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D. Gallart-Mateu, * A. Gallardo, S. Garrigues and M. de la Guardia

A methodology based on the ultrasound-assisted extraction with ethanol and the dry film attenuated

total reflectance infrared spectroscopy (DF-ATR-FTIR) measurement of extracts has been developed

for a fast evaluation of non-conventional (“exotic”) solid-sized cocaine samples. The method provides

quantitative results in less than three minutes with a limit of detection in the solid sample of 1.6 mg g−1

of cocaine with a variation coefficient lower than 7%. Results found for seized samples of different

natures were compared with those obtained by a reference gas chromatography method and the

greenness of the whole proposed procedure was evaluated and compared using the analytical eco-

scale, green analytical procedure index (GAPI), and analytical greenness metric (AGREE). The green

evaluation of the proposed methodology provided green scores by considering different evaluation

criteria.
Introduction

Drug trafficking is an illegal trade throughout the world,1,2 with
cocaine being the second most consumed illicit drug in
Europe.3–5 Cocaine is mainly present in two chemical forms;
water-soluble cocaine salt (usually hydrochloride) and cocaine
base.2,6,7 For illicit-market purposes, cocaine is mixed with
several compounds such as pharmaceuticals: lidocaine,
benzocaine, levamisole, caffeine, procaine, boric acid,
hydroxyzine, and phenacetin, or diluents or cutting agents such
as lactose, glucose, carbonates/bicarbonates, silicates, starch,
and sulfates.7,8 On the other hand, to avoid cocaine detection
using the usual drug identication tests, it is combined or
camouaged with other substances. For large-scale trafficking
and transport of cocaine before mixing with other substances
and street distribution, usually it is hidden in vehicles, luggage,
suitcases, and even using the human body as a container.9

Another way of camouage is to transport the drug dissolved or
suspended in a liquid such as fruit juices, milk, beer, and
alcohol, or pastes and solids such as honey, jam, toothpaste,
rubber, and wax blocks,9,10 or within polymeric materials.10–12 In
recent years, impregnated clothes and textiles have been re-
ported in cocaine trafficking and transport.9–13

Nowadays, according to the 2019 European Drug Report, the
cocaine illicit market has kept increasing, highlighting the
traffic of cocaine in large volumes, especially through ports.5 In
this sense, new and original methods of transport and
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camouage as mixtures of cocaine with other materials have
been reported.8–11 The so-called black cocaine, is a mixture of
cocaine with other substances, to mask efficiently the physico-
chemical characteristics.11,14 Typically, these mixtures incorpo-
rate cobalt or copper thiocyanate salts and ferric chloride in
order to confuse the results of colorimetric tests based on the
use of thiocyanate (Scott test) and avoid its detection.15–17

Numerous cocaine-hiding strategies have been reported with
different solid matrices that include toner cartridge powder,
industrial dyes, soils, black carbon, and fertilizers.18

Following the recommendations of the United Nations
Office of Drug and Crime (UNODC)2 when cocaine is mixed or
impregnated with/into other materials, a previous full extrac-
tion procedure is required, followed by its determination by gas
(GC) or liquid chromatography (LC). Normally, a single extrac-
tion is carried out using an ultrasound water bath, which
involves long times and high consumption of organic solvents
(ethanol, methanol, acetone, etc).19,20 However new analytical
procedures based on the dilute and shoot approach have been
proposed together with the use of sensitive and selective LC-MS/
MS.21 Taking into consideration the high number of sample
analyses required in forensic and drug analysis laboratories, it
becomes necessary to develop rapid extraction and determina-
tion methodologies, suitable for providing quantitative data
without the need for an extensive economy of solvents and
waste generation.

The use of vibrational spectroscopy techniques allow
minimal sample preparation and are non-destructive, providing
relatively fast results and makes them ideal for the detection
and identication of drugs in seized samples when the drug is
present at a percentage level making direct measurements of
the samples20 possible. Thus, Raman spectroscopy has been
Anal. Methods, 2023, 15, 1969–1978 | 1969
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used for qualitative and quantitative analysis of abused
drugs.22–25 NIR spectroscopy has been also used for the deter-
mination of heroin and cocaine in seized street samples20,26,27 or
the direct quantication of cocaine in impregnated materials.13

MIR spectroscopy, especially using attenuated total reection
(ATR), has not only been employed for the direct discrimination
and identication of cocaine and its adulterants in different
types of seized samples7,22,28–30 but is also used for quantication
using chemometrics.6,13,31,32

One of the limitations of direct sample IR-based measure-
ments is the lack of sensitivity when cocaine is present below
percentage levels or there is an important spectral interference
due to the sample matrix or the presence of substances
combined with cocaine.33 In this sense, de Oliveira-Penido
et al.34 and Grobério et al.35 reached around 1% (w/w) cocaine
detection limit values by employing direct ATR-FTIR and che-
mometrics. However, ATR measurements of solid samples lack
precision due to difficulties in pressure control. The use of
diffuse reection (DR) measurements of solids in the near-
infrared region (NIR) is more precise than the MIR data. So,
DR-NIR has been employed for direct analysis of cocaine in
seized samples by requiring multivariate calibration models
prepared using well-characterized samples of the same nature.
Pérez-Alfonso et al.20 reached 5% (w/w) cocaine quantication
limits by DR-NIR. For ATR-FTIR measurements the use of
a previous extraction step seems mandatory when cocaine is
present at low concentrations in this type of sample in order to
increase sensitivity and avoid spectral interferences due to the
matrix.

To our knowledge, there are no references on the determi-
nation of cocaine in the extracts of camouaged samples by
using vibrational spectroscopy techniques. Direct quantica-
tion of cocaine extracts by transmittance or ATR measurements
avoids or reduces matrix interferences but it can decrease the
sensitivity of the method due to the analyte dilution. Because of
that, the direct ATR of the extract using the dry lm measure-
ment technique could be proposed as an alternative providing
sensitive determination and requiring only a few mL of the
sample extract.

On the other side, the interest in the impact of chemistry36,37

and, in particular, analytical chemistry on the environment,
operators, and consumption of solvents, reagents, and
energy38,39 has increased in the last decades. Methods such as
the green analytical procedure (GAPI),40 green certicate-
modied Eco-Scale41 or analytical GREEnness metric approach
(AGREE)42 and analytical greenness metric for sample prepara-
tion (AGREEprep)43 have been developed to evaluate the
hazards, waste, solvent/reagents, and energy consumption of
analytical methodologies. The aforementioned criteria can be
considered the most widely used evaluation criteria for the
greenness of the method.44

The objective of this study was to develop a new, green, and
fast methodology to detect and quantify cocaine at low
concentrations in camouaged samples based on the ultra-
sound probe-assisted extraction with ethanol combined with
the determination by dry lm-ATR-MIR spectroscopy.
1970 | Anal. Methods, 2023, 15, 1969–1978
Experimental section
Apparatus and reagents

IR spectra were recorded using a Tensor 27 FT-IR spectrometer
from Bruker (Karlsruhe, Germany) equipped with a DLaTGS
detector and a DuraSamplIR attenuated total reection module
for liquids with a nine reection diamond/ZnSe DuraDisk plate
and module for solid samples with a three reection diamond/
ZnSe DuraDisk plate, both provided by Smiths Detection Inc.
(Warrington, UK). For instrumental and measurement control,
spectra treatment, and data manipulation, the OPUS program
(version 6.5) from Bruker was employed.

To conduct the cocaine extraction studies, classical 6 Liters
Bransonic ultrasound water bath, model 2510 New demo (Bar-
celona, Spain), with a total power of 360 W, and a Bandelin
Sonoplus ultrasound focused probe, with an HD2070 booster
horn and a 2 mm diameter titanium microtip (model MS 72)
(Berlin, Germany), with a total power of 70 W, with a Digicen 20
centrifuge (Madrid, Spain) were employed.

An Agilent 7697A Gas Chromatographer (California, USA)
with a Zebron capillary column ZB-5MS (30 m × 250 mm × 0.25
mm) and an Agilent 5975C inert XL EI/CI MS triple axis single
quadrupole detector were employed to determine cocaine by
applying the reference procedure.

High-purity cocaine, obtained from a seized cocaine hydro-
chloride block provided by the official Valencia Drug Control
Laboratory (Valencia, Spain) and characterized by GC-MS stan-
dard procedure, was employed for developing and conducting
recovery assays for the infrared-based proposed methodology. A
1000 mg mL−1 cocaine standard prepared in acetonitrile (Sigma-
Aldrich, Texas, USA) was employed as the standard for the GC-
MS reference method. Lidocaine (99.9%), purchased from
Guinama (Valencia, Spain), was used as the internal standard
for gas chromatography reference methodology.

Absolute ethanol of HPLC grade purity from Scharlau
Chemie S.A. (Barcelona, Spain) was used for the preparation of
standard solutions and extracts.

Samples

Fourteen solid samples suspected of containing cocaine,
including soils, powdered carbon, ground palm kernel shell,
and coconut bers, were provided by Official Valencia Drug
Control Laboratory (Valencia, Spain). The samples were ground,
homogenized, and stored in closed vials until their analysis.

Different laboratory solid samples containing cocaine were
prepared using two previously analyzed cocaine-free samples as
matrices. For this purpose, cocaine-free samples of powdered
carbon and soil were spiked well and homogenized with cocaine
in order to reach concentrations between 5.5 and 90.1 mg g−1.
The extraction and quantication of cocaine were performed to
evaluate the recovery percentage of the proposed infrared
method.

Sample characterization

ATR-FTIR spectra of solid samples were recorded from 4000 to
550 cm−1 by using the 3-reection ATR accessory. Spectra were
This journal is © The Royal Society of Chemistry 2023
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obtained by co-adding 50 scans with a 4 cm−1 resolution in
front of a background spectrum corresponding to the clean ATR
crystal before each sample measurement.
Ultrasound-assisted extraction

Ultrasound water bath extraction. An extraction method-
ology based on the use of a classical ultrasound bath, as rec-
ommended in the UNODCmanual, was employed as a reference
procedure.2 In this sense, 100 mg of solid sample were placed in
conical centrifuge tubes and 4 mL of ethanol was added. Tubes
were capped and introduced in the ultrasound bath for 75 min.
Aer sonication, samples were centrifuged for 4 min at
3000 rpm and the supernatant was collected in glass vials and
stored in the freezer until dry lm-ATR-FTIR and GC analysis.
All extractions were performed at room temperature.

Ultrasound probe-assisted extraction. 100 mg of sample
were extracted with 4 mL of ethanol for 1 min applying a power
of 60 ± 1% in the continuous mode. Aer sonication, the
samples were centrifuged for 4 min at 5000 rpm. The super-
natant solution was collected in glass vials and stored in the
freezer until ATR-FTIR and GC analysis. All extractions were
performed at room temperature.

Dry lm-ATR-FTIR proposed procedure. 2 mL of extracts were
deposited onto the center of 9 reections diamond ATR crystal,
Fig. 1 Dry film-ATR-FTIR spectra, in the range between 1800 and 550 cm
(b), soil (c) and (d), coconut fiber (e) and (f) and ground palm kernel shell (g
of cocaine centered at 1717 cm−1 (showing interferences) and that at 71

This journal is © The Royal Society of Chemistry 2023
and the dry lm was obtained aer ethanol evaporation. Spectra
were recorded by co-adding 50 scans at a resolution of 4 cm−1

from 4000 to 550 cm−1 and using a background of the empty
and clean diamond ATR crystal. For quantitative determination
of cocaine in the extract, the peak height of the cocaine band at
715 cm−1 was corrected with a base line established between
780 and 669 cm−1. The concentration of cocaine was calculated
by interpolating the signals of samples in a nine-point calibra-
tion curve, covering the concentration range from 68 to
6800 mg L−1 cocaine, (that corresponds to 2720 to 27 200 mg g−1

taking into consideration the original sample mass and the
proposed extraction procedure) prepared in ethanol and
measured by the dry lm technique in the same conditions that
of samples.

GC-MS reference method. Sample extracts, obtained by the
UNODC recommended procedure,2 were properly diluted and
1 mL was placed in chromatography vials adding 50 mL of
internal standard lidocaine solution. One microliter was injec-
ted in splitless mode at 250 °C using a constant ow of 1.1
mL min−1 helium, as carrier gas. The oven program used was
110 °C for 1 min, increased at a rate of 10 °Cmin−1 up to 250 °C,
and nally held for 5 min. The transfer line and source
temperatures were 280 and 276 °C, respectively. Data obtained
in the SIM mode and selected ions (m/z) 86, 182, and 82 were
employed for cocaine quantication purposes.
−1, of cocaine standard (a), ethanolic extractions of powdered carbon
) cocaine positive camouflaged samples. Note: themost sensitive band
5 cm−1 are shown inside the red frames.

Anal. Methods, 2023, 15, 1969–1978 | 1971
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Results and discussion
Direct characterization of the samples

Fig. S1† shows the direct ATR-IR spectra for cocaine standard
and cocaine-positive carbon, soil, coconut ber, and ground
palm kernel shell seized camouaged samples. It can be seen
that the bands in the range of 550–1900 cm−1 allow the cocaine
identication possibility due to the presence of its absorption
bands. However, it must be noticed that in all cases, the cocaine
bands are interfered with by the matrix bands avoiding the
direct quantication of those samples containing low
concentrations.
DF-ATR-FTIR spectrum of ultrasound probe extracted samples

Fig. 1 shows the IR spectra in the region of 1800 to 550 cm−1,
obtained using the dry lm ATR technique, corresponding to 2
mL of the ethanolic extracts corresponding to carbon (a), soil (b
and c), coconut ber (d and e) and ground palm kernel shell (f)
cocaine-positive camouaged samples. As it can be seen, DF-
ATR-FTIR spectra allow a clear identication of the main and
characteristic band of cocaine centered at 1717 cm−1 due to the
carbonyl group stretching, together with bands at 1271, 1232,
Fig. 2 Amount of cocaine extracted with four consecutive extractions o
minute as extraction tine (A) and total cocaine recovery (%) of a 110mg g−

(B). Part (C) indicates the recovery values obtained for powdered carbo
a single step extraction with different volumes of ethanol.

1972 | Anal. Methods, 2023, 15, 1969–1978
and 1112 cm−1 due to the –(C]O)–O– group stretching. More-
over, the mono-substituted benzene ring stretching band, at
1071 cm−1 and 1025 cm−1 can also be observed together with
a single band at 715 cm−1 due to the out-of-plane bending.7

However, attending to the wide range of matrix types employed
to camouage cocaine, the use of the most intense band at
1717 cm−1 for quantication purposes could be compromised
by the presence of spectral interferences between 1600 and
1700 cm−1 for different matrices. This fact can be solved by
employing the 715 cm−1 band, as a compromise between
selectivity and sensitivity. For all the studied cases, the peak
height of this band was employed for IR measurements of
cocaine.
Selection of extraction parameters

The use of an ultrasound-assisted solid–liquid extraction has
several advantages as enhanced speed, selectivity, reproduc-
ibility, and the possibility of working in so energy conditions,45

making it an appropriate tool that follows the principles of
green chemistry.46

Following the recommendations of the UNODC,2 when the
cocaine is dissolved, impregnated, or camouaged with other
f a 110 mg g−1 cocaine spiked blank sample by employing 2, 1.5 and 1
1 cocaine spiked sample obtained at the three different extraction times
n samples spiked at 65 and 150 mg g−1 levels obtained by employing

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Comparison of cocaine amount extracted of four seized
samples (n = 3) by employing the proposed ultrasound probe
extraction (4 mL ethanol, 60% power, 1 minute extraction time,
continuous mode) and ultrasound water bath extraction (4 mL ethanol
and 75 minutes extraction time).
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View Article Online
materials, an extraction prior to analysis is required. The
extraction efficiency is a crucial step in ensuring a correct and
quantitative sample result. Typically, a single extraction carried
out using the classical ultrasound water baths by the UNDOC
recommended procedures requires 75 min of the extraction
time. However, the use of a focused ultrasound probe can
provide a tremendous reduction of the time required for
a quantitative extraction, as compared with the ultrasound
water bath.
Table 2 Comparison of data found by the proposedmethodology and
the reference GC-MS method

Sample type

Average of cocaine
(mg g−1 � s, n = 3)

Average of cocaine
(mg g−1 � s, n = 3)

DF-ATR-FTIR GC-MS

Soil —a —a

Soil 70 � 10 60 � 20
Soil 95.8 � 0.4 80 � 10
Carbon —a —a

Carbon 65 � 2 66 � 8
Carbon 120 � 5 114 � 10
Carbon 130 � 4 120 � 20
Carbon 150 � 2 140 � 6
Kernel —a —a

Kernel 68 � 10 61 � 5
Kernel 104 � 6 90 � 10
Coconut —a —a

Coconut 80 � 10 70 � 20
Coconut 110 � 3 92 � 5

a <LOD.
Selection of ultrasound-assisted probe conditions

A cocaine-free sample spiked at 110 mg g−1 cocaine concen-
tration level was employed to select the extraction conditions
using the ultrasound probe. In all cases, consecutive extractions
of the same sample aliquot were carried out and analyzed by DF-
ATR-FTIR. The extraction volume of ethanol was set at 1 mL,
this is the minimum volume required to use the probe.

When extractions were performed using 50% power with 0.1
seconds pulses during 20, 15, and 10 min, no signicant
differences were found in the results obtained. However, the
amount of cocaine extracted was under that expected with
sonication times higher than 10 minutes, possibly due to the
degradation of the analyte. On the other hand, in previous
studies, the increase in the number of pulses with a medium
probe power decreased the extraction time, being minimum
when a continuous probe working mode was employed.
Furthermore, the extraction efficiency increased with the power
rising, and, subsequently decreased the extraction time. In this
sense, the maximum extraction capability was obtained with
Table 1 Recovery of cocaine in spiked samples after extraction with an

Amount

Recovery [% � s, n = 3] (bias, %)

5.4a mg g−1 2.7 mg g−1 5.4 mg

80 � 7 (−18.5) 95 � 4 (−5) 89 � 2 (

a Corresponds to LOQ.

This journal is © The Royal Society of Chemistry 2023
extraction times lower than 2 minutes and 60% probe power,
and a continuous working mode. As a consequence, and
considering these facts, three extraction times, 2, 1.5, and
1 min, were studied by applying a 60% probe power and
continuously working. The results are shown in Fig. 2. It can be
seen that only signicant differences were observed in the rst
extraction between the three extraction times studied. However,
these differences were minimized in the following consecutive
extractions, reaching comparable values statistically compa-
rable to 100% for the nal total recovery, thus evidencing that
under these conditions and sonication time, no degradation of
cocaine was observed. Thus, 1 min as the extraction time was
selected to obtain a fast quantitative extraction.

To improve the efficiency of the extraction step, several
studies were performed to determine the effect of consecutive or
one-simple-step extraction strategies combined with the
ethanol extraction volume (see Fig. 2). Two sample types, soil,
and powdered carbon, were spiked at 65 and 150 mg g−1

cocaine levels, respectively. Consecutive extractions using
100 mg of the mass were carried out employing 1 mL ethanol,
60% power, and 1 min as extraction time in a continuous
working mode, and the cocaine concentration was determined
by DF-ATR-FTIR. Additionally, the effect of the sample/
extraction solvent ratio was studied using 100 mg of each
spiked sample and treated in a single extraction step by
employing 1, 2, 3, 4, or 5 mL ethanol.
ultrasound probe and analyzed by dry film-ATR-FTIR

g−1 59 mg g−1 74 mg g−1 90 mg g−1

−11) 100 � 2 (0) 90 � 2 (−10) 105 � 3 (5)

Anal. Methods, 2023, 15, 1969–1978 | 1973
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For consecutive extractions with 1 mL, total recovery was
obtained for both samples (Fig. 2A and B). For a single-step
extraction, recovery values from 50 to 60% were obtained
using 1 mL of ethanol and this recovery increased with the
ethanol volume, reaching values between 97 and 99% for 4 mL.
On the other hand, for the single-step extraction assay, the use
of 5 mL ethanol volume did not involve a signicant recovery
increase (Fig. 2C). Therefore, a compromise between selecting
4 mL as extraction ethanol volume and quantitative recovery
values was considered. In this sense, the one single 4 mL
extraction procedure was compared with four consecutive 1 mL
extractions, with statistically comparable results (tcal: 1.21 for
65 mg g−1 cocaine level and 0.10 for 150 mg g−1 cocaine level
compared with ttab: 4.30 for n = 3 and 95% probability level)
Fig. 4 Deming regression (A) and Bland–Altman dispersion plot (B) for t
camouflaged samples by DF-ATR-FTIR and GC-MS.

1974 | Anal. Methods, 2023, 15, 1969–1978
were found. As a consequence, a single-step extraction with
4 mL ethanol was selected.
Comparison between ultrasound probe and ultrasound bath
extractions

The extraction efficiency of the use of the ultrasound probe was
compared with that found with the ultrasound water bath as
suggested in the UNDOC recommendation. Four samples were
extracted per triplicate following the proposed probe extraction
(4 mL ethanol and 1 minute at 60% ultrasound power) and
employing the reference ultrasound bath extraction with the
same ethanol volume and 75 minutes extraction time. As can be
seen in Fig. 3, in all cases, the extraction efficiency provided by
he comparison of results obtained for the determination of cocaine in

This journal is © The Royal Society of Chemistry 2023
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the ultrasound probe was higher than that provided by the
ultrasound bath. Similarly, the average standard deviation ob-
tained for several replicates was lower for the probe than for the
bath. So, the use of the ultrasound probe instead of the ultra-
sound bath can be strongly recommended.

Analytical features of the method

The linearity of the method was established for the cocaine-
working range of 2720 to 27 200 mg−1 cocaine in the ethanol
extract. A regression coefficient (R2) of 0.9997 was obtained. The
detection limit (LOD) and the quantication limit (LOQ) were
calculated as 3 and 10 times the standard deviation of the
intercept divided by the slope, respectively, and that for
a sample mass of 100 mg are equivalent to 1.6 mg g−1 and 5.4 mg
g−1 cocaine in the solid sample, respectively. Furthermore, the
LOQ value in the original sample was veried through the
triplicate analysis of a cocaine blank spiked at the LOQ level,
according to UNODC validation guidance.47 A value of 80 ± 7%
value was obtained, with an −18.5% bias value.

The trueness of the method was determined as the recovery
values obtained for a cocaine-free sample spiked at four
different and common cocaine concentration levels. Table 1
Fig. 5 Evaluation of the determination of cocaine in camouflaged solid
greenness evaluation tools.

This journal is © The Royal Society of Chemistry 2023
shows the obtained recovery results. In all cases, the recoveries
varied from 84 to 105% with RSD values from 2 to 3%.

Determination of cocaine in seized samples

Cocaine content of samples was determined by using the
extraction methodology described above, employing a focused
ultrasound probe and pure ethanol as a solvent. The measure-
ments of the extracts were made by DF-ATR-FTIR (see Table 2).
Results were compared with those provided by the GC-MS
reference procedure using Deming regression (Fig. 4A),
considering the standard deviations of each method. The
comparison of both methodologies provided a regression with
a slope of 1.0770 (95%, condence interval from 0.8875 to
1.2665) and an intercept of 3.5117 (95%, condence interval
from −15.4288 to 22.4523), being 0 and 1 values, for the inter-
cept and the slope respectively, included in their condence
regions. A joint condence region for the slope and the inter-
cept test was performed,48,49 providing a 3.38 Fcal value (Ftab: 4.76
(a = 0.05, 2, 7)), being the slope statistically comparable with 1
and the intercept with zero, thus, indicating a good agreement
between both assayed methods. Bland–Altman plot (Fig. 4B)
shows that average values of both methods were randomly
samples by the proposed DF-ATR-FTIR analytical procedure using the

Anal. Methods, 2023, 15, 1969–1978 | 1975

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ay00113j


Table 3 Scores obtained by Green Certificate-modified Eco-Scale
and AGREE approach of the proposed analytical procedure

(A) Green Certicate-modied Eco-Scale penalty points

Dry lm-ATR-FTIR

Reagents Ethanol 1.2
Instrumental Scale 1

Ultrasound probe
FTIR

Occupational hazard 1
Waste 2.4
Total score S 4.6

95.4

(B) Metrics corresponding to the AGREEprep greenness evaluation for
the sample preparation procedure

Sample
preparation

Score Weighta

Criterion 1. Sample preparation placement: ex situ 0.00 1
Criterion 2. Hazardous materials: 0 1.00 5
Criterion 3. Sustainability, renewability and reusability
of materials: >75% reagents and materials are
sustainable or renewable

0.75 2

Criterion 4. Waste: 5 g or mL waste 0.37 4
Criterion 5. Size economy of the sample: 0.1 1.00 2
Criterion 6. Sample throughout: 20 samples per hour 0.71 3
Criterion 7. Integration and automation: 3 steps with
manual systems

0.19 2

Criterion 8. Energy consumption: 10 1.00 4
Criterion 9. Post-sample preparation conguration of
analysis: spectroscopy

0.75 2

Criterion 10. Operator's safety: 1 hazard 0.75 3

(C) Metrics corresponding to the AGREE greenness approach for the
whole proposed analytical procedure

Dry lm-ATR-
FTIR

Principle 1. Direct analytical techniques should be
applied to avoid sample treatment

0.48

Principle 2. Minimal sample size and minimal
number of samples are goals

0.98

Principle 3. In situ measurements should be
performed

0.00

Principle 4. Integration of analytical processes and
operations saves energy and reduces the use of
reagents

1.00

Principle 5. Automated and miniaturized methods
should be selected

0.50

Principle 6. Derivatization should be avoided 1.00
Principle 7. Generation of a large volume of analytical
waste should be avoided and proper management of
analytical waste should be provided

0.36

Principle 8. Multianalyte or multiparameter methods
are preferred versus methods using one analyte at
a time

0.34

Principle 9. The use of energy should be minimized 1.00
Principle 10. Reagents obtained from renewable
source should be preferred

0.00

Table 3 (Contd. )

(C) Metrics corresponding to the AGREE greenness approach for the
whole proposed analytical procedure

Dry lm-ATR-
FTIR

Principle 11. Toxic reagents should be eliminated or
replaced

1.00

Principle 12. The safety of the operator should be
increased

0.80

a Weight pre-stablished by AGREEprep developers.

1976 | Anal. Methods, 2023, 15, 1969–1978
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distributed around the average difference and they were inside
the limits of agreement. Thus, the determination of cocaine in
camouaged samples by both methods provided statistically
comparable results.
Green evaluation of the proposed methodology

Three methods, Green Certicate-modied Eco-Scale, GAPI,
and AGREE, were applied to evaluate the greenness of the
proposed methodology to determine cocaine in camouaged
samples. The obtained evaluations are shown in Fig. 5. The
evaluation performed by the Green Certicate involves charac-
teristic parameters such as reagents toxicity, energy consump-
tion, and emission of toxic compounds to the environment,
especially, reagent and solvent volumes employed and the
amount of the waste generated. These parameters were scored
using a penalty-point system (see Table 3A) with a 95.4 due to
the employed reduced volumes and wastes generated, although
it did not involve a direct analysis.

On the other hand, the GAPI evaluation (see Fig. 5) was
performed by the offline collection of the sample, the use of an
extraction procedure, and the emission of vapours to the
atmosphere, thus being a red evaluation assigned to these
aspects. A yellow evaluation was assigned to the sample trans-
port, the volume of solvents and wastes generated, and the scale
of the extraction required. Green classications were assigned
to the remaining items.

Attending the AGREEprep tool, the proposed sample treat-
ment procedure is classied with a 0.72 score (see Fig. 5). Zero
red coloured point-score was assigned due to the ex situ sample
preparation, while 0.19 and 0.37 points were due to the
preparative integration/automation and waste generation,
respectively, providing orange yellowish and orange coloured
zones in the pictogram (Table 3B). Pale green zones were
provided due to sustainability, sample throughput, post-sample
preparation, and operator safety, with scores between 0.71 and
0.75 points. On the other side, 1 point-scores were assigned to
hazardous materials, size of sample, and energy consumption,
providing dark green colour zones. However, when the whole
analytical procedure (including standards and total waste) was
considered, also taking into account the twelve green analytical
chemistry precepts and SIGNIFICANCE principles, the AGREE
tool classied the proposed procedure with a 0.62 score, Fig. 5
This journal is © The Royal Society of Chemistry 2023
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and Table 3C, indicating the AGREE approach evaluation for the
determination of cocaine in seized samples. The proposed DF-
ATR-FTIR methodology was classied as zero point-score due to
its off-line character and to the non-renewable character of the
solvents employed. A yellow classication was assigned to the
sampling procedure and to the manual and miniaturized
characters with 0.48 and 0.5 scores, respectively. However, the
amount of waste generated together with single analyte deter-
mination provided 0.36 and 0.34 point-scores, being orange
coloured in these items of the evaluation. A green character in
the other areas evaluated allowed a green-coloured assignment,
spanning a point-score range between 0.8 and 1.

Conclusions

The procedure developed for the determination of cocaine
camouaged in different types of solid samples, based on an
ultrasound probe-assisted extraction followed by DF-ATR-MIR
analysis offers a fast, simple, and efficient way, of reaching
detection limits of 1.6 mg g−1. The total time required was less
than 5 minutes and recovery values were 80 to 105% for the
concentration levels 5.5 to 91.0 mg g−1. The green evaluation of
the method provided scores of 95.4 and 0.62 by using the Green
Certicate37 and the AGREE evaluation tool.38 Compared with
the use of GC-MS, infrared instruments are simpler, with low
maintenance, and do not require a dilution of the organic
extract, thus reducing the organic solvent consumption.
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