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Abstract: Dichlorodiphenyltrichloroethane (DDT) residue in Ontario soil is expected to be found
at trace levels, since it has been banned for over 45 years in Canada. This presents challenges
to the efficiency and accuracy of conventional detection methods. This study intensified the
conventional DDT detection method, in the characterization of aged soil samples collected from
historically-treated sites in Ontario. Recovery, time consumption, and labor intensity were considered
for the intensification evaluation. Ultrasonic probe extraction was found to significantly shorten the
extraction time, with similar yield compared to ultrasonic water bath extraction and homogenized
extraction. Homogenized extraction for 24 h following ultrasonic probe extraction can increase yield
over 27%. Rotary evaporator concentration was used, since it can reduce the operating time with
comparable recovery. The Florisil clean-up column used in the conventional method was removed
from the intensified method, due to its negligible effect and high time consumption. The intensified
method may be valuable for further investigation to determine other trace level organochlorine
pesticide residues in soil samples.

Keywords: persistent organic pollutants; organochlorine pesticides; DDT; ultrasonic probe extraction;
soil analysis; process intensification

1. Introduction

Persistent organic pollutants (POPs) are a major concern in the environmental community,
due to their long-term harm to both wildlife and humans [1]. One well-known example is
dichlorodiphenyltrichloroethane (DDT), which is a useful broad-range pest control agent in agriculture
and forestry, and it can be applied to control the spread of diseases, such as malaria, through the
extermination of mosquitoes [2]. It was used extensively from the 1940s to the 1970s in Canada for
agricultural and residential purposes [3]. Due to its potential adverse health effects, DDT was banned
in the early 1970s in most northern countries, including Canada [4]. However, DDT and its metabolites
(namely DDD and DDE) are highly persistent in the environment, and, as a result, many areas that have
not seen any DDT use for decades still have measurable DDT concentrations in the soil and water [5,6].
Soil is considered to be the major sink of DDT because it is highly hydrophobic [7]. After over 45 years
of being banned, DDT is considered to be mostly degraded in the environment, because its half-life
was expected to be between two to fifteen years in soil [4].

Several studies were carried out to investigate the soil DDT residual concentrations in Canadian
lands from 1994 to 2006. Harris et al. determined the DDT concentration of an agricultural area located
in southwestern Ontario in 1994; where historically treated by DDT, the sum concentration of DDT
and its metabolites (DDTs) was at 7100 ± 3000 µg/kg in surface soil [5]. Another study investigated the
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DDT level in a national park in 1999, and the concentration of DDT was at 128 µg/kg [8]. A former
agricultural area located in Ontario was also documented to have 9910 µg/kg DDT in soil, according to
a study in 2006 [3]. However, limited studies were presented on DDT distribution in Ontario soil in
recent years; hence, the current DDT residual level is unknown. Further studies of DDT residual level
in soil are still of interest to have a better understanding of the fate of DDT in the historically treated
fields over long timeframes. Moreover, DDT concentration is expected to be low in countries that
have banned DDT for years, and thus characterization of soils requires the intensification of detection
methodologies to recover trace DDT from weathered soils.

Many methodologies have been investigated for the analysis of various organochlorine pesticides
(OCPs). The conventional detection method follows the processes of drying, extraction, clean-up,
and gas chromatographic separation [9]. However, OCPs analysis methodologies are continuously
being modified to improve efficiency and reliability. Wang et al. [9] compared different extraction
methods for OCPs from spiked soil samples that included soxhlet extraction, microwave-assisted
extraction (MAE), and accelerated solvent extraction (ASE). The MAE method was recommended by
the researchers for DDD extraction considering the higher extraction efficiency; however, the reason
behind the higher efficiency was not demonstrated. Additionally, the results also showed that the
lowest recovery was achieved from soil samples that had the highest organic content. It implies that
organic matter content may impact the extraction efficiency. Another study compared the extraction
performance of ultrasonic bath extraction, soxhlet extraction, and shake flask extraction on DDT [10].
The results illustrated that ultrasonic bath extraction was the most suitable extraction technique among
all three tested techniques, which could minimize solvent, time, and labor consumption. Furthermore,
the ultrasonic extraction method had the lowest operating temperature, which could be an important
factor to be considered. According to Samuel and Pillai’s research, the degradation and volatilization
of DDT are correlated to the temperature [11].

Most studies on detection methods optimization have been conducted by using spiked soil samples
which can easily determine the recovery with known concentration [9,10,12]; however, spiked soil
samples may behave differently than weathered soil samples during the extraction process. Weathered
soil may trap DDT inside their particles; in contrast, the spiked soil samples mainly have DDT residing
on their surfaces, which are easier to be contacted and solubilized by solvents. Therefore, studies of
methodology development conducted on aged soil samples are more valuable for determining the
trace DDT level of treated sites. While there is an abundance of research available comparing different
extraction technologies [9,10,12], there is limited research on adopting ultrasonic probe extraction,
which has intensive power input and higher potential to break down soil clusters and organic particles
in a shorter time. Moreover, to our knowledge, limited studies evaluated the recoveries of OCPs by
different concentration methods. Accordingly, the conventional detection process must be intensified
to effectively recover trace DDT from weathered soils, while being time- and labor-saving.

The objective of this study is to intensify DDT detection, while characterizing historically-treated
soils with trace concentrations. The conventional detection method was the base of the process
intensification, which mainly includes six sub-processes: drying, homogenize extraction or
ultrasonic bath extraction, filtration, Kuderna-Danish or rotary evaporator concentration, clean-up,
and instrumental analysis. Three sub-processes were intensified in our proposed method to achieve
high recovery with shorter time and less labor consumption: extraction process, concentration process,
and clean-up process. Three extraction methods were compared for extracting DDT from soil samples:
ultrasonic probe extraction, ultrasonic bath extraction, and homogenized extraction. The recoveries
of rotary evaporator and Kuderna-Danish concentrator were compared, and the efficiency of Florisil
clean-up column was also assessed. DDT concentration of five sampled sites, formerly under DDT
treatment, were determined by the various methods to identify the most intensified combination.
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2. Methods and Materials

2.1. Soil Sampling

Soil samples were collected from five sites formerly under tobacco cultivation in Ontario. Five trips
of soil sampling were conducted from May to August in 2017. Approximately 40 soil cores were
taken from each site, as demonstrated in Figure 1. The sampling site was divided into four lanes
symmetrically (Lane 1–Lane 4), and ten cores were taken from each lane at equal distance. All soil cores
were collected at 12-inches depth by a tubular soil sampler. The collected soil cores were manually
mixed, and then kept in clean zipper bags to transport to the laboratory at the University of Guelph.
During transportation, the samples were stored in a cooler, at a temperature below 8 ◦C, to avoid
potential volatilization. The samples were stored in a refrigerator (2–4 ◦C) before analyses. Samples
were analyzed within three weeks after collection. The collected soil samples were characterized
for pH, organic matter, and physical classification by the Agricultural and Food Laboratory at the
University of Guelph.
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Figure 1. Sampling map of a typical sampling site.

2.2. Grid Soil Sampling

Site 4 was selected for additional grid sampling study. Grid soil sampling technique aimed to have
a better understanding of how DDT is distributed in a typical sampling site, to account for the effect of
hotspots on the experimental results. The method described in Wollenhaupt and Wolkowski’s study
was followed, and modified according to geological features of the sampling site [13]. As illustrated
in Figure 2, a 100 m by 100 m square area was outlined at the sampling site for conducting the grid
sampling. The marked square area was further divided into nine cells, with even distance between
rows and columns. Five soil cores were taken from each cell in a cross pattern, for a total of 45 samples
collected from this site. The transportation and storage methods were consistent with Section 2.1.
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2.3. Soil Samples Preparation

Collected soil samples were dried in a forced-air oven (Binder (Bohemia, NY, USA) FED56) at
40 ◦C for 12 h, in Petri dishes with no lids, to remove moisture. The wet mass of each soil sample was
between 25–40 g, and the dry mass was recorded accordingly after drying, before further analysis.

2.4. Conventional and Intensified Extraction Steps

2.4.1. Homogenized Extraction (Conventional)

Homogenized extraction of contaminated soil samples was a conventional chemical extraction
method for solid-liquid extraction. The targeted compound was extracted by the selected organic
solvent from solid samples [14–16]. Dried soil samples were soaked in 300 mL n-hexane (Fisher
Chemical (Waltham, MA, USA), H3064, 95%) under room temperature, for 24 h or 72 h, in 500 mL
glass bottles with caps.

2.4.2. Ultrasonic Bath Extraction (Conventional)

Ultrasonic bath extraction is a commonly used extraction method, and it had high yield for
extracting DDTs from soil samples, compared with other extraction techniques [10,12]. Ultrasonic
bath (VWR (Radnor, PA, USA) Symphony 97043-936, 90 W power) was heated to 40 ◦C to extract soil
samples, using 300 mL n-hexane for either 15 min, 30 min, 60 min, or 180 min. The dried soil sample
was extracted in capped 500 mL glass bottles with solvent.

2.4.3. Ultrasonic Probe Extraction (Intensified)

A Sonics ultrasonic probe processor was used (Sonics & Materials Inc. (Newtown, CT, USA) VCX
750, 750 W power), fitted with a 19 mm diameter solid cylindrical probe, operated with 100% pulse
intensity at 50% duty. A volume of 100 mL of n-hexane was added to dried soil in an open beaker,
and the solution was sonicated for 3 min. This step was repeated three times (after 20 s pauses for
solvent and ice cube additions), resulting in a total pulse time of nine minutes, and a final volume
of 300 mL n-hexane. Considering the high power input of the ultrasonic probe processor, a cooling
jacket with ice cubes was used throughout the extraction to maintain a constant temperature and
to avoid overheating (Figure 3). The homogenized extraction method was also conducted on some
samples following ultrasonic probe extraction process, for an additional 24 h or 72 h, to determine the
additional yield of diffusion.



Sustain. Chem. 2020, 1 67
Sus. Chem. 2020, 1, FOR PEER REVIEW 5 

 

 
Figure 3. Schematic of the ultrasonic probe extraction setup. 

2.5. Filtration 

Vacuum-assisted filtration was performed after extraction to remove soil particles from the 
extract. The extract was vacuumed to pass through filter paper (Fisherbrand (Waltham, MA, USA) 
09-790-2C) fitted in a funnel, then the filtrated solution was transferred to a clean glass bottle with 
multiple rinses by solvent to continue the further analyses. 

2.6. Concentration Step 

2.6.1. Kuderna-Danish Concentration 

4,4′-DDT standards at 250 µg/kg in 10 mL n-hexane were prepared, to determine the recovery of 
Kuderna-Danish (K-D) concentration. The K-D concentrator (Thomas Scientific (Swedesboro, NJ, 
USA), 4367C53) consists of a three-ball Snyder column, flask, and collection tube. The Snyder column 
was designed to hold up the evaporated solvent to minimize the analyte loss [17]. The K-D 
concentrator was pre-wetted by 2 mL n-hexane. Then, the K-D concentrator was placed in a water 
bath, and the temperature was consistently maintained at 100 °C, to accelerate the evaporation speed 
until the volume was concentrated to 2 mL. 

2.6.2. Rotary Evaporator Concentration 

Again, 4,4′-DDT standards at 250 µg/kg in 10 mL n-hexane were also prepared for determining 
rotary evaporator concentration recovery. An EYELA Co. Ltd. (Shanghai, China) N-1110 rotary 
evaporator was operated under vacuum, and with a water bath at 50 °C. The solutions were 
concentrated by the rotary evaporator to approximately 2 mL. The accurate readings of the 
concentrated volume were quantified by a graduated pipette for further concentration determination. 

2.7. Florisil Clean-Up Step 

This step followed the EPA method 3620c Florisil clean-up [18]. Florisil, at 60–100 mesh, supplied 
by Acros Organics (Fair Lawn, NJ, USA) (1343-88-0) was used. Homogenized soil sampled from Site 
4 was adopted to determine the existence of interference in the soil samples and the recovery of the 
clean-up column. Tests were conducted with column and without column, as a comparison. After 
the clean-up process, samples were concentrated again and transferred to glass vials for GC-MS 
analysis. 

Figure 3. Schematic of the ultrasonic probe extraction setup.

2.5. Filtration

Vacuum-assisted filtration was performed after extraction to remove soil particles from the extract.
The extract was vacuumed to pass through filter paper (Fisherbrand (Waltham, MA, USA) 09-790-2C)
fitted in a funnel, then the filtrated solution was transferred to a clean glass bottle with multiple rinses
by solvent to continue the further analyses.

2.6. Concentration Step

2.6.1. Kuderna-Danish Concentration

4,4′-DDT standards at 250 µg/kg in 10 mL n-hexane were prepared, to determine the recovery of
Kuderna-Danish (K-D) concentration. The K-D concentrator (Thomas Scientific (Swedesboro, NJ, USA),
4367C53) consists of a three-ball Snyder column, flask, and collection tube. The Snyder column was
designed to hold up the evaporated solvent to minimize the analyte loss [17]. The K-D concentrator
was pre-wetted by 2 mL n-hexane. Then, the K-D concentrator was placed in a water bath, and the
temperature was consistently maintained at 100 ◦C, to accelerate the evaporation speed until the
volume was concentrated to 2 mL.

2.6.2. Rotary Evaporator Concentration

Again, 4,4′-DDT standards at 250 µg/kg in 10 mL n-hexane were also prepared for determining
rotary evaporator concentration recovery. An EYELA Co. Ltd. (Shanghai, China) N-1110 rotary
evaporator was operated under vacuum, and with a water bath at 50 ◦C. The solutions were concentrated
by the rotary evaporator to approximately 2 mL. The accurate readings of the concentrated volume
were quantified by a graduated pipette for further concentration determination.

2.7. Florisil Clean-Up Step

This step followed the EPA method 3620c Florisil clean-up [18]. Florisil, at 60–100 mesh, supplied
by Acros Organics (Fair Lawn, NJ, USA) (1343-88-0) was used. Homogenized soil sampled from Site
4 was adopted to determine the existence of interference in the soil samples and the recovery of the
clean-up column. Tests were conducted with column and without column, as a comparison. After the
clean-up process, samples were concentrated again and transferred to glass vials for GC-MS analysis.
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2.8. Gas Chromatography–Mass Spectrometry (GC/MS) Analysis

An Agilent Technologies GC-MS (Santa Clara, CA, USA) with a 5975 inert XL mass selective
detector, 7683B series injector, and 6890N Network GC, J&W Scientific HP-5 (30 m long, 0.32 mm bore,
0.25 µm film) fused-silica column (Folsom, CA, USA) and pure helium gas as a carrier was used for
all analyses. Selectivity was obtained by selective ion monitoring (SIM) of 235 m/z and 237 m/z peaks
(characteristic of DDT and DDD), and of 246 m/z and 318 m/z peaks (characteristics of DDE). DDT,
DDD, and DDE concentrations, hereafter denominated DDTs as the sum, were calculated by external
reference calibration curves of 4,4′-DDT (Ultra Scientific (Santa Clara, CA, USA) US-PST-280, >95%),
4,4′-DDD (SPEX CertiPrep (Metuchen, NJ, USA), S-1075, >98%), and 4,4′-DDE (SPEX CertiPrep, S-1085,
>98%) in n-hexane (standards concentration levels: 10 µg/kg, 25 µg/kg, 50 µg/kg, 100 µg/kg, 250 µg/kg,
500 µg/kg, 1000 µg/kg, and 2000 µg/kg). Calibration curves for DDT, DDD, and DDE are shown in
Figures S1–S3, respectively, in the Supplementary Materials. GC-MS parameters were adapted from
EPA method 8270d Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry
(GC/MS) and 8081b Organochlorine Pesticides by Gas Chromatography [19,20]. SIM parameters were
adapted from Raina and Hall [21]. The applied parameters are shown in Table 1.

Table 1. GC/MS parameters.

Parameters Values/Settings

Scan Time <1 s/scan

Initial temperature 130 ◦C, hold 4 min

Temperature program 130–300 ◦C at 30 ◦C/min

Final temperature 300 ◦C, hold 2 min

Injector temperature 280 ◦C

Transfer line temperature 280 ◦C

Injection volume 1 µL

Pulsed splitless inlet program 9.5 psi, 45.1 mL/min He

Injection pulse pressure 50 psi until 1.50 min

Purge flow to split vent 4 40 mL/min at 2 min

The blank solvent was tested first, and showed that the solvent had no interference on the results.
All standards and samples were injected three times during the run, and the average abundance was
applied in the quantification. The blank solvent was also injected between each sample, to eliminate
potential cross-contamination. The correlation coefficient of external standards was consistently
over 0.99. Limit of detection (LOD) and limit of quantification (LOQ) were determined following a
documented method [22], at 3.5 µg/kg and 10 µg/kg, respectively.

2.9. Replication and Statistical Analysis

All extraction, concentration, and clean-up experiments were conducted in triplicate, and average
yields, recoveries, and efficacies were determined. Statistical analysis was performed for understanding
the results of the grid soil sampling study. Dixon’s test was performed to identify outliers. The normality
of the DDTs concentration in the grid sampling was determined using the Shapiro–Wilk test.

3. Results and Discussion

3.1. Soil Characterization

The characterization of the collected soils is presented in Table 2. The soils sampled from former
tobacco sites were particularly sandy, and the organic matter content was in the range of 1.2% to
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1.6%. As discussed, organic matter tends to bind with DDTs, and sandy loam soil is harder to be
extracted [9,23]. Therefore, Site 4 was considered to have the most suitable soil for verification of the
intensification methodology, due to its soil texture and high organic content. The soil pH values were
in a narrow range, from 6.07 to 6.50, and its effect on DDT detection has not been demonstrated in
documented studies. Furthermore, the pH value of Site 4 was moderate among all the sampled sites,
making it ideal for experiments to verify the method intensification.

Table 2. Soil characterization of five sampling sites.

Site Name pH Organic Matter
(% Dry)

Particle Size Distribution (%) Texture

Gravel Sand Silt Clay

Site 1 6.5 1.4 0.2 90.1 4.9 4.9 Sand

Site 2 6.36 1.3 0.3 83 9.7 7.3 Loamy Sand

Site 3 6.12 1.6 0.2 88.5 5.7 5.7 Sand

Site 4 6.26 1.6 1.8 74.9 15.9 9.2 Sandy Loam

Site 5 6.07 1.2 0.5 90.4 4.0 5.6 Sand

3.2. Process Intensification on Extraction Step

Homogenized extraction is a conventional method for pesticide extraction, and it is considered to
be less efficient, since it works by diffusion with no physical acceleration [16]. Ultrasonic bath extraction
is another common method used for OCPs extraction [24–26], and has been demonstrated to have
higher efficiency on extracting OCPs from soil samples [10]. Therefore, the ultrasonic bath extraction
was also selected to be the starting point of the process intensification on the extraction step. Ultrasonic
probe extraction is a less-studied method, compared with the ultrasonic bath, in the development
of extraction methodology for pesticide detection. Available studies of its application mostly relate
to extracting analytes from biological samples, and there is limited data on its extraction yield of
pesticides from soil samples [27–29]. Accordingly, the extraction process was intensified by comparing
the extraction performance of these three techniques, and determining the co-extraction effects.

Sampled soil from Site 4 was used for extraction method intensification. Three techniques
corresponded to nine conditions: homogenized extraction for 24 h (HE-24), homogenized extraction for
72 h (HE-72), ultrasonic water bath extraction for 0.25 h (UB-0.25), ultrasonic water bath extraction for
0.5 h (UB-0.5), ultrasonic water bath extraction for one hour (UB-1), ultrasonic water bath extraction for
three hours (UB-3), ultrasonic probe extraction for nine minutes (UP-9), ultrasonic probe extraction for
nine minutes plus 24 h of homogenized extraction (UPHE-24), and ultrasonic probe extraction for nine
minutes plus 72 h of homogenized extraction (UPHE-72). The extracts were then processed by rotary
evaporator concentration and GC-MS analysis, and the extracted concentrations were determined.
The yield of DDTs from soil by each extraction method is demonstrated in Figure 4.

The retention time was positively correlated to the extraction recoveries for all the techniques
adopted. For homogenized extraction, prolonging the retention time from 24 h to 72 h increased
the yield by 22.3%. Longer extraction time of ultrasonic water bath also enhanced the extraction
performance accordingly. However, three hours of ultrasonic water bath extraction can extract more
targeted analyte than 24 h soaking, and the results also showed comparable extraction efficiency
for nine minutes of ultrasonic probe extraction versus 72 h soaking. Therefore, using ultrasonic
extraction could shorten the extraction time significantly. According to a published study, ultrasonic
bath extraction was an effective extraction method to extract DDTs from aged soil samples, compared
with other extraction methods [10]. Ultrasonic bath can break down weathered soil particles and
increase the contact between solvent and trapped DDT by acoustic cavitation [30]. Meanwhile, heating
can also accelerate the diffusion rate and increase the solvent’s capacity of solubilizing more analytes.
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Figure 4. Extracted dichlorodiphenyltrichloroethane (DDTs) concentration of Site 4 soil, by different
extraction methods.

By comparing the ultrasonic bath extraction and ultrasonic probe extraction, three hours of water
bath sonication yield (247 ± 8 µg/kg) was slightly lower, compared to using an ultrasonic probe for nine
minutes at 267 ± 24 µg/kg. The power of ultrasonic probe extraction can be 100 times higher than the
ultrasonic bath, which can speed up the process of solid-liquid extraction significantly [31]. The higher
power of the ultrasonic probe may be able to break apart resilient particles that an ultrasonic water
bath cannot. However, ultrasonic probe extraction on its own was not enough to extract all the DDT
contained in the soil, as shown in the results. A further soaking for 24 h after extraction appeared to
increase recovery significantly. It has been theorized that aged DDT in the soil is found deeply-bound
through hydrophobic adsorption in organic and humic soil materials [32]. A longer solvent contact
time could liberate more of the deeply-held DDT into solution.

In an efficient lab, after ultrasonic extraction, the soil may be removed immediately from the
extracting solvent by filtration. This would result in a very short solvent contact time with the soil.
For maximizing the extraction yield, the added step of soaking the sample in hexane was quite
efficient, and it required no energy or labor. This step increased the yield by around 30%. Therefore,
it is recommended that soaking should be added to soil DDTs extraction procedures to increase the
solubilizing of analytes in the solvent. Based on this comparison, the ultrasonic probe extraction was
chosen for its speed, and the ability to break apart soil particles to allow the release of deeply-bounded
DDT through enhanced mass transfer between soil solids and liquid solvent, and it was followed by
24 h homogenized extraction for all further analyses in this research.

3.3. Process Intensification on Concentration Step

For trace analysis, the soil extract needs to be concentrated down to a small volume for GC-MS
analysis. K-D concentrator and rotary evaporator are commonly used apparatus for OCPs analysis,
to concentrate down volatile organic solvents [8–10]. The process intensification on the concentration
step was conducted by comparing their recovery, time, and labor consumption. This step was intensified
mainly because DDT is a semi-volatile compound that may volatilize during the concentration.
Therefore, comparing and determining the recovery of different concentration techniques can enhance
the detection method performance and minimize the loss of DDT, especially for concentrating trace
levels of analytes as in this study.
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The K-D concentrator uses heating and a Snyder column to reduce targeted analyte loss from the
evaporation of solvent. Rotary evaporation uses reduced pressure to lower the boiling point of the
solvent and evaporates with slight heating in a greatly reduced evaporation time. The average recovery
of K-D concentration was 84.01 ± 0.93%, while an average recovery of 83.22 ± 7.9% was obtained
by using the rotary evaporation concentration method. In comparison to rotary evaporation, K-D
concentration had a comparable recovery, but the disadvantage of K-D concentration is the extremely
large amount of time required to concentrate the sample. The average concentration speed for the
K-D concentrator using n-hexane was slow, at approximately 15 min/mL. For rotary evaporation,
the evaporation was efficient, at approximately 2 s/mL. Furthermore, K-D concentrator needs to be
operated under boiling water so that the solvent can be heated by steam. One study showed that the
volatilization and degradation rates of DDT were positively correlated to the ambient temperature [11].
Therefore, higher temperatures (100 ◦C versus 50 ◦C) could result in the possible volatilization and
degradation of DDTs during the process. After comprehensive consideration of the intensification
criteria, rotary evaporation was chosen as the concentration method, based on its 450 times greater
speed of evaporation, lower temperature, and similar recovery to K-D concentration.

3.4. Process Intensification on Clean-Up Step

A Florisil clean-up column is meant to separate DDTs from other n-hexane soluble compounds
that are in the soil, such as alkanes and other PCBs, and is a conventional clean-up process approved
by EPA [18]. For intensifying the process, by minimizing the time consumption and labor intensity
with comparable recovery, the efficiency of the Florisil clean-up column was evaluated. The results of
the GC-MS SIM scan appeared identical for the same soil analyzed with, or without, Florisil clean-up
column, as well as the calculated concentrations, which are shown in Table 3. The difference of these
results is not statistically significant, though cleaned up concentration was slightly higher and with
less variation, as would be expected. Therefore, in the interest of saving time, it is possible to omit the
clean-up column stage from the procedure for the specific soil studied, with low loss of precision. It
may be that modern advanced GC-MS techniques make the Florisil column clean-up less necessary, for
some soils, by utilizing enhanced selectivity programs, such as GC-MS SIM. Another potential reason
is that the historically applied pesticides of the tested sites have significantly different structures and
properties from DDTs; therefore, the interference is minor in this study. However, the efficiency of
Florisil clean-up process should be reevaluated in other studies, since the pesticide application history
and soil type varies.

Table 3. Florisil clean-up column recovery test for Site 4 soil.

Methods Mean DDTs (µg/kg)

No Column 96 ± 12

With Column 98 ± 5

3.5. Grid Soil Sampling Results

Grid soil sampling was performed at Site 4 to examine the accuracy and reliability of the further
DDTs concentration determination. This sampling method is commonly used for crop nutrient
management and site assessment [13]. The grid sampling results are demonstrated in Figure 5. The 95%
confidence interval of DDTs concentration in Site 4 was between 25.90 µg/kg to 78.60 µg/kg, according
to the Shapiro–Wilk test result. Furthermore, the DDTs concentration in location 1–3 appeared to be
higher than the rest of the data, at 248 µg/kg, which implicates that hotspots may exit in sampling
sites. The variability could be caused by complicating factors such as cultivation, translocation,
and heterogeneous pesticide spray. Enough samples should be collected from each sampling site to
minimize the variability and to increase the representativeness of samples.
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3.6. Residual DDTs in Sampled Sites Determined by the Intensified Method

The intensified methodology consists of extracting soil samples by the ultrasonic probe for nine
minutes and letting the extract soak for 24 h in the solvent. After that, the soil particles were removed
by filtration, and the filtrated solution was concentrated by rotary evaporator to a small volume for
GC-MS analysis, with no use of Florisil clean-up. The intensified method can maximize extraction yield,
reducing operating time and labor. Using the intensified method, the DDTs residual concentration of
five sampled sites was determined, as presented in Table 4.

Table 4. DDTs concentration of sites formerly under tobacco cultivation in Ontario.

Site Name Mean DDTs (µg/kg)

Site 1 114 ± 26

Site 2 108 ± 14

Site 3 341 ± 20

Site 4 96 ± 23

Site 5 95 ± 16

4. Conclusions

Soil samples were collected from five sites formerly under tobacco cultivation in Ontario. Site 4
was selected for verification of the intensified method, as it has high organic content and sandy loam
texture. Three sub-processes were intensified (extraction process, concentration process, and clean-up
process), based on three process intensification criteria: high recovery, time efficiency, and labor-saving.
Homogenized extraction, ultrasonic water bath extraction, and ultrasonic probe extraction were
compared for extraction recoveries. Ultrasonic probe extraction was found to be the most efficient
method for extracting DDTs from the soil. Modifying the extraction process to include a 24-h long soak
of the soil in solvent after ultrasonic probe extraction was found to greatly increase the yield. The rotary
evaporator was selected for concentrating extract, due to it significantly reducing the operational time
with comparable recovery. The standard Florisil clean-up column was found to be unnecessary, as
the GC-MS SIM scan gave sufficient selectivity with, or without, the clean-up column in this study.
The DDTs concentration of soil samples collected from five sites were determined by the intensified
method, and the methodology could potentially be applied in the analysis of other trace levels of OCPs
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in aged soils. A long-term study of some of the sampled sites is still ongoing, to better understand the
residual levels, distribution, and rate of degradation of DDTs in Southern Ontario.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-4079/1/1/6/s1,
Figure S1: The calibration curve of standard DDT solutions, Figure S2: The calibration curve of standard DDD
solutions, Figure S3: The calibration curve of standard DDE solutions.
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