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The public has recommended the use of botanicals with insecticidal properties because of the environmental and human health hazards associated with the utilization of synthetic chemicals. Farmers and other stakeholders need to have optimal knowledge of the chemical treatment of grain. Also understanding how synthetic chemicals and botanicals impact the environment, and the cost involved in treating maize grain is important. Although some research had been done on Actellic Super and azadirachtin in other parts of the world based on different research goals, this study rather focused on peculiar assumptions, scope, goals, and system boundary. The objectives of this study were to evaluate the environmental impacts of the active ingredients in Actellic Super (pirimiphos-methyl and permethrin) and NeemAzal (azadirachtin), and also to perform cost analysis on the usage of Actellic Super and azadirachtin for the treatment of maize grain. Data from Sustainable Minds database and TRACI database were used to assess CO2 emissions and impacts of pirimiphos-methyl and permethrin during manufacturing and transport. Also, the ecotoxicity and health impacts of azadirachtin, pirimiphos-methyl, and permethrin were assessed. A unit of Ghana cedi per kilogram of grain was used for the cost analysis. Pirimiphos-methyl manufacturing recorded the lowest CO2eq. kg/kg emissions and impacts (mPts/kg) compared with permethrin. Air transport of pirimiphos-methyl and permethrin resulted in higher CO2eq. kg/kg emissions and impacts unlike sea transport. Pirimiphos-methyl recorded the highest ecotoxicity while the least was permethrin. Importantly, azadirachtin had no human health impacts compared with pirimiphos-methyl. Actellic Super costs 224% less compared with azadirachtin. However, the costs of both insecticides depended on foreign exchange rate. The treatment cost increased with grain capacity irrespective of the insecticide used. Although treatment cost increased with grain capacity, the economies of scale favored the largest grain capacity.
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INTRODUCTION

The damage caused by Sitophilus zeamais (Motschoulsky, 1855; order—Coleoptera, family—Curculionidae) to stored grains in Sub-Saharan Africa (SSA) is enormous and has been a threat to food security for decades. Although many techniques have been used to control S. zeamais infestations in stored maize grains, the most predominant treatment method is the use of synthetic chemicals. However, the excessive use of these chemicals has many environmental and health detrimental impacts (Farage, 1989; Markowitz, 1992; Gupta et al., 2001). One of the most recently used synthetic insecticides in SSA including Ghana is Actellic Super. This is a broad spectrum insecticidal dust used to control many cereal weevils. Actellic Super is composed of two compounds which are Pirimiphos-methyl (80 g) and Permethrin (15 g). Actellic Super Dust can persist on grains and inert surfaces for several months (TWIGA Chemical Industries Limited, 2015). The manufacturing of synthetic fertilizers and pesticides contributes more than 480 × 106 tons of greenhouse gas (GHG) emissions to the atmosphere each year. Carbon emissions associated with the manufacturing and transport and storage of insecticides were estimated to be between 1.2 and 11.9 kg CO2eq. kg−1 (Pimentel, 1980; Lal, 2004).

The public has recommended the use of botanicals with insecticidal properties because of the health hazards and ecological challenges linked to synthetic insecticides usage. These botanicals are biodegradable, locally available, and inexpensive in controlling insects in stored products (Owusu, 2001; Cherry et al., 2005; Isman, 2006; Matta, 2010; Danga et al., 2015). Azadirachtin is the predominant compound with insecticidal ability found in Azadirachta indica (Schmutterer, 1990). Azadirachtin is primarily an antifeedant, and also physiologically disrupts in normal insect growth/molting, repels larvae and adults, sterilizes adults, and deters egg laying (Mordue and Nisbet, 2000). Azadirachtin pesticide (botanical) is environmentally friendly, so selective, persists shortly, pest specific, not harmful to organisms of no interest, and has a low effect on the ecosystem (Koul et al., 1990; Ascher, 1993; Barrek et al., 2004). There is a worldwide increase in the utilization of azadirachtin insecticide to control insects due to its potency (Mordue and Blackwell, 1993).

Grain producers treat grains at a cost. The insecticides used in treating grains are bought from agrochemical agents, and prices of insecticides change with time, and this puts financial constraints on farmers. Farmers and other stakeholders need to have optimal knowledge of the chemical treatment of the grain. Also understanding how synthetic chemicals and botanicals impact the environment, and the cost of maize grain treatment is important. Although some research has been done on Actellic Super, azadirachtin, and other chemicals in other parts of the world based on different research goals (Guinee et al., 2010; Walker et al., 2011), this study focused on specific assumptions, scope, goals, and system boundaries. Therefore, the objectives of this study were to evaluate the environmental impacts of the active ingredients in Actellic Super (pirimiphos-methyl and permethrin) NeemAzal (azadirachtin) and to perform cost analysis on the usage of Actellic Super and azadirachtin for maize grain treatment. The assumptions made were based on existing factors in Ghana.



MATERIALS AND METHODS


Environmental Assessment

The environmental impact assessments of the active ingredients in Actellic Super (pirimiphos-methyl and permethrin) during manufacturing and transport, and human health and ecotoxicity impacts assessment associated with the usage of pirimiphos-methyl, permethrin, and azadirachtin were performed. Sustainable Minds database (Version 3.0, 2013) was used to obtain graphical output for impacts assessment associated with the manufacturing and transport of pirimiphos-methyl and permethrin, and Tool for the Reduction and Assessment of Chemical and other Environmental Impacts (TRACI) database (Version 2.1, 2012) was used to obtain graphical output for human health and ecotoxicity impacts assessment associated with the usage of pirimiphos-methyl, permethrin, and azadirachtin. This was not a full life cycle assessment (LCA).


Goal and Scope

The goal of this study was to evaluate the environmental, human health, and ecotoxicity impacts of pirimiphos-methyl, permethrin, and azadirachtin. This was to help farmers and decision makers decide on the appropriate insecticide (synthetic or botanical) to use.



Functional Unit

The focus of this study was on the active ingredients; pirimiphos-methyl, permethrin, and azadirachtin used to treat maize grain. Therefore, a functional unit of 1 kg of pirimiphos-methyl and permethrin was used in the manufacturing and transport analysis. The functional unit of the ecotoxicity and human health impacts was based on the quantity (kg) of pirimiphos-methyl, permethrin, and azadirachtin required to treat 1 kg of maize grain.



System Boundary

Figure 1 shows the system boundary for the manufacturing and transport of pirimiphos-methyl and permethrin, and the usage of pirimiphos-methyl, permethrin, and azadirachtin.


[image: Figure 1]
FIGURE 1. System boundary for the environmental assessment: sustainable minds was used for the manufacturing and transport of insecticides, and TRACI was used for insecticides usage (Generated using microsoft vision).




Impacts Categories

The impacts categories for this study were global warming potential (CO2 equivalent emissions and impacts), human health impacts (cancer or non-cancer), and ecotoxicity impacts.



Assumptions and Estimates

Since Actellic Super is most commonly imported from Kenya, freight from Kenya to Ghana was assumed to be 2,739 mi (air), and 5,862.071 mi (Sea: Via Cape of Good Hope, 10 Knots). Actellic Super contains pirimiphos-methyl (16 g/kg), and permethrin (3 g/kg), and the application rate used was 5.0 × 10−2 kg per 90 kg of maize (according to users' protocol). Regarding the 5.6 × 10−4 kg per 1 kg of maize grain, 4.7 × 10−4 kg of pirimiphos-methyl, and 8.8 × 10−5 kg of permethrin were required to treat 1 kg of grain. According to Nukenine et al. (2011), 0.012 kg of azadirachtin is required to treat 1 kg of maize to achieve 99% mortality within 14 days. Therefore, 1.2 × 10−2 kg of azadirachtin was applied to 1 kg of grain in the analysis.




Cost Analysis
 
Goal and Scope

The cost analysis of maize grain treatment using Actellic Super and azadirachtin was performed. This can help farmers select the most cost-effective insecticide (natural or synthetic) to use.



Unit Cost of Treatment

The unit cost of treatment used was Ghana cedi per 1 kg of grain (GH[image: yes]/kg). Thus, the cost of treating 1 kg of grain using azadirachtin and Actellic Super.



System Boundary

Domestic transport fares, costs of other handling implements (such as gloves, nose, and mask), and the cost of the woven polypropylene storage bags were excluded from the analysis. The costs are similar in both case scenarios. Farming inputs and structures and storage materials (bins or bags) were not considered in the system boundary.



Assumptions and Estimates

The grain storage period was assumed to be 6 months. The average baseline costs of treating 1 kg of maize grain were GH[image: yes]0.0112 and GH[image: yes]0.005 for azadirachtin and Actellic Super, respectively (based on agrochemical shops in Ghana). Dollar-to-cedi exchange rate and an inflation rate of minus 50%, plus 50%, and 100% were used. Based on the baseline costs, the cost analysis was performed using 1, 500, 1,000, 1,500, 2,000, and 2,500 kg grain capacities. A percent rebate was applied to purchasing a larger quantity of insecticides based on the price list used by FREB Pharmaceuticals Ltd (agrochemicals producer/agent in Kenya on 29 January 2015). The rebates used were 15, 30, 45, 60, and 75%, and were applied at 500 kg grain capacity intervals. However, insecticides' price rebate of 75% was applied to 2,500 kg (and above) grain capacity. The data were graphed, and regression analysis was then used.





RESULTS AND DISCUSSION


Global Warming Potential (CO2 Equivalent Emissions and Impacts)

The CO2eq. emissions impacts measured were ecological, resource depletion, and human health damage (Figure 2). Generally, pirimiphos-methyl manufacturing had the lowest CO2eq. emissions and impacts (9.6 CO2eq. kg/kg and 0.71 mPts/kg). Permethrin manufacturing was higher concerning CO2eq. emissions and impacts (25 CO2eq. kg/kg and 1.7 mPts/kg). Permethrin manufacturing emitted 15.4 CO2eq. kg/kg higher than pirimiphos-methyl manufacturing. Pirimiphos-methyl manufacturing and transport (sea and air) was even better than permethrin manufacturing regarding CO2 eq. emissions and impacts. The emissions (CO2eq. kg/kg) and impacts (mPts/kg) were higher when pirimiphos-methyl and permethrin were shipped by air from Kenya to Ghana, although that of permethrin was very high. For example, air transport of permethrin emitted 11.0 kg CO2eq. more than permethrin manufacturing. Air transport of pirimiphos-methyl emitted 10.4 CO2eq. kg/kg more than pirimiphos-methyl manufacturing. However, CO2eq. kg/kg emissions and impacts (mPts/kg) of the sea transport of pirimiphos-methyl and permethrin were similar to their manufacturing.


[image: Figure 2]
FIGURE 2. CO2 equivalent emissions and impacts of pirimiphos-methyl and permethrin during manufacturing and transport (air and sea freight) per kg of insecticide. Impact per FU (mPts) = ecological, resource depletion, and human health damage (generated using Sustainable Minds database, version 3.0, 2013).


Carbon emissions associated with the manufacturing and transport and storage of insecticides were estimated to be between 1.2 and 8.1 kgCO2eq./kg (Pimentel, 1980). West and Marland (2002) estimated 4.6 kg CO2eq./kg emissions in the manufacturing, packaging, and transport of insecticides. Approximately 1.2–11.9 kg CO2eq./kg emitted from insecticides manufacturing was reported by Lal (2004), after recalculating carbon equivalent from earlier reports. The pirimiphos-methyl manufacturing emissions (CO2eq. kg/kg) for this study was within the CO2eq. kg/kg range reported by Lal (2004). But the emissions (CO2eq. kg/kg) from permethrin manufacturing were above that range. Thus, permethrin manufacturing contributes largely to GHG emissions and global warming, hence its manufacturing must be stopped. To ensure permethrin and pirimiphos-methyl are not manufactured, farmers could be entreated to desist from the purchase and use of Actellic Super. According to PAN-Germany (2010), permethrin (pyrethroid) is highly toxic to bees. The EPA (US) listed permethrin (pyrethroid) as a possible human carcinogen, highly bioaccumulative, and persistent in water. Therefore, the use of permethrin affects food security, the health of humans, and the environment, and causes global warming. Importantly, pirimiphos-methyl (organophosphate) is not classified among the most dangerous pesticide (PAN-Germany, 2010). Pirimiphos-methyl manufacturing had low emissions (CO2eq. kg/kg) and impacts (mPts/kg), but its composition in Actellic Super is five times more than permethrin. Therefore, GHG and global warming effects of pirimiphos-methyl might be similar to permethrin. Hence, the manufacturing and transport of pirimiphos-methyl and permethrin can be discouraged. However, if the manufacturing and transport could not be stopped, then sea transport of Actellic Super could be encouraged. This could substantially reduce CO2eq.kg−1 emissions and impacts (mPts/kg) associated with the transport of Actellic Super to Ghana.



Ecotoxicity and Human Health Impacts

The ecotoxicity impacts associated with using azadirachtin, pirimiphos-methyl, and permethrin were determined (Figure 3). All three chemicals seriously impacted water, but negligibly impacted air and soil. Their easy solubility in water might have caused a heavy impact on water. However, the limited moisture in air and soil might have resulted in low solubility and ecotoxicity impacts. Similar impacts on water were recorded using pirimiphos-methyl (128.0 CTUeco/kg), azadirachtin (115.0 CTUeco/kg), and permethrin (104.0 CTUeco/kg). Azadirachtin had the highest ecotoxicity impacts on air, followed by permethrin, and pirimiphos-methyl. Azadirachtin had the highest ecotoxicity impacts on soil, followed by pirimiphos-methyl, but permethrin had a very low impact on soil. When air, water, and soil were combined, the total ecotoxicity impact was pirimiphos-methyl (134.0 CTUeco/kg), azadirachtin (124.0 CTUeco/kg), and permethrin (106.0 CTUeco/kg).


[image: Figure 3]
FIGURE 3. Ecotoxicity impacts of azadirachtin, pirimiphos-methyl, and permethrin usage on air, water, and soil per 1 kg of maize grain (generated using TRACI database, version 2.1, 2012).


Figure 4 shows the health effects associated with using azadirachtin, pirimiphos-methyl, and permethrin. Azadirachtin did not record any human health impacts (0 CTUnon-cancer/kg). However, human health impacts using pirimiphos-methyl were 1.63 × 10−8 CTUnon-cancer/kg, and negligible using permethrin (2.58 × 10−10 CTUnon-cancer/kg). Human health impacts due to insecticide-contaminated water were high compared to soil and air. Thus, 1.31 × 10−08 CTUnon-cancer/kg (pirimiphos-methyl) and 1.51 × 10−10 CTUnon-cancer/kg (permethrin). The high water ecotoxicity impact resulted in high human health impacts (non-cancer) due to water.


[image: Figure 4]
FIGURE 4. Human health impacts of azadirachtin, pirimiphos-methyl, and permethrin usage on air, water, and soil per 1 kg of maize grain (generated using TRACI database, version 2.1, 2012).


To have effective insect mortality, pirimiphos-methyl and azadirachtin are applied in large masses. Approximately 1.2 × 10−2, 4.7 × 10−4, and 8.8 × 10−5 kg of azadirachtin, pirimiphos-methyl, and permethrin, respectively, were used to treat 1 kg of grain. Therefore, the relatively large mass might have resulted in high ecotoxicity impacts of azadirachtin and pirimiphos-methyl. The low ecotoxicity and human health impacts of permethrin might be due to the smaller mass used. Despite the smaller mass of permethrin (88 mg/kg) used, when the ecotoxicity and human health impacts are compared to azadirachtin and pirimiphos-methyl, permethrin usage cannot be considered friendly environmentally and healthwise. If permethrin had been used in a larger mass as azadirachtin (12,000 mg/kg), ecotoxicity and human health impacts would have been overwhelming. According to PAN-Germany (2010), permethrin is more toxic compared to azadirachtin and pirimiphos-methyl. The low composition of permethrin in Actellic Super might be due to its ecotoxicity and human health impacts potency. Generally, the human health impacts of azadirachtin and permethrin were better, and the ecotoxicity impacts of permethrin were better.

The Penn State Extension (2006) categorized insecticides containing azadirachtin, pirimiphos-methyl, and permethrin into “Toxicity Category III” (thus, to be used with caution). Worth noting, azadirachtin was designated to be of general use, and pirimiphos-methyl and permethrin were designated to be of restricted use. In their report, azadirachtin toxicity effects (LD50) required massive concentrations (5,000 mg/kg or more in oral use and 2,000 mg/kg or more in dermal use). Although the mass of azadirachtin used in this study was 12,000 mg/kg, higher than the 5,000 mg/kg, there were no human health impacts. Hence, this study affirms the assertion that azadirachtin is specific to the target organism. Therefore, in a worst-case scenario, farmers can use azadirachtin to treat grains without any health concerns. Azadirachtin is preferred to pirimiphos-methyl and permethrin because it is usually safer for non-target organisms, and the environment (Buss and Park-Brown, 2002; Charleston et al., 2006). Reports indicate that azadirachtin insecticide is environmentally friendly, so selective, transient, pests-specific, harmless to other organisms of no interest, and has a low effect on the ecosystem (Ascher, 1993; Mordue and Blackwell, 1993; Barrek et al., 2004). Encouraging the global use of botanical insecticides such as azadirachtin would overcome many ecological and environmental challenges.

Pirimiphos-methyl is required in a smaller mass to cause toxicity effects (LD50) (tech. 5–20 mg/kg, oral; 220 mg/kg, dermal). Pirimiphos-methyl has a broader toxicity effect including oral, dermal, inhalation, accident, wildlife, fish, and aquatic species. The high ecotoxicity and human health impacts of pirimiphos-methyl could be attributed to its broader toxicity effect. Actellic Super must be handled with caution as its major compositions (pirimiphos-methyl and permethrin) have broad-spectrum toxicity effects. Permethrin is a broad-spectrum and restricted insecticide, and highly dangerous for bees, fish, and aquatic species. Unlike pirimiphos-methyl, permethrin is required in a higher mass to cause toxicity effects (tech. >4,000 mg/kg, oral; >4,000 mg/kg, dermal), and is generally harmless to humans (Penn State Extension, 2006). Importantly, unlike pirimiphos-methyl which highly bioaccumulates and persists, permethrin decomposes in the soil within a few days (Toynton et al., 2009).



Cost Analysis

The cost of treating 1 kg of maize grain was higher using azadirachtin compared to Actellic Super. The price of azadirachtin was ~224% higher than the Actellic Super (Figure 5). The increase in treatment costs using Actellic Super or azadirachtin corresponded with the increased inflation rate. When grain capacity was increased, treatment costs also increased non-linearly. However, treatment cost using azadirachtin was higher than Actellic Super (Figure 6). Change in treatment cost using Actellic Super or azadirachtin increased proportionally with grain capacity (Figure 7). Significant cost differences occurred between 1, 500, 1,500, and 2,000 kg capacities, but negligible cost difference occurred between 2,000 and 2,500 kg. The graph shows that treatment costs increased as grain capacity increased. Infinite application of price rebate (%) on Actellic Super or azadirachtin could have decreased the treatment costs to negative values. The unit treatment cost (economies of scale) decreased as grain capacity increased (Figure 8).


[image: Figure 5]
FIGURE 5. The costs of azadirachtin and actellic super per treatment of 1 kg of maize at the present price, and dollar-to-cedi exchange rate and an inflation rate of minus 50%, plus 50%, and plus 100% (generated using Microsoft Excel).



[image: Figure 6]
FIGURE 6. Costs of treating 1, 500, 1,000, 1,500, 2,000, and 2,500 kg capacities of maize grains by using azadirachtin and actellic super (generated using Microsoft Excel).



[image: Figure 7]
FIGURE 7. Change in the costs of treatment by using azadirachtin and actellic super at different capacities of grains (kg) (generated using Microsoft Excel).



[image: Figure 8]
FIGURE 8. The unit cost of treating maize grain in Ghana (economies of scale) (generated using Microsoft Excel).


Since the inflation rate affected the price of insecticides, when the inflation rate was low the treatment cost decreased. Azadirachtin and Actellic Super are imported into Ghana, hence their prices depend on the exchange rate. When the exchange rate increases farmers in Ghana would have to purchase insecticides at a high price. Therefore, an increase in inflation and exchange rates can make treatment costs very expensive to farmers. The non-linearity of treatment cost with increasing capacity due to the applied rebates (%) was essential. There was value for money handling larger grain capacities. Treatment cost of 2,500 kg capacity decreased as price rebate (%) on insecticides was highest, and beyond that capacity price rebate (%) remained constant. The polynomial regression equation could better predict (R2 = 1) treatment costs, and differences in costs when Actellic Super or azadirachtin is to be used. Similarly, the polynomial regression equation could better predict the unit cost of treatment (R2 = 1). So, a substantially lower treatment cost can be achieved when farmers treat large grain quantities. Thus, farmers can enjoy a high rebate (%) on the price of insecticides. Smallholder farmers in Ghana and other SSA do not enjoy significant rebates (%) on the prices of insecticides. Because they harvest small quantities of grain, and hence experience expensive treatment costs. Post-harvest loss (PHL) is massive among farmers financially constrained to purchase insecticides.

At all levels of grain capacity, treatment costs were high when azadirachtin was used. The high treatment cost was due to the large quantity (mass) of azadirachtin required to treat grain. Prices of botanical insecticides are high compared to synthetic insecticides (Shabozoi et al., 2011; Amoabeng et al., 2014; Ngbede et al., 2014). The large quantity of azadirachtin required coupled with a high market price limits its usage among farmers. Although azadirachtin or any other botanical insecticide is friendly environmentally and healthwise, it is very expensive to use. Farmers that used botanical insecticides experienced fewer economic benefits (Leatemia, 2003). Farmers may then opt for synthetic insecticides which are detrimental to their health, consumers, and the environment. Mostly, botanical insecticides are scarce in markets, and therefore farmers in SSA who can even afford to buy them do not have access to them.

Essentially, to avoid treatment costs associated with using botanical or synthetic insecticides, farmers in Ghana (SSA) can apply plant materials (leaves, seeds, branches, powders) from neem, pepper, basil, and other (Belmain and Stevenson, 2001) plants. Smallholder farmers can have temporary financial relief if the grain is shortly stored. According to Amoabeng et al. (2014), local plant materials are inexpensive to use compared to synthetic insecticides.




CONCLUSIONS

Pirimiphos-methyl manufacturing and transport (sea and air) recorded lower CO2eq. kg/kg emissions and impacts (mPts/kg) compared with manufacturing only permethrin. It is advisable to transport both pirimiphos-methyl and permethrin by sea instead of air. Hence, to reduce GHG emissions and global warming, the manufacturing and air transport of pirimiphos-methyl and permethrin can be discouraged. On the other hand, ecotoxicity impacts of permethrin were lower followed by azadirachtin, and then pirimiphos-methyl. Although azadirachtin recorded no human health impacts (cancer and non-cancer) that of pirimiphos-methyl was substantial. This study, therefore, affirms the assertion that azadirachtin is specific to targeted organisms, and can preferably be recommended for grain treatment, unlike pirimiphos-methyl and permethrin.

Azadirachtin costs 224% higher than Actellic Super, though the prices of azadirachtin and Actellic Super depend on foreign exchange rates. Invariably, the cost of treatment is dependent on the price of insecticides. However, farmers can benefit from a percentage rebate for buying larger quantities of insecticides. Regrettably, peasant or smallholder farmers do not benefit significantly from the percentage rebate since they do not buy larger quantities of insecticides, hence, these farmers experience a higher cost of treatment and higher PHL. Although treatment cost increased with grain capacity, the economies of scale favored the largest grain capacity. Scarcity of azadirachtin coupled with the required larger quantity (mass), treatment costs are normally very high. This, therefore, compels farmers to opt for synthetic insecticides despite the associated health and environmental issues.
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