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ABSTRACT 

Volatilization is an important source of air pollution that find in the soil the final sink by rain clean 

up. The consequences of this process lead to pollutant molecules dispersal into the air and movement 

to areas far from their sources. Air movements are out of human control and have resulted in 

worldwide pollution, leading to the disappearance of pristine environments. Research concerning 

volatilization measurements and these data are related to specific soil parameters that display an 

influence on volatilization. Different volatilization measurement techniques appropriate for this 

scientific purpose are discussed herein. The aim of this research is to contribute to sustainable 

pesticide application operations by minimizing the air pollution produced by these hazardous 

substances. 

 

INTRODUCTION 

Soil is a sink for industrial, vehicle and agriculture airborne pollutants after rain events. Research 

carried out on soil sprayed with pesticides indicate that these chemicals can be transformed into 

other products, and can also move to deeper soil layers by leaching, movement from runoff to 

surface water, plant and animal uptake, adsorption to soil components and movement through the air 

by volatilization (Correia et. al. 2007). In ecotoxicology, the crucial question is molecule 

degradation, obtained by photodegradation, chemical interactions with organic soil components 

promoted by enzymes, such as laccases, or caused by biological degradation, through plants, animals 

and microorganisms. When these substances are used as a carbon source for microorganisms, their 

molecules are completely degraded into CO2, a process called mineralization. Soils with 108 to 109 

microorganisms/mL exhibit the highest microorganism contents compared to water and air, 

indicating their significant importance in biodegradation process. In mineralization cases, the 
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substance disappears and pollution ends. If this is not the case, pollutant molecules are transported 

between different environments with endless hazardous effects. 

The focus of this study is volatilization, a process in which molecules move from the liquid or solid 

to the gas phase. In the beginning the first 0.5 cm above-soil, molecules move by dispersion into the 

air (Table 1) (Focus 2008). Subsequently, with gradual wind increases, the molecules are mixed in 

the air by the turbulence between the different wind speeds. This process is very efficient, for 

example, leading to about 18% oxygen concentrations throughout the entire earth surface. 

 

Figure 1 – Pesticide movement between soil and atmosphere 

 

The air movement determines where molecules shall be transported. Meteorology indicates that 

movement can be upstream, arriving at altitudes as high as 10,000m, or downwards, moving down 

(FIG 1). Horizontal directions are highly varied, but are mainly described by air currents. In many 

cases, a concentration gradient has been observed, with decreases at higher altitudes. However, 

airborne pollutants at high altitudes are being transported far away from their pollution sources and 

precipitate by rain in non inhabited areas, such as Antarctica (Tratton & Rusicka 1967). In fact, 

pesticide residues in high mountain ground have been reported, as well as in the air samples at those 

high altitudes (Villa et. al. 2006; Meire et. al. 2016). This indicates that all Earth’s regions are 

exposed to a certain degree of air pollution. The greatest source in this regard is the sea. 

At lower altitudes hazardous pollutant effects are generally observed in the biosphere and, 

particularly, in human health. For example, experiments analyzing pesticide residues in different soil 

layers in a transect between a sugar cane field undergoing terbuthiuron herbicide application and a 

forest plantation strip followed by a mature riparian forest indicated that residues were four-fold 
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higher in the mature forest compared to the field (FIG. 2 and 3), indicating residue volatilization in 

the air, captured by the higher tree canopy and washed down by rain to the soil. Two important 

conclusions can be drawn from this example: the first, that wind is a forest-polluting factor and, 

second, that the forest is an pollution barrier that can filter air, with the retention of hazardous 

molecules. Thus, forest barriers and hedgerows can be used to control drift after pesticide spraying 

(Bicalho et. al. 2010). In tropical regions, a lack of scientific information on resistance, position, 

height and filtering effectiveness of hedgerow species is noted (Van de Zande et al. 2000). 

Significant decreases in residue drift can be gained by green barriers, with increased protection of 

people that live on farms, as verified in certain countries (Lazzaro et. al. 2008; Kasiotis et. al. 2014). 

 

Figure 2 – Experimental transect from a sugar cane field to a riparian forest 
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Figure 3 – Terbuthiuron per soil depth of the transect between the sugar cane field and the riparian 

forest. 

 

Health effects of airborne pollution are observed in the dermis and the respiratory tract (Andrade 

Filho 2013; Langenbach & Caldas 2017). Despite generally relative low air concentrations, the 

human adult air intake is of 20 m3 per day per adult, a strong multiplication factor. Direct air entry 

without filtering particles smaller than 2.5 µ in the respiratory allows for direct contact with blood. 

Therefore specific toxicity by respiration is much higher compared to ingested residue in food, 

where the entrance procedure involves many steps, such as cooking and later ingestion/absorption, 

followed by final contact with blood (Luo and Zhang 2009). 

However, pesticide air pollution is the main source of contamination, resulting in acute toxicity in 

people that work directly with pesticide pulverization. The highest risk is towards small farmers that 

use knapsacks and move in the pesticide cloud, protected or not by individual protection equipment. 

Pesticide air pollution health outcomes in human exposure also include hypersensitivity diseases, 

such as asthma, rhinitis and bronchitis, as well as topic and gut allergies which have for decades 

been described more often in farmers than in the general population. In addition, changes in behavior 

patterns, suicides, neuropathies and Parkinson’s disease are of significant concern amongst rural 

community of agricultural workers (Faria et al. 2014). 

In general, pesticide effects are displayed as chronic disease, in particular regarding endocrine 

disruption, where pesticides are gradually bioaccumulated up to high residue concentrations through 

daily intake. In these cases, mainly hormonal, skin, gut and lung  diseases occur (Mniff et. al. 2011). 

The Brazilian Cancer Institute (2016) has quite recently pointed out that the incidence of skin, lung 
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and central nervous system cancers is rather high in the rural areas of the country, mainly in the 

south, with a higher prevalence in men. 

Polyaromatic pollutants from other sources, also carry a cancer risk. Apart from pesticides, which 

are well dissolved in water since their original commercial formulation and application, many other 

contaminants that present themselves as a separate phase, the so called non-aqueous-phase liquids 

(NAPLs) are mainly found among petroleum products. These substances show singular 

characteristics because of their hydrophobic behavior given to its molecular arrangements providing 

them a non-polar characteristic. Evaporation rates of these volatile compounds are positively 

correlated with their molar mass and vapor pressure. (Mackay and Van Wesenbeeck, 2014). Most 

common NAPLs contamination cases occur by accidents and spills of specific products, such as 

gasoline, diesel and other petroleum derivatives. These substances show singular characteristics, 

such as an hydrophobic, non-polar behavior due to their molecular arrangement (Chen et al., 2009). 

An important environmental problem is pollution sometimes observed on the unsaturated soil near 

gas stations. These sites are commonly contaminated by volatile organic compounds (VOCs) found 

in the vicinity of underground storage tanks after leakages. In those cases, many years after pollution 

source removal, some VOCs may reside in soils as an NAPL for an extended period of time, 

presenting themselves in the gas and liquid state and adsorbed onto soil matter (Abbas et al., 2012). 

NAPLs within the vadose zone of the soil are usually adsorbed by the humus instead of being 

attached to clay particles. Thus, higher concentrations of this type of contaminant in the very shallow 

parts of the soil are detected, which might contribute to their volatilization rates under solar radiation 

and due to their proximity with the atmosphere. On the other hand, water displays the advantage of 

adhering to mineral particles within the ground. This implies that the NAPL partition coefficient in 

soil is significantly dependent on its organic content. Thus, to understand the fate of these 

contaminants, investigations concerning soil texture and mineral composition are paramount, with 

special emphasis on its organic content. 

NAPLs volatilization may therefore present significant hazards to air quality and human health near 

contaminated areas. Recent studies indicate that up to 60% of diesel oil may be volatilized to the 

atmosphere within a few days of its deposition over a soil surface, through study carried out in 

laboratory conditions measuring the weight of a diesel-injected soil sample over time. Another 

finding of that study is that the wind force greatly contributes to volatilization, in line with the 

chemical equilibrium theory. Once the vapor pressure of a contaminant material is removed by wind 

from the vicinity of the contaminated soil, a new equilibrium must be achieved by additional diesel 

volatilization from the surroundings (Ma et al, 2014). These NAPLs can be comprised of single or 

multiple substances. In the case of a gasoline spill, for example, a mixture of aromatic and aliphatic 

hydrocarbons will be present. Bioremediation or vapor injection techniques to treat NAPLs result in 

enhanced volatilization. 

Organic matter biodegradation is also a known VOCs emission source to the atmosphere, and most 

of these compounds can be especially hazardous to human health. Solid urban waste also displays 
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the ability to transport contaminants to the atmospheric environment. Each ton of garbage in 

transport stations emits 13 grams of ethane before reaching landfills, for example (Zhao et al., 2015). 

The worst contaminants in these studies were found to be trichlorofluoromethane and 

dichlorofluoromethane, representing 99% of greenhouse gases and 70% of human impacts near 

landfill sites. 

If solid waste is left to decompose fully to obtain fertilizers in a process plant, then other, 

significantly more damaging, volatile components might arise. A recent study measuring human 

exposure to air at a height of 1.5 m, close to a municipal waste organic composting site was 

undertaken throughout one year. During summer periods the emissions were significantly higher 

compared to winter, up to 138 mg/m3 of certain toxic VOCs close to the landfill (Mustafa et al., 

2017). 

The above-mentioned research was carried out in Beijing, a temperate climate city. Under tropical 

climate conditions, as occur in Brazil, urban waste decomposition and volatilization is significantly 

higher, with effects that are more hazardous. Both carcinogenic and non-carcinogenic substances 

were found in significant concentrations, and naphthalene emissions were above human safe limits 

for inhalation, and a possible cause of cancer. Animal research conducted by the IARC (International 

Agency for Research on Cancer) assured that naphthalene exhaled from these sites are known causes 

of cancer in animals. More broadly, many other VOCs found in solid waste decomposition greatly 

contribute to deleterious environmental effects by increasing smog and ozone formation. 

Risk assessment is an important requirement for contaminated sites. For that, it is necessary to 

understand contaminant migration from the soil source towards the targets, using analytical and site-

specific parameters to address the scenario. It is necessary further measurements to determine if the 

model suits the actual air pollution encountered, as many models usually overestimate risk exposure, 

indicating that actual emissions were lower than those estimated by the applied models (Di Sante et 

al., 2017). Brazil, a tropical climate country, may contribute to incremental contaminant 

volatilization. However, there is still lack of information concerning our specific air contamination 

risk, addressing the compound effect of the peculiarities of our waste, landfill project and climate. 

 

MATERIAL AND METHODS 

 

General Remarks  

Both indirect and direct methods to determine volatilization have been reported in literature. 

Indirect methods estimate volatility losses by measuring the remaining pesticide 

concentration in the soil. These methods often give inaccurate results, since on the other 

hand, residue decline in soil may have various reasons other than volatilization (e.g. 

mineralization, transformation, adsorption, binding and leaching ), and, on the  other hand, 

in case of low volatilization rates the difference between initial and final recovered pesticide 
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amounts may be lower than analytical standard deviations. Consequently, an accurate 

determination of volatilization process is possible only by direct measurements of the 

volatilized.   

Both, field experiments and laboratory test may be used for the generation of data.  

Field experiments consider the variation of temperature, air humidity and wind that represent natural 

conditions necessary to be environmental representative. In field experiments a pollutants can be 

passively captured in traps, where the air that comes in contact with an adsorbent material is driven 

by normal wind. This method is easier to apply in the environment, while not requiring electricity to 

move the air. This approach can be used for comparisons of air samples exposed to traps positioned 

in different places, altitudes or in different timeframes. These traps should be constructed with rain 

protection.  

In active traps, air is captured by pump suction, where the amount of air volume passed through the 

pump is measured. This information is necessary to calculate pollutant concentrations in the air and 

allows for the evaluation of human exposure health risks where toxicological effects are described as 

related to concentration. The trap material can be either solid or liquid. Each material is chosen 

considering the kind of molecules to be captured. For pesticide, XAD use is a highly absorbent trap 

resin that have as limitation a low air fluxes, otherwise the process will become turbulent, leading to 

a decrease in capture efficiency. Polyurethane foam (PUF) is recommended (Correia et. al. 2007), 

but can also be applied, with the advantage of being cheap and with a broader application spectrum. 

Other materials can be used for different purposes. Liquid solutions can be used to trap ammonia 

volatilized by soil moved by fan trough H3PO4 solution, measured by colorimetry (Rochette 2013). 

Since field experiments are strongly depending on local as well as climate parameters and 

are often not reproducible, it was decided to develop a large scale laboratory test system. 

Therefore a wind tunnel was built which enables controlled air stream with a constant 

temperature and humidity to be passed through a volatilization chamber with the test 

material (pesticide treated surfaces) Fig. 4. In particular this is important for the 

harmonization policy of the EU to produce similar standards for all the European countries. 

Mass balance experiments use labeled molecules with radioactive isotopes as 14C or non radioactive 

isostopes as 13C to follow the molecule or metabolites in soil, water leachate, mineralization and 
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volatilization. 

 

Figure 4 – Volatilization captured after wind tunnel  

 

An example of microcosm system used is shown in short by Fig. (Langenbach et. al. 2000 and 

Langenbach et. al. 2001).  
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Figure – 5 Microcosm for biomass studies containing liquid traps for volati9lization. 

 

Each microcosm consists of a round metal cylinder with a height of 30 cm and an inner diameter of 

15 cm. Filter paper and a metal sieve are placed at the bottom of the cylinder to keep the soil in the 

cylinder. A defined under pressure maintained by a membrane pump necessary to counteract the 

capillary forces at the bottom of the sieve permits leaching of the percolate out of the soil. The 

leachate is collected in 1 l glass bottles. The metal cylinder is closed with a special cover that allows 

irrigation as well as intensive gas exchange. Fourteen small, specially formed openings at the bottom 

of the microcosm cover allow drop application of the precipitation water. A ventilator placed in the 

middle of the microcosm cover gives a wind speed of about 1 m/s over the soil surface. A membrane 

pump draws the air through the cover, resulting in an air exchange of 23 1/h, which corresponds to 

an air exchange rate of more than 60 times per hour in the microcosm atmosphere. Between the 

microcosm cover and the membrane pump, several traps are placed to absorb separately the volatile 
14C labelled organic compounds (parent compound and metabolites) and the 14CO2 resulting from 

total degradation of the pesticides. A special piece of equipment on top of the traps guarantees that 

volatile organic solvents, such as ethyleneglycol-monomethylether, which are added to the first two 

traps to fix the volatile organic compounds, do not evaporate from the traps. To absorb the 14CO2, 

traps 3 and 4 are filled with a mixture of diethyleneglycol-monobutylether and ethanolamine. For 

performing the experiments, four metal cylinders were pressed into the soil previously prepared by 

liming and tillage (conventional agricultural practice). The undisturbed soil block was removed and 

transported to the laboratory where the soil columns rested for three days. In the two weeks before 

starting the experiment, rainfall was simulated by addition of 30 ml water three times a week during 

15 days before atrazine application. Then, labeled pesticide is applied in each microcosm, and the 
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systems were closed. In the first week after application, the solvents for volatilized compounds and 

for 14CO2 were changed every day and later three times per week. The simulated rainfall was 60 ml, 

three times per week after the 1st week of application of labeled pesticide, in a total amount of 2.160 

ml corresponding to 42 mm monthÿ1. Leached water was collected at the bottom of the system and 

stored at 4°C. The microcosm was maintained under room temperature ranging between 22°C and 

33°C in this period. Measurement of radioactivity or CGMS analysis was performed. After leachate 

collection, water samples were concentrated to a final volume of 5 ml. Aliquots of 1.0 ml were put in 

glass vials filled with 10 ml of liquid scintillation cocktail Aquasolv (4 g PPO; 0.25 g POPOP; 333 

ml Triton X-100 in 667 ml toluene) and measured in a Beckman liquid scintillation counter. The 14C-

volatilized organic compounds and the 14CO2 from total degradation were collected and an aliquot of 

5 ml of the trapping solution was measured in 10 ml of the same scintillation cocktail and equipment 

as described above. 450 T. Langenbach et al. / Chemosphere 40 (2000) 449±455 Total 14C 

radioactivity in soil was measured after three months of incubation. The soils were pressed out of the 

microcosm, sliced from 0 to 5 cm in 1 cm layers and afterwards in layers of 5 cm thickness. Each 

layer was carefully dried, weighed and ground up to complete homogenization. Five aliquots with 

0.5±1 g from each layer were precisely weighed and burnt to 14CO2, in a Zinsser Oxidizer Analyser 

(Oximat 500) able to capture 14CO2 in a scintillation cocktail (1 l aquasolv+ 666 ml methanol +416 

ml ethanolamine) trap. Radioactivity was measured in a liquid scintillation counter. 

After volatilized air sample collection, analysis is performed with extraction and the utilization of 

chromatographic methods. Purification procedure is not usually necessary if the air sample does not 

present many different substances. 

Other approach can be used with airborne pollutants collected in the rain and submitted further by 

chromatographic analysis. Actually many studies are performed with the use of models that are able 

to predict hazardous exposure of the environment and human health to different airborne pollutants. 

To do that many parameters must be measured within the  soil such as texture, porosity, organic 

matter content, adsorption constant Kd, humidity, water sorption and mineralogical composition that 

can be influent on the actual volatilization of contaminants. Models demand also several climatic 

parameters and physic chemical characteristics of the pollutant molecule.  

The aim of this paper is how to choose a volatilization methodology in accordance to the research 

purpose. 

 

Experiment 

Soil 1, comprising a strong clay composition and low organic matter content, was collected at  

Tinguá (22o35´25.421 S and 43o24´18.416 O), Rio de Janeiro, Brazil. Soil 2, with high silt and high  

organic matter contents was obtained at Duque de Caxias (22o41´52.959 S and 43o18´19.126 O),  
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Rio de Janeiro, Brazil. Soil samples were introduced in a PVC microcosm with 15 cm diameter and 

30 cm height and compacted to natural density (FIG. 4 and 5). 

 

Figure 6 – Testing bench model 

 

Fig. 7 – Microcosm with volatilization capture device 

 

The 2,4-D herbicide was applied with a Hamilton syringe on top of the soil and drops were 

homogeneously distributed throughout the surface at field concentrations of 700g/Ha. A glass 

funnel, 13cm in diameter, was adapted at 2 cm above the soil surface and a XAD -2 cartridge was 

positioned on the top side, close to the funnel. Air suction was powered by a pump through silicone 

tubes, with the flow regulated to 2L/min. The system is open, and polyurethane foam was positioned 
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beside the apparatus to capture system losses. After 24 h exposure to volatilized products, residues 

and metabolites were extracted from the XAD-2 cartridges and PUF, by treatment with hexane 

dichloromethane (1:1). Chromatographic analyses were performed on an HPLC-UV system (Fig 6). 

 

Figure 8: Example of chromatographic analysis result 

 

The approach of the present study is on finding best conditions to reduce volatilization. Considering 

that climate cannot be altered, the only possibility is to manage the best period of the day to spray 

pesticides in order to reduce pesticide volatilization. Experiments were performed in microcosms 

containing different soils sprayed with the 2,4-D herbicide, at 7:00 AM and at 5 PM. Volatilization 

was measured after 24h of pesticide spraying. Climate conditions were monitored during the whole 

experiments through a Campbell automatized meteorological station located in the same area of the 

experiment. 

 

RESULTS AND DISCUSSION 

Volatilization of hazardous substances from soil to air lead to deleterious effects on the biosphere 

and, therefore, sustainability efforts are required to avoid or minimize  these processes. In this 

scenario, three groups of parameters should be considered: (a) physical- chemical properties of the 

product, particularly those related to Henri´s law and water pressure; 

(b) soil parameters, such as the Kd adsorption coefficient, organic matter content, moisture on the 

soil surface layer and porosity, and (c) climate conditions, namely sun irradiation, temperature, 

humidity and wind conditions in which the experiment was conducted. 

TABLE 1 and Fig 7 display soil 1 and 2 characteristics after 2,4-D content sprayed during two 

distinct periods throughout the day. The higher volatilization observed in soil 2 sprayed in the 

morning compared to soil 1 suggests that volatilization is related to high organic matter content, that 

weakly binds 2.4-D (Costa et. al. 2016) compared to the inorganic matrix.  In addition the higher 

clay surface area containing less organic matter of soil 1 exposes more inorganic constituents to 2,4-
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D, with stronger binding, leading to lower volatilization rates. Soil 2 displays higher macroporosity 

(FIG. 6) compared to soil 1, leading to easier volatilized molecule movement, resulting in stronger 

volatilization. Nevertheless this difference disappears in afternoon experiments, where the humidity 

of the soil surface layer is lower for both soils. Further experiments should be carried out to better 

understand these phenomena. 

 

Physicochemical Parameters 

Granulometry (%) Soil 1 Soil 2 Other Soil 1 Soil 2 

Boulder 1.4 0.0 Humidity (%) 25.3 25.5 

Coarse sand 

Medium sand 

15.2 

15.3 

0.7 

13.4 

Porosity (%) 

In situ density (g.cm-3) 

56.0 

1.5 

61.8 

1.3 

Fine Sand 6.6 22.3 Organic Content (%) 0.7 2.0 

Silt 9.8 49.7 pH 3.9 3.6 

Clay 51.7 13.9    

 

Table 1: Physicochemical characteristics off soils 

 

Fig. 9 -5, Soil porosity 

 

TABLE 2 exhibits the volatilization data of the experiment. Volatilization measured in the XAD 

cartridge was much lower than that measured in PUF. This means that the suction capacity used with 

XAD is smaller than the wind that blow 2.4-D aside and is captured by PUF. In the case the sum of 

volatilization measured is 4.5% and system losses add up to about 11.4%, indicating a 28% 

efficiency, which is low and should be improved. A methodology where PUF capture is optimized 

with the exclusion of XAD-2 is underway. 
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Equipment 

component 

Experiment Starting 

@7:00AM 2,4-D 

% of applied amount 

 Experiment starting @5:00 PM

 2,4-D % of 

applied amount 

 Soil 1 Soil 2 Average Soil 1 Soil 2 Average 

Funnel 1,00 1,06 1,03 0,94 0,98 0,96 

XAD-2 1,27 1,31 1,29 1,19 1,18 1,18 

PUF 1,03 3,32 2,18 0,00 0,00 0,00 

 

Table 2: Recovered 2,4-D in each device. 

 

Nevertheless, results indicate a decrease in volatilization (TABLE 3) between 15 and 30% in 

experiments carried out with 2.4-D application in the morning compared to the afternoon. This is 

probably due to the fact that the soil becomes very dry under the strong summer sun and adsorption 

is high, leading to decreased volatilization. It is well known, as reported by Glotfelty (1984), that 

humidity stimulates volatilization, in accordance to Henry´s law. 

 

 

 

Soil 

 

Experiment Starting @7:00 AM 2,4-

D % of applied amount 

  

Experiment Starting @5:00 PM 2,4-D 

% of applied amount 

 XAD-2 PUF XAD+PUF XAD-2 PUF XAD+PUF 

 

Soil 1 

 

0,42 

 

1,25 

 

1,67 

 

0,36 

 

0,99 

 

1,35 

Soil 2 0,40 1,52 1,92 0,37 1,32 1,69 

 

Table 3: Field 2,4-D recuperation from XAD-2 and PUF 

 

In fact, afternoon spray could not only reduce volatilization but also make it possible to mitigate 

contamination risk to rural population because windows and doors of houses are closed in the 

afternoon, reducing indoor exposure to pollutants (Rosa 2008), as observed by other authors 

(Streicher 1997). Volatilization of residues that move to higher altitude can´t be controlled by 

hedgegrows (LANGENBACH et al. 2017), therefore pesticides with high volatilization potential 

shall be banned or heavily restricted by regulation and the best parameter to indicate this risk is its 

vapor pressure (DI SANTE et. al. 2017). 
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