, the screen was coated (Powder and Surface, Salzkotten,

Germany) with SiO2 nanoparticles; namely Sylobloc ® S200
Fig. 1 e Greenhouse configuration (left) showing the location of

the experimental trials (infested plants are located in front of the
using a Plasma feeding unit developed by Powder and Surface,

(Salzkotten, Germany), while the rest were SiO2-free and used

as the control treatment.

The S200 formulation consists of a white amorphous silica

powder comprising 99% of silicon dioxide (SiO2) with a particle

size of 2.0e4.0 mm. The SiO2 coating process is based on a

method in which a surface is coated through a plasma beam

by directing a beam of low-temperature plasma at the surface

of a substrate. In this process, a fine granular powder of SiO2 is

added to the beam in precise quantities to cover the screen's
surface.

2.1.2. Assessment of the pest control efficiency of SiO2-coated
screens
Vicia faba L. plants infested with a black bean aphid colony,

Aphis fabae Scopoli (Hemiptera: Aphididae), were provided by

the Laboratory of Agricultural Entomology, Benaki Phyto-

pathological Institute, Attica, Greece. Aphids were reared on

Vicia faba L. plants at 20 ± 1 �C, relative humidity (R.H.) of

65 ± 2% and a photoperiod of 16 h in light: 8 h in dark

(Papanikolaou et al., 2011). The artificial infestation was per-

formed by placing two pots of the infested plants outside of

each small-scale greenhouse, towards the wet pad of the

compartment. In this way, the migration of the insects could

be promoted either through their natural movement or

through the air pressure in case the fan and pad system was

active (Fig. 1). All small-scale greenhouses were placed in

parallel without blocking the airflow between them and the

air flow imposed by the pad and fan system.

Experiments were carried out during five experimental

periods (Table 1). During the 1st experimental period, each

small-scale greenhouse was filled with 10 tomato (Solanum

lycopersicum) plants grown into pots (diameter of 15 cm, vol-

ume of 1.5 L each), filled with a peat and perlite mixture,

placed when plants reached the 6the7th true leaf stage. The

measurements related to the number of aphids infesting the

plants inside each small-scale greenhouse were initiated 11

days after the artificial infestation (DAI). During the 2nd and

3rd experimental periods, common bean plants (Phaseolus
small-scale greenhouses and the airflow direction during

wet pad) and real photo of a small-scale greenhouse (right).
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Table 1 e Five-period experimental setup to assess the
efficacy of SiO2-coated screens.

Period Crop DAIa Mesh of screens
tested

Coated Non-coated

1st (Aug.eSept.) Tomato 11 25 25

2nd (Oct.eNov.) Bean 11 25 25

3rd (Nov.eDec.) Bean 8 25 25

4th (Mar.eApr.) Bean 21 40 40

5th (MayeJun.) Bean 12 25 40

a DAI: Day of first measurement After Infestation.

Table 2 e Physical properties of the used insect-proof
screens.

Screens ε (%) e (mm) Weight (g m�2)

50-mesh 42.8 233 123

40-mesh 50.1 231 105

25-mesh 57.0 200 68

ε porosity; e thickness of the screen (mm).
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vulgaris L.) were selected as more susceptible species to aphid

infestations. Similar to the 1st period, 10 pots were placed

inside each small-scale greenhouse. The measurements

started on DAI 11 and 8, for period 2 and 3, respectively. The

experiments during the first three experimental periods were

conducted to evaluate the 25-mesh coated screen. Following

the aforementioned trials, two additional series of experi-

ments were carried out using either a 40-mesh screen or bean

plants comprising the 4th period, or a 40-mesh non-coated

and a 25-mesh coated screen, comprising the 5th period.

The final experiment aimed to assess the efficacy of a SiO2-

coated screen of relatively larger pores compared with that of

a common dense (40-mesh) screen used in greenhouses. The

measurements started on DAI 21 and 12, for periods 4 and 5,

respectively.

Plants were irrigated three times per day (with a dose of

0.07 L per pot per irrigation event) through drip irrigation. The

growth rate of the plants in the different small-scale green-

houses was similar; with no obvious differences between

them at the end of each experimental period (final plant

height in all cases about 0.8 m).

The number of aphids infesting the plants inside each

small-scale greenhouse was assessed after sampling a total of

30 leaves per treatment. Additionally, a total of 15 stems per

treatment were also collected to estimate the aphid popula-

tion on the stems (only during the 2nd, 3rd, 4th, and 5th

experimental period). The leaves were selected based on the

developmental stage of the crop (young leaves) and the leaf

area (approximately the same leaf area), while stems of about

the same length were cut randomly. Samples were collected

three times a week, temporarily stored in transparent

resealable plastic bags and then transferred to the lab. The

number of aphids infesting each leaf and stem was recorded

using a Stereo e Microscope (Leica/Wild M3Z Stereo Micro-

scope, Leica Biosystems).

2.2. Mechanical, optical and aerodynamic properties of
the screens

The effect of the plasma coating process on the mechanical,

optical, and airflow properties of three different screens

(Table 2, Fig. 2) provided by Thrace Nonwovens & Geo-

synthetics S.A. was studied. The physical properties of the

tested screens including the mesh, the porosity (%), the

thickness (mm), and the weight of the screen (g m�2) are

presented in Table 2.
Figure 3 presents the optical difference between a 50-mesh

non-coated and SiO2-coated screen. The thickness of both

screens, as measured using a digital calliper, was 233 mm.

The screen's mechanical properties in terms of tensile

strength were evaluated to determine the maximum tensile

force, the maximum tensile force elongation, the breaking

force, and the breaking force elongation, using a testing ma-

chine (Zwick Materialprüfung, ZwickRoell GmbH & Co. KG,

Ulm, Germany) with a constant testing speed. All mechanical

tests were performed for at least 24 h under controlled con-

ditions at 20.0 �C and 65% relative humidity. The tensile

strength was determined according to the standard DIN EN

ISO 13934-1 in a strip tensile test.

The effect of the coating on the optical characteristics

(transmission, %) of the screens was assessed for the visible

and infrared (IRT) spectrum using a Haze-gard plus instru-

ment (BYK Instruments) and a FT-IR spectrometer (Spectrum

Two, PerkinElmer), respectively.

To obtain the aerodynamic characteristics of each screen, a

series of measurements was performed in a subsonic wind

tunnel with a 50 � 70 � 300 cm metal frame test section

coveredwith high-strength Plexiglas and speed up to 30m s�1.

All screens were installed in wooden frames with no inter-

mediate gaps between the frame and the screen and then

fitted vertically in the middle of the test section of the wind

tunnel. The airflow direction was perpendicular to the

screen's surface. An anemometer sensorwas placed in front of

the tested screen in order to measure the wind speed. Addi-

tionally, the probes of a manometer (Wohler DM 2000 Digital

Manometer) were adjusted at two different points, in front

and behind the screen's surface, tomeasure the pressure drop.

The rotation and the adjustment of the fan speedwere carried

out using a Toshiba VF-SXN inverter, with the threshold of

57 Hz. The fan speedwas set to the following nine frequencies:

10, 15, 20, 25, 35, 40, 45, 50, and 55 Hz. Depending on the fre-

quency of the fan, a test sequence was performed with 9

different air velocities ranging from 1.5 to 13.25 m s�1.

The Forchheimer equation was used to estimate the air

permeability Kp and the inertial factor Y of the insect-proof

screens. Eq. (1) indicates the correlation between fluid veloc-

ity and pressure drop, through the viscous resistance force

due to momentum transfer at the fluid (air) e solid (screen)

interface (m/Kp) and the pore inertia effects (rY/Kp
0.5) (Teitel,

2011; L�opez-Martı́nez et al., 2020):

vP

vx
¼ r

Y

K0:5
p

jujuþ m

Kp
u (1)

where, m is the dynamic viscosity of air (kg m�1s�1), Kp is the

permeability (m2) which represents the ability of the medium

to transmit the fluid through it and depends on the geometry

https://doi.org/10.1016/j.biosystemseng.2022.01.003
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Fig. 2 e Configuration of the screens' opening area based on the number of threads per inch; (1) 25-mesh, (2) 40-mesh, and

(3) 50-mesh.

Fig. 3 e 50-mesh (1) non-coated and (2) SiO2-coated insect-

proof screen.
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of the pores, u is the air velocity (m s�1), r the air density (kg

m�3), Y the inertia factor (dimensionless) which depends on

the nature of the porousmedium, P the pressure (Pa) and x the

porousmaterial thickness (m). The coefficients of the dynamic

viscosity of the air, the air density, as well as the thickness of

the screen were used as constant values.

In line with Eq. (1), a second-order polynomial equation

was used to determine the values of Kp and Y, which best fitted

the pressure drop curves (Miguel et al., 1997).

vP¼ au2 þ buþ c (2)

However, according to L�opez-Martı́nez et al. (2014), the

zero order value can be neglected leading to the following

second-order polynomial equation:

vP¼ au2 þ bu (3)

Thus, after equating the coefficients of Forchheimer

equation (Eq. (1)) with those of the second-order polynomial

equation (Eq. (3)), the permeability Kp and inertia factor Y

values were estimated using the following expressions:

Kp ¼ e
m

b
(4)

Y¼ a K0:5
p

er
(5)

The screen's porosity was estimated as the result of the

division of the non-solid volume (voids) to the total volume of

the screen, through image processing (Castellano et al., 2008).

2.3. Statistical analysis

A non-linear regression was performed between the vP and u

values to analyse the fit of the simulated a, b values of Eq. (3)
using IBM SPSS Statistics 26. The comparison between the

resulting curves for both the aerodynamic and the optical

properties was obtained from the Paired Samples t-test

analysis.

Comparison of means for the results obtained from the

field trials was performed by applying one-way ANOVA at a

confidence level of 95% (p < 0.05) using SPSS.
3. Results and discussion

3.1. Assessment of the pest control efficiency of SiO2-
coated screens

Table 3 presents the mean temperature and relative humidity

values recorded in the greenhouse during each experimental

period.

The use of the 25-mesh coated screen resulted in signifi-

cantly lower infestations inside the small-scale greenhouse.

As shown in Fig. 4, the mean population infesting the tomato

leaves was higher by up to 82.5% for the plants grown under

the non-coated than under the coated screen.

The mean aphid population recorded in both the leaves

and stems of bean plants grown under the 25-mesh screens

during the 2nd period is presented in Fig. 5 (a,b). The use of

coated screens led to a significant leaf and stem infestation

decrease by up to 95% and 80%, respectively. No significant

increase in the insect population of the leaves was observed

under the coated screens throughout the experimental series,

as opposed to the non-coated screens where the infestation

followed an upward trend. Repetition of measurements dur-

ing a 3rd experimental period showed similar results

(Fig. 5c,d).

A similar efficiency on insects' control was also observed

under the 40-mesh SiO2-coated screen (Fig. 6). Overall, the

aphid infestation during the 4th experimental period followed

the same trend as that of the 2nd and 3rd period, underlying

the efficiency of the SiO2 nanoparticles on the screen's surface
to reduce aphid infestation on the plants inside the small-

scale greenhouses.

The comparative assessment of the insect control efficiency

of the 25-mesh SiO2-coated screen to that of themost common

insect-proof screen used in greenhouses (40-mesh non-coated)

is presented in Fig. 7. It was found that compared to the 40-

mesh non-coated screen, the use of the 25-mesh SiO2 coated

screen reduced the number of insects on the plant leaves and

stems by 79e97% and 55e88%, respectively.

https://doi.org/10.1016/j.biosystemseng.2022.01.003
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Table 3 e Mean (and standard error ± SE) values of air temperature (T) and relative humidity (R.H.) measured outside the
small-scale greenhouses (inside the large greenhouse compartment) during the five experimental periods.

Period Crop Mesh T (�C) R.H. (%)

day night day night

1st (Aug.eSept.) Tomato 25 23.8 ± 0.1 21.4 ± 0.1 69.7 ± 0.3 74.8 ± 0.2

2nd (Oct.eNov.) Bean 25 20.1 ± 0.1 15.1 ± 0.1 66.6 ± 0.6 86.4 ± 0.3

3rd (Nov.eDec.) Bean 25 15.1 ± 0.1 11.4 ± 0.1 82.8 ± 0.5 94.1 ± 0.2

4th (Mar.eApr.) Bean 40 19.0 ± 0.1 12.3 ± 0.1 54.1 ± 0.5 78.5 ± 0.3

5th (MayeJun.) Bean 25e40 23.2 ± 0.1 17.8 ± 0.1 61.0 ± 0.4 77.9 ± 0.1

Fig. 4 e Mean Aphis fabae population per tomato leaf of

plants grown under the different 25-mesh screens during

the 1st period; empty columns: non-coated screens; filled

columns: SiO2-coated screens. The error bars indicate the

standard error of the means. Different letters indicate

significant differences among treatments for each day after

the infestation (p < 0.05). N ¼ 30.
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Many authors underline the significance of particles’ size of

inert formulations, such as SiO2, accentuating those smaller

particles could increase its insecticidal adequacy (Kavallieratos

et al., 2012). Recently, Agrafioti et al. (2020) found in laboratory

trials, that when exposed for 6 h to a 50-mesh SiO2 coated

screen attached to the bottom surface of petri dishes, 99% of

the aphids were under knockdown effect. In their study, the

nanoparticles used where of 9 mm diameter. In the present

study, the use of the S200 nanoparticles, a formulation con-

sisting of relatively smaller particle size (2e4 mm) proved to be

sufficient against aphids even after incorporation on the yarns

of a 25-mesh screen.

According to Subramanyam and Roesli (2000), the time of

action of inert nanoparticles is slower as compared to con-

ventional insecticides. The level of infestation depends to a

great extent on the time required for the acclimatisation of the

insects into the greenhouse environment, the number of in-

sects introduced through the aphid colony, and the climatic

conditions prevailing in the greenhouse for each of the tested

periods. The high aphid density inside the untreated green-

housesmay be related to the continuous presence of an aphid

colony outside of each small-scale greenhouse. The increased
aphid infestation on the plants of the control treatment is

assumed to be further related to the insect reproduction rate

after their penetration into the greenhouse environment.

Indeed, Debnath et al. (2011) emphasised the effectiveness of

SiO2 nanoparticles in the fecundity of Sitophilus oryzae adults,

as no progenies were recorded twomonths after the exposure

of the individuals to the dust formulation. According to

Faliagka et al. (2020), themortality rate of aphids reached 100%

one day after their exposure for 15 min to the same silica

nanoparticles formulation (S200) used for screens’ coating in

the present work, indicating that insects' mobility was

significantly decreased during the period that followed their

contact with the silica nanoparticles. In our study, we can

assume that the aphids entered effortlessly through the

openings of the screen regardless of its mesh, without the

screen being a mechanical barrier; however, their contact

with the nanoparticles probably led to their immobilisation

(knockdown effect) resulting in a low or zero reproduction rate

and then to death through desiccation.

3.2. Effect of coating on screen properties

3.2.1. Pressure drop
The pressure drop versus the upstream air velocity values,

measured in the wind tunnel are presented in Fig. 8.

The coefficients a and b of the best fitted curves of Eq. (3)

are presented in Table 4. A good correlation of the pressure

drop to air velocity was observed, as confirmed by the high

values of the determination coefficient (R2 � 0.99) estimated

for all tested screens.

The results confirm the dependence of pressure drop to

porosity (ε). As expected, the lower the porosity the higher the

pressure drop (Table 2, Fig. 8). The findings of the present

study confirmed those available in the literature, presenting a

strong dependence between pressure drop, air velocity, and

porosity (Castellano, Starace, De Pascalis, Lippolis,& Scarascia

Mugnozza, 2016).

In general, for a given air velocity, the pressure drop

increased due to either the silica-coating or the increase of

mesh. The pressure drop observed for the 40- and 50- mesh

SiO2-coated screens was higher compared to the non-coated

ones of the same mesh (Fig. 8). In particular, the integration

of silica nanoparticles on the surface of the 40- and the 50-

mesh screens led to a significant increase of the pressure

drop (p < 0.05). Hence, the pressure drop of the 40- and 50-

mesh screens at the highest recorded air velocity values

increased due to SiO2 coating from 377 to 402 Pa and from 421

to 440 Pa. Remarkably, the 25-mesh screens presented the

https://doi.org/10.1016/j.biosystemseng.2022.01.003
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Fig. 5 e Mean Aphis fabae population per bean leaf and stem of plants grown under 25-mesh screens during the (aeb) 2nd

and (ced) 3rd period of measurements. Empty columns: non-coated screens; filled columns: SiO2-coated screens. The error

bars indicate the standard error of the means. Different letters indicate significant differences among treatments for each

day after the infestation (p < 0.05). N ¼ 30 leaves, 15 stems.

Fig. 6 eMean Aphis fabae population per bean (a) leaf and (b) stem of plants grown under the 40-mesh screens during the 4th

experimental period. Empty columns: non-coated screens; filled columns: SiO2-coated screens. The error bars indicate the

standard error of the means. Different letters indicate significant differences among treatments for each day after the

infestation (p < 0.05), N ¼ 30 leaves, 15 stems.

b i o s y s t em s e ng i n e e r i n g 2 1 5 ( 2 0 2 2 ) 2 1e3 1 27
lowest pressure drop values as compared to the 40 and 50-

mesh (coated and non-coated) samples, indicating as ex-

pected a higher flow rate compared to the 40- and 50-mesh

screens. These results are in agreement with those of Teitel

et al. (2009), who indicated a significant decrease in pressure

drop as the insect screen's porosity increased from 0.40 to 0.62.

However, the SiO2 coating of the 25-mesh screen did not

affect the pressure drop through the screen's surface since the

recorded values for the coated screen were similar to those of

the non-coated screen under all tested air velocities imposed

to the wind tunnel. This is an important finding, indicating
that the coating of the 25-mesh screen did not affect the

pressure drop effect of the screen.

3.2.2. Air permeability
The air permeability (Kp) and the inertial factor (Y) were esti-

mated after Eq. (1) using Eq. (3). It is well established that air

permeability and porosity are highly related factors (Miguel

et al., 1997; Teitel, 2001). The integration of SiO2 nano-

particles on the screen led to a decrease in air permeability in

comparison to the non-coated screens (Table 4). It was esti-

mated that the coating of screens induced a decrease in air

https://doi.org/10.1016/j.biosystemseng.2022.01.003
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Fig. 7 e Mean Aphis fabae population per bean (a) leaf and (b) stem of plants grown under a 40-mesh non-coated and 25-

mesh SiO2-coated screen during the 5th experimental period. Empty columns: non-coated 40-mesh screen; filled columns:

SiO2-coated 25-mesh screen. The error bars indicate the standard error of the means. Different letters indicate significant

differences among treatments for each day after the infestation (p < 0.05), N ¼ 30 leaves, 15 stems.

Fig. 8 e Pressure drop (Pa) versus the upstream air velocity

(m s¡1) for all tested insect-proof screens. Circles: 25-mesh;

triangles: 40-mesh; squares: 50-mesh screen; empty

symbols: non-coated screens; filled symbols: coated

screens. The lines represent the best fit 2nd order

polynomial lines.
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permeability from 24 to 43% as compared to the non-coated

screens of the same mesh. The air permeability of the non-

coated 25-mesh screen was higher in comparison to the 40

and 50-mesh screens by 73.8% and 80.6%, respectively. Similar

results were also observed for the SiO2-coated screens. In this
Table 4 e Aerodynamic characteristics of the non-coated and S

Screens ε

(%)
a

(Pa m�2 s2)
b

(Pa m

50-mesh non-coated 42.1 3.62 5.6

50-mesh coated 3.85 8.5

40-mesh non-coated 50.1 2.50 4.1

40-mesh coated 2.78 5.4

25-mesh non-coated 57.0 1.96 0.9

25-mesh coated 1.88 1.6

ε (%) is the porosity; a (Pa m�2 s2) and b (Pa m�1 s) are the coefficients obtai

velocity; R2 is the fit determination coefficient, Kp (m2) is the air permeab
case, as the screen's mesh increased, the Kp value decreased

from 2.22 � 10�9 m2 to 7.75 � 10�10 m2 and 4.97 � 10�10 m2, for

the 25, 40, and 50-mesh screen, respectively.

Fatnassi et al. (2003), investigated the airflow characteris-

tics of antiewhitefly, antieaphid, and antiethrip screens of

0.69, 0.56, and 0.19 porosity and found permeability values of

1.89 � 10�9, 1.39 � 10�9, and 0.24 � 10�9 m2, respectively.

Recently, L�opez-Martı́nez et al. (2020) conducted experiments

in a wind tunnel to estimate the aerodynamic characteristics

of 35 insect-proof screens consisting of different porosities

ranging from 0.237 to 0.556 m2 m�2. Twenty-nine of the 35

tested screens had porosity values lower than 0.45, while the

permeability of all tested screens was of the order of 10�9.

Miguel and Silva (2000), after relating air permeability with

porosity, suggested that porosity is considerable only for high

permeability values such as 10�8, while it is negligible for

lower permeability values of the order 10�10.

According to L�opez et al. (2016), besides porosity, the in-

ertial factor coefficient is strongly related to screen thickness.

In the present study, the higher the mesh, the higher the

thickness, the lower the porosity of the screen, and the lower

the inertial factor values (Table 4). That is why the results of

the present study related to the correlation between the

porosity and the inertial factor may be different to those

observed in previous studies, which reported an increase of

the inertial factor with decreased porosity (Lopez et al., 2016;

Valera et al., 2006) for screens that showed a higher thickness

when the porosity increased. The inertial factor of the insect-

proof screens was lower in all SiO2-coated screens as
iO2-coated insect-proof screens.

�1 s)
R2 Kp

(m2)
Y

dimensionless

0 0.999 7.59 � 10�10 0.38

5 0.998 4.97 � 10�10 0.33

2 0.999 10.2 � 10�10 0.31

4 0.999 7.75 � 10�10 0.30

3 1.000 39.1 � 10�10 0.51

4 1.000 22.2 � 10�10 0.37

ned from the second-order correlation between pressure drop and air

ility and Y is the inertial factor.
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Table 5 e Estimated values (95% confidence) of the
screen's discharge coefficient for all tested insect-proof
screens.

Screens Estimated Cds Std. error R2a dfb Cd,tot

50-mesh non-coated 0.88 0.006 0.995 8 0.33

50-mesh coated 0.82 0.009 0.990 8 0.31

40-mesh non-coated 0.91 0.006 0.996 8 0.38

40-mesh coated 0.84 0.007 0.994 8 0.36

25-mesh non-coated 0.95 0.002 1.000 8 0.43

25-mesh coated 0.95 0.003 0.999 8 0.43

Cd,tot is the total discharge coefficient of a greenhouse vent covered

by a screen.
a R2: Determination coefficient.
b df: degrees of freedom, the number of the independent values

involved in the estimation of the Cd,tot.
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compared to the non-coated ones, and decreased with mesh

increase when comparing the 25-mesh screens with the 40- or

50-mesh screens.

Miguel et al. (1997) suggested to estimate the air perme-

ability and the inertial factor of low porosity insect and ther-

mal screens using the following equations, Kp¼ 3.44� 10�9
ε
1.6

and Y ¼ 4.3 � 10�2/ε2.13, respectively. The results obtained

from the use of the above relationships to estimate the Kp

coefficient for the 25, 40, and 50-mesh screens were

1.40 � 10�9 m2, 1.14 � 10�9 m2, and 8.85 � 10�10 m2, respec-

tively, while Y coefficient values were 0.14, 0.19, 0.26, and

showed a similar trend to those proposed by Teitel (2007), that

is that the increase of the porosity of a screen leads to the

decrease of Y. However, these results are not in linewith those

obtained by the Forchheimer equation, as in the case of the

aforementioned equations, where only porosity (ε) is taken

into account.

3.2.3. Mechanical and optical properties
The results obtained from the tensile strength evaluation of

the screens showed that the silica coating process had not any

significant effect on the tenacity properties of the screens. The

mean value of the maximum tensile force for all tested

screens was about 1630 N.

SiO2 coating slightly decreased light transmission of the

screens with the difference between coated and non-coated

ones increasing with mesh from 3.5% for the 25- mesh

screen to 7% for the 50-mesh screen (not statistically signifi-

cant). The mean light transmission values of the 25, 40, and

50-mesh non-coated screens were 93%, 90% and 88%,

respectively.

3.2.4. Greenhouse ventilation
Greenhouses are usually equipped with ventilation openings

which account for about 25% of the covered area to provide

goodmicroclimate conditions for sufficient plant growth (Von

Zabeltitz, 2011). Since the incorporation of insect screens on a

vent opening decreases the ventilation area, an increase of the

greenhouse vent opening area is suggested. Thus, Harmanto

et al. (2006) investigated the impact of high mesh screens

when installed in greenhouseswith ventilation openings of up

to 50% of the covered area and observed significant differ-

ences in the air exchange rate as the mesh increased.

Compared to a 40-mesh anti-leafminer screen, the use of a 78-

mesh anti-thrip screen and a 52-mesh anti-whitefly screen

resulted in 50% and 35% air exchange reduction, respectively.

Many authors (Bailey et al., 2003; Harmanto et al., 2006;

Rigakis et al., 2015) have emphasised the relation between the

air exchange and the discharge coefficient of the screen (Cds*¼
ε Cds) (Teitel, 2001). In the current study, the discharge coeffi-

cient of the screen was estimated using Bernoulli's equation

(Eq. (6)) and the estimated values are presented in Table 5.

DP¼ 0:5
ru2

C2
ds*

(6)

Kittas et al. (2002) suggested that the total discharge coef-

ficient (Cd,tot) of a greenhouse vent covered by a screen should

be calculated considering the pressure drop across both the

screen (Cds*) and the inlet opening (Cd). Considering a
contribution of the pressure drop to the discharge coefficient

across the inlet opening of 0.7, as suggested by Boulard and

Draoui (1995), the estimated Cds values presented in Table 5

and the porosity values presented in Table 4, Cd,tot values

were estimated as follows:

Cd;tot ¼ Cds* Cdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
ds* þ C2

d

q (7)

The Cds increased as the mesh of the tested screens

decreased (Table 5). These results are in line with those of

Rigakis et al. (2015) that found Cds values of the order of 1.01 for

a 50-mesh insect-proof screen with 46% porosity. The slightly

lower values of Cds found in the present study may be related

to the differences in porosity and yarn dimensions as

compared to the screens tested by Rigakis et al. (2015). These

findings are also in agreement with those of Bailey et al. (2003)

who argued that the discharge coefficient of the screen is

related to the fibre thickness as with the decrease of the latter

lower Cds values are recorded.

Silica coating resulted in lower total discharge coefficient

values (Table 5); however, these differences were negligible as

the coating did not affect the Cd,tot values of the screens by

more than 6%. Based on the estimations presented above and

considering that the greenhouse ventilation rate is propor-

tional to Cd,tot (Kittas et al., 2002; Katsoulas et al., 2006), it could

be indirectly estimated that a greenhouse with a 25-mesh

SiO2-coated screen will have 11.5% and 23.1% higher ventila-

tion rate than a greenhouse with a 40- or 50-mesh non-coated

screen, respectively.
4. Concluding remarks

This work examined the effectiveness of SiO2-coated insect

proof screens on insects' control in small-scale greenhouses

(located inside a larger greenhouse) against that of non-coated

ones. It was found that compared to a non-coated screen of

the same mesh, SiO2-coating resulted to a more than 80%

reduction of insects' population in the small-scale green-

house, confirming the beneficial role of SiO2 nanoparticles in

pest management in greenhouse conditions. The reduction of

insect's population was of the same order when a small-scale

https://doi.org/10.1016/j.biosystemseng.2022.01.003
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greenhouse covered with a 25-mesh SiO2-coated screen was

compared to a small-scale greenhouse covered with a 40-

mesh non-coated screen. However, it has to be noted that in

this case the two screens compared provided different pro-

tective mechanisms against the insects:

-the 40-mesh conventional screen acted as a barrier to the

insects but had no effect on the insects that managed to pass

through. Therefore, insects that succeeded in entering the

greenhouse could multiply freely in the presence of plants.

-the 25-mesh SiO2-coated screen was a weaker barrier, but

it also acted as an insecticide surface suppressing insects’

population growth.

The present experiment shows that a simple insect proof

screen cannot ensure complete protection in a greenhouse

since any small population of insects can proliferate

extremely fast after passing through. Therefore, additional

control tools (e.g., insect traps) are required.

Our experiments were performed with screens exposed to

greenhouse conditions for about one year. It has to be proven

that the efficiency of the SiO2-coated insect proof screens on

insects’ control remains the same after several years of use

exposed to outside weather conditions.
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Protected cultivation: Greenhouses and 
Screenhouses

Protected cultivation is steadily increasing in the
Mediterranean region because it allows :

(i) providing high-quality product all-year round

(ii) coping with harsh outside climate conditions and irrigation
water restrictions



Screens…….

 the occurrence of resistance to 
pesticides in several greenhouse key 

pests

 demands for residue-free products

 the necessity to reduce greenhouse 
environmental impact

Increase the 
incorporation of 
insect screens

Safer food



Screens…….



Effect of screens

The use of the anti-aphid insect screen in the openings 
caused a 33% reduction in the value of the wind-

related coefficient 

Openings Screen Number of 
measurements wd CC  G0 R2 

Side No 14 0.078±0.0057 0.135±0.149 0.94 

Side Yes 12 0.052±0.0017 0.313±0.022 0.99 

 

0 
2

GuCCAG wd
T +=



Screenhouses
The use of porous screens to cover 

agricultural crops is constantly increasing.
Advantages:
reduce high radiation loads and wind speed,
decrease water consumption
protect the crop from hail storms and
minimize the invasion of insects, thus, 

allowing a significant reduction in pesticide 
application



Screen characteristics
• Thread material: ex. polyethylene (PE), 

polypropylene (PP) etc.
• Type of thread: monofilament or tape 
• Thread diameter: hundreds of μm (≈200)
• Thread color: single or combined colors
• Texture: woven (knitted usually for shading 

screens)
• Dimensions of the open spaces (cell 

dimensions)
• Porosity: the ratio between open area and 

total area
• Mesh: number of open spaces per inch in 

each direction (25 to 50 for insect screens)
• Discharge coefficient
• Transmittance to short and long wave 

radiation
• Spectral transmittance



Aim of AgriTexSil

Develop an agricultural net that
- could actively protect the greenhouse crops from the most 

important insects (with diameter 257-750 μm) that enter in 
the greenhouse through the insect screen, almost 

independently of the screen characteristics, by a special 
coating,

- will be eco friendly and non toxic,
- will not have negative effects on greenhouse/screenhouse 

ventilation and greenhouse microclimate in general and
- ensure sustainable supply of food without chemical 

contamination 



AgriTexSil project structure
• WP2: Melt spinning of fibres for 

agrotextiles
• WP3: Coating of fibres
• WP4: Textile prototyping
• WP5: Development of a Textile coating 

process
• WP6: Large scale fabrication of coated 

textiles
• WP7: Textile evaluation
• WP8: Dissemination

Diamond particles on fiber surface 
(application: polishing rag) 



Aim of the study

• Coated net evaluation against of S. oryzae adults 
and T. confusum larvae

• Evaluation of three type of silica nanoparticles 
(1000 ppm) against of S. oryzae adults and T. 
confusum larvae

• Evaluation of short exposure of insects to coated 
screens on insects mortality

• Test of the screen covering process (plasma 
coating) on the mechanical properties of screens



Materials and Methods
Lab experiments with silica nanoparticles
Lab experiments with silica coated nets
Field experiments with silica coated nets



Materials and Methods
Lab experiments with silica nanoparticles
Lab experiments with silica coated nets
Field experiments with silica coated nets



Plasma coating process

plasma torch / 
particle spray

winding unit

Mass of deposited Silica particles on the surface of the net: between 1.5-30.0 g m-2



Screen samples tested for 
mechanical properties

Sample

Insect Net 50 (20/10)

Organic 
Primer used

Silica particles 
diameter (μm)

Coating 
Repetition

Mass of deposited 
Silica particles on 
the surface of the 

net (g m-2)
Reference, non covered - 0.0

coated S1 - 2-4 1 30.6
coated S2 Paraffin 2-4 0 15.4
coated S3 - 2-4 2 1.7
coated S4 - 2-4 3 2.5
coated S5 Paraffin 2-4 1 2.1
coated S6 Paraffin 2-4 2 2.5



Mechanical tests of coated screens

The screens were tested for the effect of 
plasma coating process in their tensile 
properties and the maximum force and 
elongation at maximum force using the 
strip method was determined following 
the DIN EN ISO 13934 Part 1 standard.
The number of tested samples in each 

parameter set was 3.



Covered screens
Conventional Plasma-coated

Monofilament Nets made 
from (HDPE)

Screen Mass 
(gr/m2)

Warps /cm Wefts
/cm

Mesh 
(holes/inc

h)

Monofilamen
t Diameter 

(μm)

Titer 
(Denier)

Insect Net 50 
(20/10) 116 20 10 50 240 370

Covered by different types of SiO2



Materials and Methods 
Part A: Evaluation of three type of Silica dioxide particles (SiO2)  against
S. oryzae adults and
T. confusum larvae

20 insects, three replications per treatment

Evaluation after 1 and 7 days of exposure 



Materials and Methods 
Part B: Evaluation of a net covered with different SiO2 against S. oryzae adults and T. 
confusum larvae

10 insects , three replications per treatment

Evaluation after 1, 2 and 10 days of exposure 



Materials and Methods 
Part C: Short exposure – 60 min 

10 insects, three replications per treatment

Short exposure period 



Preliminary Results



Mechanical Testing of coated nets



Mechanical Testing of coated nets



Results – exposure to SiO2 nanoparticles
Part A: Evaluation three type of Silica dioxide particles (SiO2) against of S. oryzae adults 

%
 M

or
ta

lit
y 

of
 e

xp
os

ed
 a

du
lts

Exposure time (days)



Part A: Evaluation three type of Silica dioxide particles (SiO2) against of 
T. confusum larvae
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Results – exposure to SiO2 nanoparticles



Results- exposure to coated nets
Part B: Evaluation three type of Silica dioxide particles (SiO2) against 
of S. oryzae adults 
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Results- exposure to coated nets
Part B: Evaluation three type of Silica dioxide particles (SiO2) against of 
T. confusum larvae
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Results- exposure to coated nets
Part C: short exposure period 
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Results- exposure to coated nets
Part C: short exposure period 
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Conclusion



Effect on mechanical properties of 
screens

• The plasma coating process without primer
increases the maximum force and also the
elongation at the maximum force (stiffness effect)

• The combination plasma coating process and
primer does not seem to change the mechanical
properties (properties are about the same as in
case of uncoated nets)



Effect on insects

Part B: Nets 
S. oryzae close to 100% mortality after 10 days of exposure (S200)
T. confusum close to 80 % mortality after 10 days of exposure 
(S200)

Part A: Silica dioxide particles (SiO2) 
S. oryzae similar results in all cases
T. cofusum better results S200, after 7 days of exposure (40%) 

Part C: Short exposure – 60min
Knockdown was detected in both cases (<20%) 



AgriTExSil

The AgriTExSil project is co-financed by the European 
Union and Greek national funds through the bilateral 

Greece-Germany S & T Cooperation Program, 
Competitiveness, Entrepreneurship & Innovation 

(EPANEK) (project code: T2DGE-0120).

webpage: www.agritexsil.eu
Facebook: fb.me/agritexsil

http://www.agritexsil.eu/
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Abstract: Silicon dioxide (SiO2) has been extensively studied as an alternative method to 

pest management chemical applications in agriculture. The present work aimed to evaluate 

the insecticidal efficacy of different SiO2 nanoparticle formulations and their effectiveness 

when integrated into the textiles of an insect-proof net. For this reason, Sitophilus oryzae 

and Tribolium confusum were exposed to three inert dust formulations, namely Sylobloc® 

S200, S200-OH, and S200MEC to investigate their effect on the mortality of the 

aforementioned stored-product insects. The results of a series of bioassays showed that 

Sylobloc® S200 was the most effective nanoparticle among all the formulations tested. 

Thus, five samples of the same 50 mesh size insect-proof net were coated with the S200 

nanoparticle followed either by different coating repetitions or by the addition of paraffin. 

T. confusum was indicated as the most tolerant species, as the recorded mortality rate was 

significantly low when exposed to all samples tested. However, the mortality rate of S. 

oryzae was strongly related to the coating repetition as well as the exposure intervals. The 

highest mortality (70%) was detected after 7 days of exposure to the net and it consisted of 

three coating repetitions while no paraffin was added to its surface. The results of the 

present study underline the insecticidal efficacy of SiO2 treated nets against storage insects 

and their subsequent application in greenhouses for the control of more susceptible insects. 

Keywords: Silicon dioxide, insecticidal efficacy, stored-product insects, insect-proof net 

1. Introduction 
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The use of inert dust formulations such as silicon dioxide (SiO2), as a non-toxic and 

environmentally friendly substance, has been well established in agriculture. The mode of 

action of SiO2 lies in the adherence and friction of its nanoparticles on the insect's 

exoskeleton increasing water loss and mortality [1, 2]. Nanoparticles present significant 

differences in comparison to their bulk formation [3]. Sitophilus oryzae, an important stored-

product insect, was significantly affected by the use of nanoparticles in contrast with bulk 

silica which did not have any significant effect on the mortality of the species [4]. Unlike 

other nanoparticles, SiO2 is a very promising substance in stored-product pest 

management as its insecticidal efficacy was indicated to be greater than that of ZnO and 

TiO2 nanoparticles on S. oryzae and Tribolium castaneum due to its spherical morphology 

[5]. Moreover, silica aerogels and mixtures consisting of enhanced SiO2 nanoparticles are 

expected to lead to higher and faster levels of pest mortality [6]. The efficacy of inert dust 

formulations in the control of insect population density depends to a great extent on the 

time intervals of exposure. Contrary to synthetic insecticides, inert dust’s time of action is 

not direct which means that recovery is likely to happen when insects are exposed for short 

periods to the dust [6, 7]. In a recent study, it was demonstrated that a significant mortality 

of S. oryzae and T. confusum is likely to occur at a slower rate when exposed to siliceous 

nanoparticles, as they are considerably hard-bodied and tolerant insects [8]. Following the 

previous study, the insecticidal efficacy of a 50 mesh size screen coated with SiO2 

nanoparticles was evaluated under laboratory conditions against S. oryzae and T. confusum 

[9]. The results indicated the efficiency of SiO2 nanoparticles as an alternative biological 

insect control agent, as delayed mortality was promoted after 7 days of post-exposure to 

the treated screens. Considering the above, this study aimed to determine the mortality of 

two stored-product insects, T. confusum and S. oryzae when exposed to three silica 

nanoparticle types and five insect-proof screen formulations of different properties coated 

with SiO2 nanoparticles for different time intervals in laboratory experiments. 

2. Materials and Methods 

Sitophilus oryzae (Coleoptera: Curculionidae) adults and Tribolium confusum Jacquelin 

du Val (Coleoptera: Tenebrionidae) larvae were reared at the Laboratory of Entomology 

and Agricultural Zoology (LEAZ), Department of Agriculture, Crop Production and Rural 

Environment at the University of Thessaly in a growth chamber at 25°C and 65% relative 

humidity, in continuous darkness, on whole wheat kernels and wheat flour, respectively. 

Two bioassay series were performed under laboratory conditions to investigate the 

insecticidal efficacy of dust and insect-proof screen formulations against the 

aforementioned pests. During the 1st bioassay, three inert nanoparticle formulations, 

namely Sylobloc® S200, S200–OH, and S200MEC were tested as wheat protectants to 

monitor their effect on the mortality of S. oryzae adults and T. confusum larvae. A dosage of 

1000 ppm of each silica dust was added in a glass jar containing soft wheat and the mixture 

was shaken manually for 5 minutes to achieve equal distribution of the silica nanoparticles 

in the entire wheat mass. 20 individuals of each species were carefully transferred in a 

plastic cylindrical vial (3×8 cm) in which 20g of the aforementioned mixture were added, 

with separate vials for each species. The mortality rate of each species was measured 1 and 

7 days of post-exposure to the dust formulations. Each bioassay was replicated three times 

per treatment.  
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In the 2nd bioassay, S. oryzae and T. confusum individuals were exposed to a 50 mesh 

insect-proof screen provided by Thrace Nonwovens & Geosynthetics S.A. without being a 

commercial product of the company, using High-Density Polyethylene (HDPE) 

monofilament woven yarns. The textiles of the screen were coated with the Sylobloc® S200 

formulation. Table 1 shows the physical properties of each tested screen.  

 

Table 1. Properties of the coated insect-proof screens 

SiO2-screens 
Organic 

primer 

SiO2 particle 

diameter (μm) 

Coating 

repetition 

SiO2 mass on the 

screen’s surface (g m-2) 

S200-1 - 2-4 1 1.2 

S200-3 - 2-4 3 1.7 

S200-0-P Paraffin 2-4 0 15.4 

S200-1-P Paraffin 2-4 1 2.1 

S200-2-P Paraffin 2-4 2 2.5 

 

The mass of deposited silica particles on the screen's surface reached the maximum 

deposition rate after two coating repetitions and differs between samples due to the coating 

repetition as well as, to the addition of paraffin. In this series of bioassays, screens were cut 

and glued at the bottom of plastic Petri dishes (59.4 cm2 on the surface). Ten insects of each 

species were transferred on each Petri dish and exposed to each treated screen for 72h. 

Then, the insects were carefully transferred to a Petri dish consisting of a "clear" screen 

without any dust added. The response of all insects exposed to the treated screens was 

monitored at different time intervals, specifically after 1, 3, 5, and 7 days. For each of the 

five samples, the bioassay was replicated three times per exposure interval followed by 

three sub replicates. Cracked wheat (0.5 ± 0.1 gr) and wheat flour (1.0 ± 0.1 gr) were added 

in all Petri dishes to supply food to S. oryzae and T. confusum respectively. 

2.1. Statistical analysis 

Multiple Comparison of means was performed by applying one-way ANOVA using 

the Tukey-Kramer HSD test at the 5% level (p ≤ 0.05). In case data did not follow a normal 

distribution, a non-parametric Kruskal–Wallis test (p ≤ 0.05) was performed. Significance 

of values have been adjusted by the Bonferroni correction for multiple tests. All 

comparisons were performed through SPSS (Statistical Package for the Social Sciences, 

IBM, Armonk, USA). 

3. Results 

The recorded mortality of T. confusum larvae was significantly low. None of the tested 

stored-product insects were affected after 24 hours of continuous exposure to the three 

silica nanoparticle formulations. However, as shown in Figure 1 (a), the highest mortality 

rate was recorded 7 days after the initial exposure of the larvae to the S200 formulation. In 

particular, Sylobloc® S200 was the most effective since the mortality rate was two- and 

four times higher in comparison to S200–OH and S200MEC, respectively. 

Notwithstanding, these results do not differ significantly among treatments (p > 0.05) 
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(a) (b) 

Figure 1. (a) Mortality rate of T. confusum larvae; (b) Mortality rate of S. oryzae adults after 1 and 7 

days of post-exposure to the S200, S200–OH, S200MEC formulation. 

 

On the other hand, the results depicted in Figure 1 (b) indicated that the tested 

nanoparticle formulations were more lethal for S. oryzae adults as compared to T. confusum 

larvae. No mortality was detected one day after the exposure of S. oryzae to the siliceous 

nanoparticles. However, on the 7th day of exposure, all formulations led to an increase in 

mortality rate up to 86%. Taking into consideration the results of the three siliceous dust 

trials, S200 was selected as the most efficient formulation against both insects. Thus, the 

following experiments with the silica-treated screens were conducted on samples that were 

coated only with the Sylobloc® S200 nanoparticles.  

As shown in Table 2, T. confusum larvae were indicated as the most tolerant species 

when exposed to all SiO2-treated screens. In all bioassays, it was shown that none of the 

five tested samples affected significantly the population density of T. confusum since the 

highest recorded mortality did not exceed 8.3% (S200-0-P) even 7 days after the exposure 

of the individuals to the treated screens. 

In contrast to the results obtained from the T. confusum bioassay, the mortality rate of 

S. oryzae followed an upward trend for all tested screens as the exposure interval increased. 

In particular, the highest mortality was achieved 7 days of post-exposure to all treated 

screens except for the S200-1-P screen and ranged from 56.7 to 70.0% (Table 3). 

 

Table 2. Mortality rate of T. confusum larvae after 72 hours of continuous exposure to the 

treated screens and 1, 3, 5, and 7 days of post-exposure to treated SiO2-treated screens. 

SiO2-screens 72h 1d  3d 5d 7d 

S200-1 1.7±1.7Aab 1.7±1.7Ab 1.7±1.7Aab 1.7±1.7Aa 1.7±1.7Aa 

S200-3 0.0±0.0Ab 5.0±3.4Aab 5.0±3.4Aab 5.0±3.4Aa 5.0±3.4Aa 

S200-0-P 6.7±2.1Aa 8.3±3.1Aa 8.3±3.1Aa 8.3±3.1Aa 8.3±3.1Aa 

S200-1-P 0.0±0.0Ab 0.0±0.0Ab 0.0±0.0Ab 1.7±1.7Aa 3.3±3.3Aa 

S200-2-P 0.0±0.0Ab 0.0±0.0Ab 0.0±0.0Ab 1.7±1.7Aa 1.7±1.7Aa 

Within each column, means followed by the same lowercase letters do not differ significantly (p < 

0.05) across the insect-proof treatments for each of the tested exposure intervals. Within each row, 

means followed by the same uppercase letters do not differ significantly (p < 0.05) across the exposure 

intervals for each of the tested screens. 
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Table 3. Mortality rate of S. oryzae adults after 72 hours of continuous exposure to the 

treated screens and 1, 3, 5, and 7 days of post-exposure to treated SiO2-treated screens. 

SiO2-screens 72h 1d  3d 5d 7d 

S200-1 5.0±2.2Cb 8.3±4.0Cb 25.0±6.7BCbc 41.7±3.1ABab 58.3±4.8Aab 

S200-3 20±5.2Ca 30.0±5.8BCa 41.7±6.0BCab 48.3±6.5ABab 70.0±2.6Aa 

S200-0-P 11.7±3.1Cab 23.3±3.3BCa 45.0±4.3ABa 56.7±5.6Aa 68.3±4.8Aa 

S200-1-P 3.3±2.1Db 8.3±3.1CDb 23.3±4.9BCc 31.7±4.0ABb 46.7±3.3Ab 

S200-2-P 8.3±4.8Cb 15.0±5.6BCab 40.0±2.6ABab 50.0±5.2Aa 56.7±6.7Aab 

Within each column, means followed by the same lowercase letters do not differ significantly (p < 

0.05) across the insect-proof treatments for each of the tested exposure intervals. Within each row, 

means followed by the same uppercase letters do not differ significantly (p < 0.05) across the exposure 

intervals for each of the tested screens. 

4. Discussion 

The results of the present study clearly show that the effect of inert dust formulations 

on insect mortality varies considerably among the selected species. Specifically, the 

mortality of T. confusum was relatively low as only 32% of the larvae were affected after 7 

days of continuous exposure to the S200 formulation. On the other hand, S. oryzae adults 

were more susceptible to all dust formulations, particularly to S200, as the mortality rate 

increased at 88% after 7 days of post-exposure to the dust. In a recent study conducted to 

determine the efficacy of siliceous formulations against storage insects, it was indicated 

that after 6 hours of exposure to different silica formulations, 99% of the S. oryzae adults 

were under knockdown effect (KDt99), i.e. they had limited movement which could not 

affect the commodities. Unlike S. oryzae, T. confusum larvae were more tolerant to such 

formulations, requiring at least 8.5 hours of continuous exposure to achieve KDt99. 

Moreover, in the same study, long term exposure bioassays were assessed, suggesting that 

the delayed mortality of the insects was increased to 100% after 7 days of post-exposure 

for only 15 minutes to the SiO2 nanoparticles [9]. However, the desiccation is more likely 

to occur for soft-bodied insects such as aphids, whilst in the case of stored-product insects, 

water loss becomes more difficult due to their hard exoskeleton. Thus, SiO2 nanoparticles 

could be introduced in greenhouses to enhance pest management. 

Moreover, a more recent survey regarding the pest management under SiO2 treated 

screens against S. oryzae and T. confusum showed that the mortality of the individuals 

reached 100% and 34% after 10 days of post-exposure for only 15 min to the treated screen, 

underlying the strong tolerance of the latter species to the treated screens. In the same 

study, it was argued that the mortality of S. oryzae was independent of the addition of 

paraffin on the screen's surface. Our results are in agreement with those of the 

aforementioned study as paraffin did not play a decisive role in insect mortality. The 

delayed mortality recorded for both of the tested stored-product insects can also be 

associated with the slow-acting mode of inert dusts as the mortality is possible to occur 

over a period of weeks after continuous exposure to the screens [9].  

The tested stored-product insects are considered more tolerant species compare to 

insects that usually penetrate the interior of a greenhouse structure. SiO2 offers an 

innovative technological solution for sustainable agriculture, preserving pest 

management, whilst minimizing the environmental footprint through its non-toxic and 
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pesticide-free basis. In this way, insect-proof screens coated with SiO2 nanoparticles could 

be integrated on the greenhouses’ vent openings by serving a dual role as a barrier and as 

a natural insecticide contributing to pest control and adequate ventilation. 
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Abstract: Silicon dioxide (SiO2) has been extensively studied as an alternative method to pest
management chemical applications in agriculture. The present work aimed to evaluate the insecticidal
efficacy of different SiO2 nanoparticle formulations and their effectiveness when integrated into the
textiles of an insect-proof net. For this reason, Sitophilus oryzae and Tribolium confusum were exposed
to three inert dust formulations, namely Sylobloc® S200, S200-OH, and S200MEC, to investigate their
effect on the mortality of the aforementioned stored-product insects. The results of a series of bioassays
showed that Sylobloc® S200 was the most effective nanoparticle among all the formulations tested.
Thus, five samples of the same 50 mesh size insect-proof net were coated with the S200 nanoparticle,
followed either by different coating repetitions or by the addition of paraffin. T. confusum was
indicated as the most tolerant species, as the recorded mortality rate was significantly low when
exposed to all samples tested. However, the mortality rate of S. oryzae was strongly related to the
coating repetition, in addition to the exposure intervals. The highest mortality (70%) was detected
after seven days of exposure to the net and consisted of three coating repetitions, while no paraffin
was added to its surface. The results of the present study underline the insecticidal efficacy of SiO2

treated nets against storage insects, and their subsequent application in greenhouses for the control
of more susceptible insects.

Keywords: silicon dioxide; insecticidal efficacy; stored-product insects; insect-proof net

1. Introduction

The use of inert dust formulations, such as silicon dioxide (SiO2), as a non-toxic and
environmentally friendly substance, has been well established in agriculture. The mode
of action of SiO2 lies in the adherence and friction of its nanoparticles on the insect’s
exoskeleton, increasing water loss and mortality [1,2]. Nanoparticles present significant
differences in comparison to their bulk formation [3]. Sitophilus oryzae, an important stored-
product insect, was significantly affected by the use of nanoparticles in contrast with
bulk silica, which did not have any significant effect on the mortality of the species [4].
Unlike other nanoparticles, SiO2 is a very promising substance in stored-product pest
management, as its insecticidal efficacy was indicated to be greater than that of ZnO and
TiO2 nanoparticles on S. oryzae and Tribolium castaneum due to its spherical morphology [5].
Moreover, silica aerogels and mixtures consisting of enhanced SiO2 nanoparticles are
expected to lead to higher and faster levels of pest mortality [6]. The efficacy of inert dust
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formulations in the control of insect population density depends, to a great extent, on the
time intervals of exposure. Contrary to synthetic insecticides, inert dust’s time of action
is not direct, which means that recovery is likely to happen when insects are exposed for
short periods to the dust [6,7]. In a recent study, it was demonstrated that a significant
mortality of S. oryzae and T. confusum is likely to occur at a slower rate when exposed
to siliceous nanoparticles, as they are considerably hard-bodied and tolerant insects [8].
Following the previous study, the insecticidal efficacy of a 50-mesh size screen coated with
SiO2 nanoparticles was evaluated under laboratory conditions against S. oryzae and T.
confusum [9]. The results indicated the efficiency of SiO2 nanoparticles as an alternative
insect control agent, as delayed mortality was promoted after 7 days of post-exposure to the
treated screens. Considering the above, this study aimed to determine the mortality of two
stored-product insects, T. confusum and S. oryzae when exposed to three silica nanoparticle
types, and five insect-proof screen formulations of different properties coated with SiO2
nanoparticles, for different time intervals in laboratory experiments.

2. Materials and Methods

Sitophilus oryzae (Coleoptera: Curculionidae) adults and Tribolium confusum Jacquelin
du Val (Coleoptera: Tenebrionidae) larvae were reared at the Laboratory of Entomology
and Agricultural Zoology (LEAZ), Department of Agriculture, Crop Production and Rural
Environment at the University of Thessaly in a growth chamber at 25 ◦C and 65% relative
humidity, in continuous darkness, on whole wheat kernels and wheat flour, respectively.

Two bioassay series were performed under laboratory conditions to investigate the
insecticidal efficacy of dust and insect-proof screen formulations against the aforementioned
pests. During the 1st bioassay, three inert nanoparticle formulations, namely Sylobloc®

S200, S200–OH, and S200MEC, were tested as wheat protectants to monitor their effect
on the mortality of S. oryzae adults and T. confusum larvae. A dosage of 1000 ppm of each
silica dust was added in a glass jar containing soft wheat and the mixture was shaken
manually for 5 min to achieve equal distribution of the silica nanoparticles in the entire
wheat mass. A total of 20 individuals of each species were carefully transferred in a plastic
cylindrical vial (3 × 8 cm), in which 20g of the aforementioned mixture were added, with
separate vials for each species. The mortality rate of each species was measured 1 and
7 days post-exposure to the dust formulations. Each bioassay was replicated three times
per treatment.

In the 2nd bioassay, S. oryzae and T. confusum individuals were exposed to a 50-mesh
insect-proof screen provided by Thrace Nonwovens and Geosynthetics S.A, without be-
ing a commercial product of the company, using High-Density Polyethylene (HDPE)
monofilament woven yarns. The textiles of the screen were coated with the Sylobloc® S200
formulation. Table 1 shows the physical properties of each tested screen.

Table 1. Properties of the coated insect-proof screens.

SiO2-Screens Organic Primer SiO2 Particle
Diameter (µm)

Coating
Repetition

SiO2 Mass on
the Screen’s

Surface (g m−2)

S200-1 - 2–4 1 1.2
S200-3 - 2–4 3 1.7

S200-0-P Paraffin 2–4 0 15.4
S200-1-P Paraffin 2–4 1 2.1
S200-2-P Paraffin 2–4 2 2.5

The mass of deposited silica particles on the screen’s surface reached the maximum
deposition rate after two coating repetitions and differ between samples due to the coating
repetition, as well as, to the addition of paraffin. In this series of bioassays, screens were
cut and glued at the bottom of plastic Petri dishes (59.4 cm2 on the surface). Ten insects of
each species were transferred on each Petri dish and exposed to each treated screen for 72 h.
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Then, the insects were carefully transferred to a Petri dish consisting of a “clear” screen
without any dust added. The response of all insects exposed to the treated screens was
monitored at different time intervals, specifically after 1, 3, 5, and 7 days. For each of the
five samples, the bioassay was replicated three times per exposure interval, followed by
three sub replicates. Cracked wheat (0.5 ± 0.1 g) and wheat flour (1.0 ± 0.1 g) were added
in all Petri dishes to supply food to S. oryzae and T. confusum, respectively.

Statistical Analysis

Multiple Comparison of means was performed by applying one-way ANOVA using
the Tukey–Kramer HSD test at the 5% level (p ≤ 0.05). In case data did not follow a normal
distribution, a non-parametric Kruskal–Wallis test (p ≤ 0.05) was performed. Significance of
values have been adjusted by the Bonferroni correction for multiple tests. All comparisons
were performed through SPSS (Statistical Package for the Social Sciences, IBM, Armonk,
NY, USA).

3. Results

The recorded mortality of T. confusum larvae was significantly low. None of the tested
stored-product insects were affected after 24 h of continuous exposure to the three silica
nanoparticle formulations. However, as shown in Figure 1a, the highest mortality rate was
recorded 7 days after the initial exposure of the larvae to the S200 formulation. In particular,
Sylobloc® S200 was the most effective since the mortality rate was three times higher in
comparison to the S200MEC formulation.
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Figure 1. (a) Mortality rate of T. confusum larvae; (b) Mortality rate of S. oryzae adults after 1 and
7 days of post-exposure to the S200, S200–OH, S200MEC formulation.

On the other hand, the results depicted in Figure 1b indicated that the tested nanoparti-
cle formulations were more lethal for S. oryzae adults as compared to T. confusum larvae. No
mortality was detected one day after the exposure of S. oryzae to the siliceous nanoparticles.
However, on the 7th day of exposure, all formulations led to an increase in mortality rate
up to 86%. Taking into consideration the results of the three siliceous dust trials, S200
was selected as the most efficient formulation against both insects. Thus, the following
experiments with the silica-treated screens were conducted on samples that were coated
only with the Sylobloc® S200 nanoparticles.

As shown in Table 2, T. confusum larvae were indicated as the most tolerant species
when exposed to all SiO2-treated screens. In all bioassays, it was shown that none of the
five tested samples affected significantly the population density of T. confusum, since the
highest recorded mortality did not exceed 8.3% (S200-0-P), even 7 days after the exposure
of the individuals to the treated screens.
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Table 2. Mortality rate of T. confusum larvae after 72 h of continuous exposure to the treated screens
and 1, 3, 5, and 7 days of post-exposure to treated SiO2-treated screens.

SiO2-
Screens 72 h 1 Day 3 Day 5 Day 7 Day

S200-1 1.7 ± 1.7 Aab 1.7 ± 1.7 Ab 1.7 ± 1.7 Aab 1.7 ± 1.7 Aa 1.7 ± 1.7 Aa

S200-3 0.0 ± 0.0 Ab 5.0 ± 3.4 Aab 5.0 ± 3.4 Aab 5.0 ± 3.4 Aa 5.0 ± 3.4 Aa

S200-0-P 6.7 ± 2.1 Aa 8.3 ± 3.1 Aa 8.3 ± 3.1 Aa 8.3 ± 3.1 Aa 8.3 ± 3.1 Aa

S200-1-P 0.0 ± 0.0 Ab 0.0 ± 0.0 Ab 0.0 ± 0.0 Ab 1.7 ± 1.7 Aa 3.3 ± 3.3 Aa

S200-2-P 0.0 ± 0.0 Ab 0.0 ± 0.0 Ab 0.0 ± 0.0 Ab 1.7 ± 1.7 Aa 1.7 ± 1.7 Aa

Within each column, means followed by the same lowercase letters do not differ significantly (p < 0.05) across the
insect-proof treatments for each of the tested exposure intervals. Within each row, means followed by the same
uppercase letters do not differ significantly (p < 0.05) across the exposure intervals for each of the tested screens.

In contrast to the results obtained from the T. confusum bioassay, the mortality rate of
S. oryzae followed an upward trend for all tested screens as the exposure interval increased.
In particular, the highest mortality was achieved 7 days post-exposure to all treated screens,
except for the S200-1-P screen, and ranged from 56.7 to 70.0% (Table 3).

Table 3. Mortality rate of S. oryzae adults after 72 h of continuous exposure to the treated screens and
1, 3, 5, and 7 days of post-exposure to treated SiO2-treated screens.

SiO2-Screens 72 h 1 Day 3 Day 5 Day 7 Day

S200-1 5.0 ± 2.2 Cb 8.3 ± 4.0 Cb 25.0 ± 6.7 BCbc 41.7 ± 3.1 ABab 58.3 ± 4.8 Aab

S200-3 20 ± 5.2 Ca 30.0 ± 5.8 BCa 41.7 ± 6.0 BCab 48.3 ± 6.5 ABab 70.0 ± 2.6 Aa

S200-0-P 11.7 ± 3.1 Cab 23.3 ± 3.3 BCa 45.0 ± 4.3 ABa 56.7 ± 5.6 Aa 68.3 ± 4.8 Aa

S200-1-P 3.3 ± 2.1 Db 8.3 ± 3.1 CDb 23.3 ± 4.9 BCc 31.7 ± 4.0 ABb 46.7 ± 3.3 Ab

S200-2-P 8.3 ± 4.8 Cb 15.0 ± 5.6 BCab 40.0 ± 2.6 ABab 50.0 ± 5.2 Aa 56.7 ± 6.7 Aab

Within each column, means followed by the same lowercase letters do not differ significantly (p < 0.05) across the
insect-proof treatments for each of the tested exposure intervals. Within each row, means followed by the same
uppercase letters do not differ significantly (p < 0.05) across the exposure intervals for each of the tested screens.

4. Discussion

The results of the present study clearly show that the effect of inert dust formulations
on insect mortality varies considerably among the selected species. Specifically, the mortal-
ity of T. confusum was relatively low, as only 32% of the larvae were affected after 7 days of
continuous exposure to the S200 formulation. On the other hand, S. oryzae adults were more
susceptible to all dust formulations, particularly to S200, as the mortality rate increased at
88% after 7 days of post-exposure to the dust. In a recent study conducted to determine the
efficacy of siliceous formulations against storage insects, it was indicated that after 6 h of
exposure to different silica formulations, 99% of the S. oryzae adults were under knockdown
effect (KDt99), i.e., they had limited movement which could not affect the commodities.
Unlike S. oryzae, T. confusum, larvae were more tolerant to such formulations, requiring at
least 8.5 h of continuous exposure to achieve KDt99. Moreover, in the same study, long term
exposure bioassays were assessed, suggesting that the delayed mortality of the insects was
increased to 100% after 7 days post-exposure for only 15 min to the SiO2 nanoparticles [9].
However, desiccation is more likely to occur for soft-bodied insects such as aphids, whilst
in the case of stored-product insects, water loss becomes more difficult due to their hard
exoskeleton. Thus, SiO2 nanoparticles could be introduced in greenhouses to enhance pest
management.

Moreover, a more recent survey regarding pest management under SiO2 treated
screens against S. oryzae adults and T. confusum larvae showed that the mortality of the
individuals reached 100% and 34% after 10 days post-exposure for only 15 min to the
treated screen, underlying the strong tolerance of the latter species to the treated screens.
In the same study, it was argued that the mortality of S. oryzae was independent of the
addition of paraffin on the screen’s surface. Our results are in agreement with those
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of the aforementioned study, as paraffin did not play a decisive role in insect mortality.
The delayed mortality recorded for both of the tested stored-product insects can also be
associated with the slow-acting mode of inert dusts, as the mortality is possible to occur
over a period of weeks after continuous exposure to the screens [9]. There are also cases
where some species such as T. confusum larvae, although soft-bodied, are extremely tolerant
to water loss. In a recent study [6], stored product psocids (Psocoptera: Liposcelididae)
were extremely tolerant to diatomaceous earth and had the ability to moderate desiccation.

The tested stored-product insects are considered a more tolerant species compared
to insects that usually penetrate the interior of a greenhouse structure. SiO2 offers an
innovative technological solution for sustainable agriculture, preserving pest management,
whilst minimizing the environmental footprint through its non-toxic and pesticide-free
basis. In this way, insect-proof screens coated with SiO2 nanoparticles could be integrated
on the greenhouses’ vent openings by serving a dual role as a barrier and as a natural
insecticide contributing to pest control and adequate ventilation.

Supplementary Materials: The poster presentation can be downloaded at https://www.mdpi.com/
article/10.3390/IECAG2021-09720/s1.
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