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In this work an unmanned aerial vehicle (UAV) was adapted to be used as an environmental tool to collect water samples of sea, 
estuary, and mangrove for further analysis by gas chromatography with a mass detector (GC-MS). The sampling automated system 
was based on a microcontroller, a solenoid valve, and a peristaltic mini-pump that was coupled to a quadcopter UAV. The apparatus 
was properly calibrated to acquire 100 mL of environmental water at 4.6 min. After, the concentration of BTEX (benzene, toluene, 
ethylbenzene, and o, m, p-xylenes) was analyzed in laboratory using GC-MS and the BTEX concentration ranged from 0.3 to 
5.0 µg L-1 with a recovery from 83.9 to 118% with a relative standard deviation lower than 7.0%. Tests of cross-contamination were 
performed by simultaneous sampling and laboratory blank was carried out and no contamination was found for BTEX analysis. 
Based on the results, the adapted UAV presented a very useful ability to collect samples in difficult access areas such as mangroves, 
points between rocks, corals reefs, without health risk and without impacting the fragile ecosystem being an interesting tool for 
environmental purposes.
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INTRODUCTION

The BTEX acronyme is referred to the benzene, toluene, 
ethylbenzene and the o, m, p-xylenes, a group of volatile organic 
compounds (VOCs). The BTEX are all volatile, being hydrocarbons 
with low molecular weight and present in large concentrations in 
oil or in its refining products, such as gasoline and kerosene. 1 Their 
high solubility in water reveals the danger of an environmental 
disaster as the spill of oil or their derivatives.2 The solubility of 
benzene in water is 1700 mg L-1, but its maximum allowable limit 
for freshwater is 5  µg L-1, according to the 357/2005 resolution 
CONAMA (National Environment Council from Brazil).3 For 
toluene, ethylbenzene and xylenes are 2  µg  L-1, 90  µg  L-1 and 
300  µg  L-1, respectively.3 For comparison purpose, the United 
States Environmental Protection Agency (USEPA)4 establishes the 
maximum allowable limits for benzene as 5  µg  L-1 for drinking 
water and according to the World Health Organization (WHO)5 this 
concentration is 10 µg L-1. These quantities in trace levels reveal 
the hazardousness that such components can present for heath and 
ecosystem with the effects of its pollution last for several years.6,7 

According to Werder et al.1 the BTEX was found in the blood of 
part of the population exposed to oil contaminated water, in which 
49% of those infected still had at least one neurological problem. 
In another study, the asthma symptoms in children were correlated 
at long-term effect and the BTEX is cited as one of the toxic groups 
correlated with symptoms. 7 In the end of the 2019, tons of spilled 
oil were reported on the beach fringes of the Brazilian coast, which 
continued to be observed throughout 2020.8 In fact, portions of 
these are undergoing resuspension from the depth of the seas 
and rivers reach the beach shore and causes contamination of the 
ecosystem and its environmental impact are few know.8 The oil spill 
reached a sensible class of microorganisms such as phytoplankton, 

zooplankton, fundamental to life in estuaries, mangroves, coral reefs 
ecosystem. Nowadays, few research data have been reported about 
this disaster in Brazil. In fact, due to the SARS-COV-2 pandemic and 
its effects, few information was obtained and greatly compromised 
the studies of the real impact of this oil spill disaster.8 The BTEX can 
be determined by different analytical methods for their identification 
and quantification. Due to the physics and chemistry features of 
BTEX, the gas chromatography (GC) with mass detection (GC-MS) 
is the analytical method most used.9-11

For environmental research, it is very important to perform a 
systematic and periodical sampling to evaluate possible changes or 
impact on the ecosystem. For surface water samplers based on a van 
Dorn are generally used with the tube immersed in the water using a 
rope.12 This procedure is laborious; it involves several professionals, 
and is relatively expensive.13 In addition, this methodology could 
expose directly and frequently the researchers to toxic compounds. 
Moreover, the continuous displacement of the researchers could 
lead to a biological, organic and inorganic contamination,14,15 and 
impacting an already fragile ecosystem such as estuary, and mangrove. 
Thus, to overcome these drawbacks, new methodologies as the use 
of unmanned aerial vehicles (UAV) could be an interesting solution. 

UAVs are characterized as rotary wing aircraft, such as helicopters 
or multicopters. Quadcopter (four rotors) or hexacopter (six rotors) are 
the most common. They are highly foldable, compact, maneuverable 
and they have sensors to prevent collisions. The duration of flights 
is on average 20-30 min, ranging from 2 to 8 km of distance and 
weigh up to 6 kg for the most common models.16-24 The use of UAVs 
as sampling technology aims greater security, once the aircraft could 
have contact with hazardous compounds, it is possible to obtain 
samples in inaccessible ecosystems or dangers.19 However, the 
coupling of a sampling system to an UAV could lead to an overload on 
the aircraft, flight instability, reducing flight time, and thus, generally 
sophisticated or dedicated UAV are required. On the other hand, these 
UAV presented a high cost for acquisition, i.e., some models can reach 
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more than 50 thousand dollars, and/or maintenance, or they are few 
accessible to be used for environmental applications.16-24 

Thus, here we proposed for the first time a simple, compact, 
lightweight and low cost adaptation on a common quadcopter UAV to 
collect sea, estuary, and mangrove waters for further BTEX analysis 
by GC-MS in laboratory. This adaptation is based on a peristaltic 
mini-pump, and solenoid valve controlled by a microcontroller to 
collect surface water in distinct geolocations. The proposed sampling 
methodology allows to obtain environmental water samples in 
inaccessible places without contact by researchers with hazardous 
compounds, no impacting fragile ecosystems such as mangrove and 
coral with a fast and a secure procedure. 

EXPERIMENTAL

Chemicals, manual sampling and sample preparation

All reagents and solvents were of analytical grade. Benzene 
(CAS Number 71-43-2), toluene (CAS: 108-88-3), ethylbenzene 
(CAS:  100-41-4), o-xylene (CAS: 95-47-6), m-xylene (CAS: 
108-38-3), p-xylene (CAS: 108-38-3), hexane (CAS: 110-54-3), 
benzaldehyde (CAS: 100-52-7) were acquired from Sigma-Aldrich 
(Brazil). Hexane was used as solvent. Hydrochloric acid (CAS: 
7647-01-0) was acquired from Dinâmica (Brazil). A deionized water 
was obtained using a Mili-Q (Direct -Q) purification system, with 
resistivity higher than 18.2 MΩ cm.

All polypropylene and glassware were previously cleaned before 
use with an acid bath based on HCl 10% (w/w) solution and they 
were washed with surfactant as detergent and after with deionized 
water. All aqueous solutions used were absent of organic compounds 
as recommended by standard method.25,26 After, all samples were 
transferred to a glass (PYREX™) bottle, sealed with septum of 
PTFE-faced silicone and protected from light.14

The manual water sampling was performed by displacement 
of our team to the local with a speedboat. The same samples 
were collected by manual and automated sampling using the GPS 
coordinates obtained. The surface water samples were collected with 
the glasses flasks aforementioned, previously degreased and cleaned. 
Approximately 500 mL was collected per sample. Latex gloves were 
used to avoid the contact with the sample flasks. Soon after, the 
samples were placed in Styrofoam with ice packs to reach 0°C. After 
approximately 2 h the samples can be measured in the laboratory after 
road transport. The storage time was less than 1 month.

All the samples were filtered in laboratory using a glass-fiber 
filter paper, grade 25, Whatman®, except the sea water in which it 
was filtered in flow during the in-flight sampling using the glass 
microfiber membrane, pore size 0.45 μm (Whatman®). The samples 
and standard solutions of BTEX returned to the freezer (-10ºC) as 
soon as possible. The effect of temperature and sunlight on samples 
can lead to loss of volatile compounds and its degradation. Thus, a 
fast sampling and adequate store is required. Similar procedure was 
reported by Cincinelli et al.27

After this, the ion conductivity and pH measurements were 
performed. After thawing, a liquid-liquid microextraction (LLME) 
was performed based on the work developed by Desideri et al.28 in 
which it was compared to standard methods based on purge and 
trap methodology for sea water samples with adequate recovery 
percentage for VOCs as alkylbenzenes.28 Thus, the LLME used 
hexane, and the organic phase was pre-concentrated by vaporizing 
the solvent using a low flow of N2. For this, 5 mL of each collected 
sample and 3 mL of hexane were added to a closed glass decanting 
funnel. The funnel was stirred for 30 s and left to separate the two 
phases. After separation of the phases, the denser aqueous phase 

was again submitted to the extraction process with 2 mL of hexane. 
Aliquots of almost 5 mL of the organic phase were concentrated to 
500 µL using a low nitrogen flow, and the extract was stored at -10 °C 
in a freezer until to be used for analysis by GC-MS.25-29

Water sampling system adapted on a quadcopter UAV

Due to its simplicity and wide use, the C language was employed 
to automatically control of all functions of the sampling system.30,31 
Currently, this language is widely used to powered an open source 
hardware platforms such as Arduino.32 Aiming to acquire a greater 
autonomy with remote operation and to make in-flight decisions, some 
particular functions were developed such as the ability to keep the 
peristaltic pump (PP) OFF during 60 s while the UAV travels to the 
first sampling point (variable, “trip”) and activate it for 5 min when it 
reaches the sampling location (variable, “collect”). After that, the PP 
would be turned OFF, and again 60 s were used for the UAV to travel 
to the second sample point (variable, “interval”). Then both PP and 
SV would be activated for 5 min to commute the sample to another 
sampling compartment and to pump the new sample. Following this 
protocol, two different samples with different geographic coordinates 
were acquired. To be accurate in this procedure, the C language 
algorithm was in situ set up while the waters were collected using 
a notebook and a chronometer. The C algorithm developed and the 
electronic circuit scheme is shown in the supplementary material 
section, Figure 1S, Figure 2S.

Aiming to couple the sample flasks to the UAV, 3D pieces were 
developed. These customized pieces were created using a 3D printer 
from Cliever studios (Cl1 Black Edition). To produce lightweight and 
resistant pieces, a polylatic acid biodegradable polymer was used. 
First, the pieces with 28 x 10 x 30 mm (Figure 3Sa) were designed 
using a free 3D CAD software (OpenSCAD).33-35 The support pieces 
have two flaps, one on its side (1) and another on the top (2), which 
are used to couple the sampling flasks and to the respective UAV 
stems using plastic clamps, as shown in Fig 3S(b) and Figure 1. 
The pieces shown in Figure 3S were developed to be able to couple 
different types of Falcon flasks such as 15 mL or 50 mL. To couple 
each sampling flask to the UAV, only two support pieces and three 
clamps are needed. 

The sampling system was adapted on a Mavic Pro®, a quadcopter 
UAV developed by the company DJI®. In Figure 1, the adapted drone 

Figure 1. The adapted UAV with a sampling system. On the left, the flow 
system with the solenoid valve (SV) and peristaltic mini-pump (PP) is shown. 
On the right, the UAV is highlighted to show the four sampling flasks (SF) 
below the stems of the UAV. Also is shown a notebook used to in situ set up 
the parameters of the C algorithm developed. The remote control of the UAV 
is connected to the smartphone and powered by DJI GO 4® software. SP is the 
sample probe, a cylindrical copper tube employed to avoid the pendulum effect
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is shown with highlights for a miniaturized peristaltic pump, a three-
way solenoid valve, an electronic circuit based on a microcontroller, 
and the rechargeable 9 V batteries put in the upper side of the UAV. 
Moreover, four sampling flasks of 50 mL are shown. Only a simple 
double-sided scotch tape with strong fixation (3M, Brazil) was 
necessary to fix the flow system.

The Mavic Pro® has an omnidirectional system of sensitivity 
to obstacles in a radius of 360 degrees. This is very important for 
avoiding collisions and accidents of the aircraft and allowing flights 
with enough safety. The weight of the sampling prototype was 300 g, 
and the total weight of the water samples was 200 g. The initial 
procedures adopted were to check the firmware update while still in 
the laboratory, using the software from the manufacturer DJI GO 4®, 
and to calibrate the compass before the first flight and during the 
experiment in case the UAV requested it due to interference. The 
procedure of calibration of the system is presented in supplementary 
material, figure 4S, 5S and 6S. 

Application of the adapted UAV as an environmental sampling 
tool 

The UAV adapted with a water sampling system was used to 
obtain information regarding the presence of BTEX in sea, estuary, 
and mangrove waters collected from the coast of Pernambuco-Brazil 
based on the quantification of BTEX by GC-MS, Figure 2.6,8,36 
Thus, aiming to evaluate the performance of the adapted UAV as an 
environmental sampling tool, four samples of environmental water 
were collected. The first sample was collected at Candeias beach 
(Jaboatão dos Guararapes-PE-Brazil) with 8°12’37.58123”S and 
34°55’4.61338”W coordinates (Taduademare)37 at 30 ± 1 °C being 
this sample water used as a control because no visible oil stains 
were reported in this region.8 The second sample was collected at 
a mangrove region of the Massangana river at Santo Agostinho-
PE (8°21’37.9”S and 34°57’44.7”W (P1)) at 33 ± 1 °C. Another 
sample was collected in an area of the estuary (8°21’46.5”S and 
34°57’41.0”W (P2)) at 32 ± 1 ºC. Another collected sample was near 
marine corals (8°22’05.6 “S and 34°57’43.5”W (P3)) at 31 ± 1 °C. 
All the samples were manually and automated collected and were 
sent to laboratory for further tests of pH, ion conductivity, and 
BTEX by GC-MS. The tide height ranged from 0.1 to 0.3 m along 
the sampling procedure. 

Because the control sample C is very far from the other (P1, P2 
and P3), and, out of the visual line of sight (VLS), a secure UAV 
flight, according to the ANAC (National Civil Aviation Agency),38 the 
sequential sampling from C to P1, P2 or P3 was not performed. Thus, 
the sampling with sample C was performed twice, and the aliquots 
were together stored in the same collection flask (sample C). On the 
other hand, the samples P1 and P2 were sequentially collected from 
P1 to P2, and the procedure was repeated (n = 2). Both aliquots of 
each water sample were collected and together stored in its respective 
flasks (sample P1 and sample P2), with a total volume of 100 mL for 
P1 and P2. This method was called “method 1”. However, to carry 
out the sampling of the water P3, it was necessary to use a syringe 
filter (glass microfiber membrane, pore size 0.45 μm, Whatman®), 
and change it at each sampling to avoid contamination. This filter 
was needed because of the suspension of sand near to marine corals, 
and thus, there is no commutation with samples P1 and P2. In this 
case, the UAV returns to home, to change the filter. Only in this case, 
the filtration was carried out in flow during the in-flight sampling.

Aiming to ratify that the procedure aforementioned did not present 
cross-contamination, a “method 2” for water sampling was performed 
in duplicate for P1 and P2 by switching P1 and P2. Here, each aliquot 
of 50 mL collected of P1 or P2 was separately led to the laboratory, 

the LLME was carried out, and the BTEX was measured by GC-MS 
(table 3). Thus, the BTEX profile should be different for each sample, 
revealing that there was no cross-contamination for each collected 
aliquot. For this, the results of relative error (RE), and t-paired test (t) 
for 95% confidence level with n = 2 (ttabulated = 12.706) were calculated 
using the results of the BTEX concentration presented in table 1 for 
comparison purposes. This procedure to employ different BTEX 
concentrations to evaluate cross-contamination is recommended by 
the standard method for BTEX analysis.25,26

After evaluating the cross-contamination of the sampling methods 
using the adapted UAV, the sampling uncertainty of the automated 
method was carried out. For this, the results of the BTEX for GC-
MS for each manual and automated sampling were obtained and 
they are presented in table 4. The results of the automated sampling 
already were demonstrated in table 2 for P1 and P2, and the results 
of the manual sampling are inserted in table 4 together with the data 
from the P3.

Analyses of pH and ion conductivity 

The pH analyses were measured with a pH meter HI-2221 using 
a combined glass electrode HI-1131 both from HANNA instruments 
(Brazil) calibrated with buffer solutions with pH 4.0, 7.0, and 10.0. 
The ion conductivity was measured using a Q-405M conductivity 
meter from QUIMIS (Brazil) at a temperature of 27 °C. A standard 
solution of 0.01 mol L-1 KCl (conductivity = 1406 μS/cm) was used 
for calibration.

Determination of BTEX for GC-MS

The LLME and GC-MS method to BTEX analysis was evaluated 
using recovery tests for accuracy purposes. For this, standard solutions 
of 10 µg L-1 and 40 µg L-1 containing each analyte were added to 
the water samples in which each amount of BTEX was previously 
measured by GC-MS. For this, analytical curves were simultaneously 
constructed using standard solutions mixes of 1.00 µg L-1, 10.0 µg L-1, 
20.0 µg L-1, 50.0 µg L-1, and 100 µg L-1 each of benzene, toluene, 
ethylbenzene, and o,m,p-xylenes. A 50.0  µg  L-1 concentration of 

Figure 2. Images obtained by our research group during the environmental 
water sampling. Satellite image (adapted from Google Maps®) shows the 
collection points in the region close to the Port of Suape-PE-Brazil (P1, P2 
and P3) (a). Sampling of water in the estuary area (P2) (b) and water in the 
mangrove area (P1) (c) using the adapted UAV
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benzaldehyde was used as an internal standard (IS). When necessary, 
hexane was used as a solvent to dilute the samples or solutions. Using 
the parameters of the analytical curve, the limits of detection and 
quantification of the method were calculated. The recovery equation 
used was: Recovery (%) = ((([analyte found] – [analyte added]) / 
[analyte added]) x 100%) + 100%.

The BTEX quantification was measured using an Agilent 5975C 
Series MSD Quadrupole Mass Spectrometer coupled to the Agilent 
7890A gas chromatography equipment with a split/splitless injector. 
The column DB-5ms (5% phenyl - 95% dimethylpolysiloxane) of 
fused silica (30 m x 0.25 mm x 0.25 µm) was used. Helium (99.999% 
purity) was employed as carrier gas at a flow rate of 1.0 mL min-1 
with 7.0 psi of pressure. The column temperature was programmed 
as follows: 50 °C for 1 min, increasing to 60 °C at 2 °C min-1 and 
afterwards to 200 °C at 50 °C min-1 and then held at 200 °C for 2 min. 
The solvent cut-off time was 1 min. The injector temperature was 
maintained at 300 °C and 1 μL of the extracted sample was added in 
the glass micro-vial that is inserted into the thermal desorption (TD) 
system (Thermo Sep Probe, Agilent). By heating, the analytes were 
conducted to the capillary column of the gas chromatograph by He (g) 
carried flow. The TD probe is inserted into the split/splitless inlet. The 
split mode (5:1) was used. Because of this, the TD uses the GC inlet 
to efficiently introduce the volatile compounds in the system. Thus, 
the TD system reduces the cross-contamination once only the volatile 
compounds of the water sample/extract are transferred to the GC 
system with a fast, simple and clean process. In fact, all non-volatile 
are kept in the glass micro-vial and are discarded after analysis.

The data were acquired and processed by the MassHunter 
software. The eluent from the GC column was transferred through a 
liner kept at 280 °C with a source of electronic impact ionization of 
70 eV keep at 250 °C. The analysis was carried out in the selected 
ion monitoring mode (SIM) to detect the following molecule ions 
with m/z 78 (benzene), 92 (toluene), 106 (ethylbenzene and xylenes), 
and 106 (benzaldehyde), respectively. 

A method blank was performed to check laboratory contamination 
and its materials. Thus, the measure of hexane (BTEX-free solvent) 
was performed with all material from the sampling, filtration, LLME, 
and thermal desorption procedures until GC-MS analysis.25,26 The 
method bank was measured before each analysis. 

RESULTS AND DISCUSSION

Calibration and test of performance of the adapted UAV

Figure 6S shows a graph of the relationship between the flow 
rate variation and sampling depth. This study is a simulation in a 
laboratory of the conditions that can happen with the UAV for in situ 
application, mainly regarding meteorological phenomena such as 
strong winds that can cause variations in the height of the tide and 
of the UAV sampling. As can be seen, the flow rate was lower when 
the relative height between the sample flasks and the water surface 
was greater. In fact, for high height, there is a higher resistance to 
pumping the fluid (Figure 1 and Figure 4S) due to the use of a longer 
flow line length. At a height of 1.5 m, a flow rate of 22 mL min-1 was 

measured, where there is a good relationship between safety to control 
the UAV and its performance, with an accuracy of 5%. At this flow 
rate, 2.3 min were enough to fill a 50 mL sample flask. The option to 
carry out a larger volume of 100 mL per sample allows us to perform 
more tests in the laboratory, such as extraction steps, repeatability, 
quantification and recovery tests employing GC-MS methods.

The sampling system was developed to have low power-
consumption. In fact, according to the diagram shown in figure 4S, 
all system is kept on standby for 2 min, and the PP is only kept ON 
during half of the time. Thus, the consumption was reduced and only 
140 mA (on average) leading to an autonomy of approximately 1 h, 
which exceeds the UAV’s flight time in the sampling conditions, 
which was 20 min per battery. This procedure increases the lifetime 
of the batteries and avoids unnecessary returns to home, leading to an 
increase of the sampling analytical throughput. If necessary, this time 
is in situ adjusted in case the UAV needs to travel to far away points. 

In situ application of the adapted UAV to collect environmental 
water sample 

During the experiments, a syringe filter (glass microfiber 
membrane, pore size 0.45 μm, Whatman®) was used for in-flight 
sampling, and it behaved properly with no clogging of the flow 
channels or the solenoid valve. Hence, there was no limitation and 
the samples were collected close to the waves and close to the banks, 
where a suspension of sand particles was observed in the water 
(sample P3), increasing the robustness of the adapted UAV.16,24 Due 
to its features, only for sampling the water P3 was needed this filter. 
The pieces printed in 3D were efficiently developed to fix the sampling 
flasks to the UAV. These pieces were developed to use different models 
and volumes of flasks for ease in changing them leading to an increase 
of the versatility of the sampling system. Thus, the sampling system 
was compact, lightweight and adequate to fly. 

The Mavic Pro® (average cost of U$ 2000 dollars), even though it 
is a popular UAV and not a specific one for payload transportation, it 
presented good performance, because the sampling system developed 
was quite light (300 g). This was a great result, since UAVs used 
for payload transportation are too expensive with costs greater than 
50 thousand dollars (AeroExpo).39 Additionally, the low cost of the 
sampling apparatus is also very attractive, at around U$ 40 dollars. Thus, 
the adapted quadcopter UAV proved to be suitable performed with a 
low cost sampling system for environmental waters.16-24 In addition, it 
is the first time that an adapted UAV with these features was employed 
to collect sea (sample P3), estuary (sample P2) and mangrove waters 
(sample P1) with further BTEX analysis by GC-MS in laboratory.

Analysis of some physical-chemical parameters

Table 1 shows the results of the ion conductivity, pH, and 
temperature measurements of the collected samples. Only the 
temperature was performed in situ using a conventional mercury 
thermometer.

According to the results, the high ion conductivity values are 
close to each other, which indicates that all water samples collected 

Table 1. Results of the conductivity, pH and temperature of the different samples collected with the automatic system

Sample Conductivity / µS cm-1 pH Temperature/ °C

Control-sea 29,901.7 ± 9.4 8.67 ± 0.01 30 ± 1

P1-mangrove 29,968.3 ± 15.6 8.19 ± 0.01 33 ± 1

P2- estuary 29,817.3 ± 15.0 8.10 ± 0.01 32 ± 1

P3-sea 30,018.0 ± 4.0 8.22 ± 0.01 31 ± 1
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presented a high salt content and salinity similar to the sea, the estuary, 
and the mangrove area of the Massangana river.40,41 The samples were 
obtained in a low tide condition, which may justify the similarities 
between the pH and conductivity measurements.37 In fact, the estuary 
and mangrove waters evaluated are the saline wedge type. 

Determination of BTEX in water samples collected using the 
adapted UAV by GC-MS

The construction of the analytical curves for benzene, toluene, 
ethylbenzene, and o, m,p-xylenes were carried out using a GC-MS 
method employing the following concentrations of 1, 10, 20, 50, 
and 100 µg L-1 for each analyte; 50 µg L-1 of benzaldehyde was used 
as an internal standard, Figure 3. The linear regression coefficients 
ranged from 0.9965 to 0.9990 and showed a good linear correlation 
for the data. The average value of RSD% was 3.0% (n = 3). The 
retention time for benzene, toluene, ethylbenzene, o,m,p-xylene, 
and benzaldehyde were on average 2.130, 3.271, 5.350, 5.582, and 
10.818 min, respectively. 

The detection limits were 0.32 µg L-1, 0.32 µg L-1, 0.29 µg L-1, 
and 0.31 µg L-1 for benzene, toluene, ethylbenzene and m-p-xylene, 
respectively (n = 3). These limits are in accordance with other 
works reported in the literature.9-11,42-44 Moreover, the laboratory 
contamination yielded only traces of interferents for organic 
compounds and no signal of BTEX was detectable or they were lower 
than the detection limits for the GC-MS method.

In Table 2 are presented the concentrations of benzene, toluene, 
ethylbenzene, and xylenes found in the obtained environmental 
water samples. The percentage of recovered concentration levels of 

10 µg L-1 and 40 µg L-1 with their respective average and standard 
deviations (n = 3) are presented. 

As can be seen, the samples collected showed concentrations of 
benzene that ranged from 0.19 to 1.21 µg L-1, toluene from 1.48 to 
4.83 µg L-1, ethylbenzene from 0.38 to 1.60 µg L-1, and o,m,p-xylenes 
from 1.11 to 3.40 µg L-1, respectively, with relative errors lower than 
6.7% and recoveries percentages varied between 83.9% and 118%. 
Supported by these results, the analytical method presented good 
accuracy and precision to determine BTEX by GC-MS. Furthermore, 
these values found for each BTEX are lower than those recommended 
by CONAMA with a resolution of Nº 357/20053 for saline waters 
used for fishing activity or cultivation of organisms for the purpose 
of intensive consumption. In fact, for the Class 1 saline water, the 
allowed benzene concentration is lower than 51 µg L-1, not having 
been established for the other BTEX. For another classification of 
saline water, without intensive consumption activity, the allowed 
concentration of benzene is 700 µg L-1, 25 µg L-1 for ethylbenzene, 
and 215 µg L-1 for toluene. Xylene appears only in the classification 
for freshwater, class 1, with a concentration of 300 µg L-1. Thus, all 
samples collected presented concentrations of BTEX within what 
is appropriate for these activities. Evaluating the samples collected, 
it can be seen that benzene was found in greater quantity in the 
control sample, and toluene in this sample had one of the highest 
concentrations, even though oil stains were not reported in the region8. 
This contributes to the need to study regions like this for a long time 
of monitoring. In fact, these stains are made of the heaviest fraction 
of oil, and thus, the lightest fraction could not be presented. It is also 
noted that low concentrations of benzene were expected because this 
analyte is the most volatile among the other analytes (boiling point 

Figure 3. Analytical curves for the determination of benzene, toluene, ethylbenzene and o, m, p-xylenes by GC-MS. He gas at a flow rate of 1.0 mL / min, a 
column DB-5ms (30 m x 0.25 mm x 0.25 µm) and benzaldehyde as internal standard were used
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of 80 ºC).2 The estuary sample showed the highest concentrations of 
o, m, p-xylenes and ethylbenzene, being a worrying result. Among 
the collected samples, the mangrove samples showed, in general, 
the lowest amounts of BTEX. However, the impact to marine life 
is worrisome and thus, a continuous monitoring of these and other 
pollutants on this sensitive region is needed, and the method developed 
here could be a useful environmental tools.8

To evaluate the performance of the automated water sampling 
system using the adapted UAV regards the possibility of cross-
contamination,25-27,45,46 the results of the BTEX concentration is 
presented in Table 3 for a sequential sampling between P1 and P2 
by comparing method 1 and method 2. The main difference between 
the method is regards to the mode of collecting the sample, where in 
method 2 each aliquot of 50 mL was individually collected, stored 
and measured. The BTEX profile for each method was statistically 
evaluated. 

Based on the results presented in table 3, the profiles of BTEX 
in P1 and P2 were different as expected and there is no cross-
contamination between the collected samples. Moreover, the water 
sampling using methods 1 and 2 was similar with relative errors 
lower than 5.3% and t-paired-test values lower than the tabulated for 
a confidence level of 95% with n = 2.

Another interesting study of the performance of the automated 
method is the sampling uncertainty. For this, the results of the BTEX 
analysis by GC-MS using the automated method were compared to 
those obtained using the manual method. As method 1 and method 2 
presented similar results, the results of method 2 were used for this 
comparison purposes.

According to the Table 4, the manually and automated sampling 
were similar for a confidence level of 95% with n = 2 for BTEX 
analysis by GC-MS. Moreover, the RE were lower than 6.5%. These 
results shows the precision and accuracy of the automated sampling 

Table 2. Result of the quantification of each BTEX in the collected water. Found concentration for no spiked sample (0.0 µg L-1), and for spiked samples with 
10 µg L-1 and 40 µg L-1 for each analyte. A = analytes. C = control sample, P1 = sample 1 (mangrove water), P2 = sample 2 (estuary water) and P3 = sample 
3 (sea water). BZ = Benzene, TL = toluene, EB = ethylbenzene and Xy = o, m, p-xylenes. The results of the percentage of recovery are expressed as found 
average value ± standard deviation with n = 3

A Added/ µg L-1 C / µg L-1 P1/ µg L-1 P2/ µg L-1 P3/ µg L-1 

BZ

0.0 1.21±0.04 0.19±0.02 0.92±0.03 0.47±0.05

10.0 9.21±0.03 (92.1%) 10.10 ±0.09 (101%) 8.68±0.05 (86.8%) 8.52±0.05 (85.2%)

40.0 39.68±0.02 (99.2%) 41.2±0.06 (103%) 43.6±0.06 (109%) 39.84±0.11 (99.6%)

TL

0.0 4.72±0.02 1.48±0.06 4.26±0.06 4.83±0.23

10.0 9.55±0.05 (95.5%) 8.46±0.25 (84.6%) 9.41±0.46 (94.1%) 9.44±0.40 (94.4%)

40.0 33.56±0.80 (83.9%) 39.20±0.59 (98.0%) 34.84±0.97 (87.1%) 35.97±0.47 (89.9%)

EB

0.0 1.31 ± 0.03 0.38±0.02 1.60 ± 0.08 1.43 ± 0.03

10.0 10.36±0.07 (104%) 9.29±0.20 (92.9%) 10.21±0.32 (102%) 9.45±0.14 (94.5%)

40.0 43.88 ± 0.42 (110%) 39.2 ± 0.59 (98.0%) 41.82 ± 3.0 (103%) 44.8 ± 0.12 (112%)

Xy

0.0 2.97 ± 0.05 1.11±0.02 3.40 ± 0.08 3.21 ± 0.06

10.0 11.76±0.04 (118%) 10.37±0.50 (104%) 11.81±0.20 (118%) 10.60±0.13 (106%)

40.0 36.17 ± 0.12 (96.2%) 44.12 ± 1.73 (110 %) 41.2 ± 0.31 (103%) 44.9 ± 0.02 (112%)

Table 3. Result of the sequential sampling, from P1 (mangrove water) to P2 (estuary water) to evaluate possible cross-contamination. BZ = Benzene, TL = toluene, 
EB = ethylbenzene and Xy = o, m, p-xylenes. The results of relative error (RE), and t-paired test (t) for 95% confidence level with n = 2 (ttabulated = 12.706) were 
calculated using the results of the BTEX concentration presented in table 1 for comparison purposes. The results of concentrations with ± standard deviation 
are presented

A 1P1M2/μg L-1 2P1M1/μg L-1 REP1/% tP1
1P2M2/μg L-1 2P2M1/μg L-1 REP2/% tP2

BZ 0.20 ± 0.02 0.19 ± 0.02 5.26 0.50 0.96 ± 0.07 0.92 ± 0.03 4.35 0.74

TL 1.49 ± 0.01 1.48 ± 0.06 0.67 0.23 4.24 ± 0.04 4.26 ± 0.06 -0.47 0.39

EB 0.38 ± 0.01 0.38 ± 0.02 0.00 0.00 1.56 ± 0.07 1.60 ± 0.08 -2.50 0.53

Xy 1.08 ± 0.04 1.11 ± 0.02 -2.70 0.95 3.37 ± 0.06 3.40 ± 0.08 -0.88 0.42
1Water obtained employing the method 2. 2Water collected using the method 1. 

Table 4. Evaluating the automated and manual sampling of environmental waters. For this, the P1 (mangrove water), P2 (estuary water) and P3 (sea water) were 
automated and manually collected for BTEX analysis by GC-MS. BZ = Benzene, TL = toluene, EB = ethylbenzene and Xy = o, m, p-xylenes. The results of 
concentrations with ± standard deviation with n = 2 are presented such as relative error (RE) and t-paired test (t). ttabulated = 12.706 for n = 2

A 1P1M2/ μg L-1 2P1/ μg L-1 RE1/% tP1
1P2 M2/ μg L-1 2P2/ μg L-1 REP2/% tP2

1P3 M2/ μg L-1 2P3/ μg L-1 REP3/% tP3

BZ 0.20±0.02 0.19±0.03 5.26 0.39 0.96±0.07 1.01±0.09 -4.95 0.62 0.51±0.08 0.50±0.07 2.00 0.13

TL 1.49±0.01 1.50±0.03 -0.67 0.45 4.24±0.04 4.27±0.06 -0.70 0.59 4.87±0.09 4.82±0.05 1.04 0.68

EB 0.38±0.01 0.36±0.03 5.56 0.89 1.56±0.07 1.52±0.08 2.63 0.53 1.54±0.06 1.45±0.04 6.20 1.76

Xy 1.08±0.04 1.06±0.08 1.89 0.32 3.37±0.06 3.23±0.07 4.33 2.15 3.21±0.07 3.15±0.06 1.90 0.92
1P1, P2 and P3 were automatically acquired. 2P1, P2 and P3 were manually acquired.
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method. This data presented in Table 4 shows that the polypropylene 
flasks used in the UAV did not compromise the analyzes, once these 
flasks was used only for 5 min. After this, the same glass flasks were 
used to store the samples and sent them to the laboratory. Moreover, 
the manual sampling involves accessing local or fragile ecosystems 
such as the mangrove and collecting water with compounds that can 
be hazardous to health. In addition, the automated method is more 
advantageous to be faster and it employs low cost apparatus.

CONCLUSIONS

The apparatus developed using a UAV with adaptations to acquire 
water samples was a useful and adequate analytical tool. The samples 
were obtained in a fast, practical, efficient way, without exposing 
people to harmful substances or dangerous places or to sensitive 
places such as mangrove areas in which the presence of man also 
causes environmental impacts. The use of a common UAV was 
satisfactory, mainly due to the miniaturization carried out allowing it 
to be compact and lightweight with low power consumption. The low 
cost of the sampling apparatus is also very attractive, at around U$40 
dollars. The samples were obtained at a volume of 100 mL/sample 
which allowed several procedures such as extraction, repetition, and 
development of a full analytical method. In fact, the GC-MS provides 
a more selective and sensitive method useful to supply accurate and 
precise data to qualify and quantify the concentration of BTEX in 
water. The apparatus developed here can be used for other purposes 
such as for monitoring actions for oceanography, geology, and 
biochemistry in environmental protection areas.

SUPPLEMENTARY MATERIAL

Electronic Supplementary Material associated with this article 
can be found at http://quimicanova.sbq.org.br, in pdf format, with 
free access.
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