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Hydrophobic deep eutectic solvents (HDES) are a subclass of DES, formed by
hydrogen bond donor and acceptor species, which have low solubility in hydrophilic
systems as their main characteristic. In this work, two different mixtures based on DL-
menthol (HDES 1: DL-menthol and acetic acid, 1:1 molar ratio; HDES 2: DL-menthol,
acetic acid, and pyruvic acid, 1:1:1 molar ratio) were prepared and their
physicochemical properties (density and viscosity) were determined. The materials
were characterized using FTIR, TG, DSC, and cadmium determination were made by
ICP-MS using the KED mode. The greenness of the methods for preparing the
mixtures was assessed using the analytical Eco-Scale metric, with high scores
obtained for both procedures. The parameters sample mass, HDES volume, and
ultrasonication time were optimized using a 33 Box-Behnken experimental design and
the solvents were tested in the extraction of cadmium from a sewage sludge certified
reference material, obtaining recoveries of 101 and 104% using HDES 1 and HDES 2,
respectively. The LOD and LOQ values were 0.271 and 0.905 pg L-1 (HDES 1), and
0.280 and 0.933 pg L-1 (HDES 2), respectively. The two mixtures provided similar
results when applied in the extraction of cadmium from three different sewage
samples. For sewage sludge A, the cadmium values obtained were 2.073 + 0.10 pg g-
1 (HDES 1) and 2.103 + 0.11 pg g-1 (HDES 2). For sewage sludge B, the cadmium
values were 2.707 = 0.20 pg g-1 (HDES 1) and 2.067 = 0.23 pg g-1 (HDES 2). For a
poultry sewage sludge sample, the cadmium values were 6.023 + 0.84 ug g-1 (HDES
1) and 5.319 + 0.14 ug g-1 (HDES 2). The sample extraction process was evaluated
using AGREE software, obtaining a score of 0.7 (out of a possible maximum score of
1.0). Use of the prepared solvents and extraction using an ultrasound-assisted method
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proved to be a good and sustainable strategy for the extraction of Cd from sewage
sludge.
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S4o José do Rio Preto, January 23", 2024

Sub: Revised Manuscript to Journal of Molecular Liquids

Dear Editor in Chief

Ref. No.: Manuscript Number: MOLLIQ-D-23-07717

On behalf of the co-authors, | wish to resubmit the enclosed revised manuscript entitled
“Sustainable cadmium extraction from sewage sludge samples: a novel approach with
hydrophobic deep eutectic solvents and ultrasound-assisted extraction (HDES-UAE)
prior to ICP-MS” by Rafaela S. Lamarca, Sabrina dos S. Ferreira, Eder R. Paganini, Nathalia
dos S. Ferreira, Saidy C. Ayala-Duran, Guilherme Isquibola, Paulo C. F. de Lima Gomes,
Clarice D. B. Amaral, Marina Magnani, Douglas F. Franco, Jose O. Fernandes, Sara C. Cunha,
Mario H. Gonzalez to be consider for publication in Journal of Molecular Liquids

We have appreciated the very kind attention with the above manuscript and all
suggestions assigned by the reviewer were taken into consideration. The answers to the points
raised by the reviewer are presented below. We emphasize that all corrections/insertions made

to the manuscript were marked in yellow.

Best Regards,

Dra. Rafaela Silva Lamarca
Séo Paulo State University (UNESP), Sdo José do Rio Preto, SP, Brazil
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Comments from the Reviewers:

Reviewer 1:

1) “In section 2.6, the authors collected the sewage sludge samples during Winter of 2023. For
clarity, which hemisphere are the authors referring? (Winter is months of December, January
and February in the Northern Hemisphere, and June, July and August in the Southern

Hemisphere).”

Response: We thank you for your comment, and we apologize for forgetting to mention in which
hemisphere the work was carried out. The present work was carried out in the Southern
Hemisphere, Brazil. This information has already been inserted in the manuscript and below

we have transcribed the added part (page 8, line 5-6).

“After determining the optimal extraction condition, the developed methodology was applied to
the sewage sludge CRM and to the sludges from two sewage treatment stations (A and B, both
in S&o Paulo state, Brazil), in addition to a sewage sludge from a poultry production facility
(also in Sdo Paulo state, Brazil). The sewage sludge samples were collected during the winter
of 2023 (in the Southern Hemisphere), in plastic pots that had been previously decontaminated
for 24 h in a 10% HNOs bath.”

2) “For the ICP-MS analysis, authors have working standards range from 0.5 to 50 ug/L, however,
the LOQ of Cd in HDES 1 and HDES 2 are 0.0072 and 0.0082 ug/L, respectively (Table 3).

How was the LOQ calculated as it looks the LOQ is below the calibration curve.”

Response: We thank you for your comment and apologize for the error at the time of
transcription. The error has already been corrected in the manuscript and we emphasize that
the formulas 3 s/a and 10 s/a were used to calculate of the LOD and LOQ, where “s” is the
standard deviation of ten analytical blanks and “a” is the slope of the analytical curve.

Apart from this, the correction of the LOD and LOQ are transcribed below (page 15, line 6).
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“The LOD and LOQ values were 0.271 and 0.905 pg L™ (HDES 1), and 0.280 and 0.933 pg
LY (HDES 2), respectively (Table 3).”

What was the rationale for adding pyruvic acid as ternary component to the HDES 2? The T
(onset), T (endset) and T(1/2) of figure 2 (a-b) indicate the HDES has low thermal stability
compared to other conventional hydrophilic DES like choline chloride vs. Urea or acids. Could
this solvent be extended for other separation which involves slight increase in temperature? A
brief elaboration may be helpful.

Response: Thank you for your comment.

Pyruvic acid was added with the intention of providing greater hydrogen bond-type
interactions and consequently increasing interactions between the species of interest. In this
paper, for the first time the preparation of HDES from the hydrogen bond donors, acetic acid
and pyruvic acid plus the acceptor DL -menthol was reported.

As an example, another article by Ribeiro et al. 2015
(https://doi.org/10.1021/acssuschemeng.5b00532) shows that when pyruvic acid is used as a

hydrogen bond donor together with DL-menthol obtaining the most negative temperature (~ -
58.1°C).

“The last paragraph of section 3.4 ("To demonstrate that the best condition determined using
the experimental design was correct, cadmium extraction from the certified sewage sample (n
= 3) was performed using the two mixtures under the best (4.0 mL of HDES and 150 mg of
sample) and worst (2.0 mL of HDES and 300 mg of sample) conditions, comparing the
recoveries obtained (Figure S2, Supplementary Material)" appears to be a different experiment
than previously described. Is confusing if this statement is actually intended to buttress the

results of the experimental design.”
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Response: We understand the question and in order not to generate double interpretations, we
chose to remove this part of the manuscript. The objective of this graph was precisely to show

that the best conditions for extracting cadmium from the samples were the ones we used.

Table 4: Authors could compare recovery with notable conventional solvents known for Cd
extraction to understand if HDES is really making a difference. Also, based on the results from
Table 3, it appears 100% recovery of Cd using both HDES 1 & 2, do you have any
model/literature data on other solvents to compare? It is interesting how the high viscosity of

HDES does not appear to have any impact on the recovery and ICP-MS analysis.

Response: We appreciate the comment and have inserted an additional table, (Table 5), with
comparative data with other solutions commonly used for Cd extraction. The high viscosity of
HDES did not cause any impact on the analyses, as it was not used purely at the time of the
analyses, it was diluted for use in the ICP (100x dilution) so as not to cause instrumental
problems. The table was inserted into the page 18.

Authors prepared calibration standard solution in 1% HDES 1. Since the composition of
HDES1 and HDES 2 are different, am curious the if pyruvic acid had any effect on the enhanced

recovery results from HDES 2.

Response: We appreciate the comment and would like to emphasize that yes, the use of pyruvic
acid provided a small increase in cadmium recovery in CRM samples Although we expected a
greater increase in recovery using HDES 2, the use of two hydrogen bond donors (acetic acid
and pyruvic acid) was able to provide a slight increase in recovery. The difference in recoveries

is shown in Table 3.
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Reviewer 2:

“Introduction: Reference 10 is not the first to report hydrophobic DES. This was first
discovered in 2015 and published by the group of prof. Kroon in Green Chemistry:
https://doi.org/10.1039/C5GC01451D".

Response: We appreciate the correction and replaced reference 10.

The transcript is below (page 22, line 1-3):

[10] D. J. G. P. Van Osch, L. F. Zubeir, A. Van den Bruinhorst, M. A. A. Rocha, M. C. Kroon,
Hydrophobic deep eutectic solvents as water-immiscible extractants, Green Chemistry 17
(2015) 4518. https://doi.org/10.1039/C5GC01451D

"The % recovery of cadmium was selected as the response variable, with acceptable values
considered to be within the range from 80 to 110% [21]". How can recovery be higher than
100%?

Response: We thank you for the question and emphasize that when we work with concentration
at trace level, the values considered accepted cover a wider range, ranging from 80 - 110%.
Recoveries can be greater than 100% when there are spectral interferences, reagents
contamination, memory effect, for example. Even for non-spectral interferences, recoveries
above 100% can be obtained. Especially when working in trace concentrations, this variation
around 100%, up or down, is more likely. This is reported in several articles in the literature,
in addition to being described in the Official Methods of Analysis of AOAC International
(Reference 21) and INMETRO BRAZIL.

Some authors also described this range considered acceptable, such as:

Guimaraes et al., 2023, https://doi.org/10.1016/j.mollig.2023.121801;

Santana et al., 2021, http://dx.doi.org/10.21577/0100-4042.20170723,;
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Santos Costa et al., 2024, https://doi.org/10.1016/j.talanta.2023.125108.

"The sewage sludge samples were collected during the winter of 2023

The winter of 2023 has not yet started. Please correct this.

Response: We thank you for your comment, and we apologize for forgetting to mention in which
hemisphere the work was carried out. The present work was carried out in the Southern

Hemisphere, Brazil, where the winter of 2023 has already ended.

“Figure 2a/b: the TGA curves show that the prepared HDESs are not stable at any temperature.
Even leaving this mixtures at room temperature for some time will result in a clear mass loss.
This is typical to DESs formed with volatile compounds such as menthol.

Please elaborate on the usefulness of such DESs”

Response: Thank you for your suggestion. We have added the complementary information to
the text (Page 10, line 6-19). The transcript is below:

“The TG/DTG curves for the HDES solvents are shown in Figure 2(a-b). Pyruvic acid was
added with the intention of providing greater hydrogen bond-type interactions and
consequently increasing interactions between the species of interest. In this paper, for the first
time the preparation of HDES from the hydrogen bond donors, acetic acid and pyruvic acid
plus the acceptor DL -menthol was reported. The TG curves enabled analysis of the thermal
behavior of the two synthesized solvents. It can be observed that the mass loss process for both
solvents begins at low temperature values. The TG curves of HDES1 and HDES2 show a
significant mass loss up to 155°C and 138°C, respectively. The DTG curves showed the
presence of two slopes, with onset points at approximately 41.8 and 97.1 °C for HDES 1, and
at 41.8 and 88.3 °C for HDES 2. The DTA curves for the solvents (Figure S1, Supplementary
Material) showed the presence of two endothermic peaks, with minima at 78 and 136 °C for
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HDES 1, and at 56 and 141 °C for HDES 2. These two endothermic peaks could be attributed

to the thermal decomposition of the solvents as the temperature increased. ”

"The eutectic point temperatures for HDES 1 and HDES 2 were found to be -22.5 and -29.1
°C, respectively (Figure 2c-d). Melting points are more distinct peaks than what is shown in
figure 2. Besides, | have my doubts about the way these tow points are determined with "tangent
lines". They don't even look like glass transition points, which looks more like a ""shoulder" in

DSC curves. Please elaborate.”

Response: Thank you for your suggestion. We have supplemented information regarding the

process of assigning thermal events on the TGA and DSC curves.

Characterization:
"The Q600 software was used to determine the onset and endset temperatures for all thermal
events in the TGA and DSC curves." (page 5, line 26-27).

Results:

Question: “Melting points are more distinct peaks than what is shown in figure 2”.

Response: Thank you for the comment. We corrected on the text.

(Page 10, line 20-24) Figure 2(c-d) displays the DSC curves obtained at low temperatures for
the two synthesized eutectic solvents. These curves enabled the determination of the specific
temperature at which two or more substances form a single liquid phase, leading to the
formation of an ideal liquid mixture [27, 28]. This temperature is recognized as the eutectic
point [27, 28].
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Question: “Besides, I have my doubts about the way these tow points are determined with
"tangent lines”. They don't even look like glass transition points, which looks more like a

"shoulder" in DSC curves”.

Response: In the Experimental section, we cited the procedure for tracing tangent straight lines
on the DSC curves. Additionally, in this document, we plotted the DSC figures using distinct
ranges on the 'y" axes to enhance the clarity of thermal events at -22.5 and -29.1 °C. Itis crucial
to note that the eutectic point of HDES1 align with the solvents reported in references 27 and
28.

(Page 10, line 24; Page 11, line 1) The eutectic points for the HDES solvents were determined
by tracing two tangent straight lines on the DSC curves. The onset temperatures of the eutectic
points for HDES1 and HDES?2 were found to be -22.5 and -29.1 °C, respectively (Figure 2c-d).
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Figure 2: (c-d) DSC curves of the HDES1 and HDES2 solvents (y-axis scale).
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S4o José do Rio Preto, January 23", 2024

Sub: Revised Manuscript to Journal of Molecular Liquids

Dear Editor in Chief

Ref. No.: Manuscript Number: MOLLIQ-D-23-07717

On behalf of the co-authors, | wish to resubmit the enclosed revised manuscript entitled
“Sustainable cadmium extraction from sewage sludge samples: a novel approach with
hydrophobic deep eutectic solvents and ultrasound-assisted extraction (HDES-UAE)
prior to ICP-MS” by Rafaela S. Lamarca, Sabrina dos S. Ferreira, Eder R. Paganini, Nathalia
dos S. Ferreira, Saidy C. Ayala-Duran, Guilherme Isquibola, Paulo C. F. de Lima Gomes,
Clarice D. B. Amaral, Marina Magnani, Douglas F. Franco, Jose O. Fernandes, Sara C. Cunha,
Mario H. Gonzalez to be consider for publication in Journal of Molecular Liquids

We have appreciated the very kind attention with the above manuscript and all
suggestions assigned by the reviewer were taken into consideration. The answers to the points
raised by the reviewer are presented below. We emphasize that all corrections/insertions made

to the manuscript were marked in yellow.

Best Regards,

Dra. Rafaela Silva Lamarca
Séo Paulo State University (UNESP), Sdo José do Rio Preto, SP, Brazil
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Comments from the Reviewers:

Reviewer 1:

1) “In section 2.6, the authors collected the sewage sludge samples during Winter of 2023. For
clarity, which hemisphere are the authors referring? (Winter is months of December, January
and February in the Northern Hemisphere, and June, July and August in the Southern

Hemisphere).”

Response: We thank you for your comment, and we apologize for forgetting to mention in which
hemisphere the work was carried out. The present work was carried out in the Southern
Hemisphere, Brazil. This information has already been inserted in the manuscript and below

we have transcribed the added part (page 8, line 5-6).

“After determining the optimal extraction condition, the developed methodology was applied to
the sewage sludge CRM and to the sludges from two sewage treatment stations (A and B, both
in S&o Paulo state, Brazil), in addition to a sewage sludge from a poultry production facility
(also in Sdo Paulo state, Brazil). The sewage sludge samples were collected during the winter
of 2023 (in the Southern Hemisphere), in plastic pots that had been previously decontaminated
for 24 h in a 10% HNOs bath.”

2) “For the ICP-MS analysis, authors have working standards range from 0.5 to 50 ug/L, however,
the LOQ of Cd in HDES 1 and HDES 2 are 0.0072 and 0.0082 ug/L, respectively (Table 3).

How was the LOQ calculated as it looks the LOQ is below the calibration curve.”

Response: We thank you for your comment and apologize for the error at the time of
transcription. The error has already been corrected in the manuscript and we emphasize that
the formulas 3 s/a and 10 s/a were used to calculate of the LOD and LOQ, where “s” is the
standard deviation of ten analytical blanks and “a” is the slope of the analytical curve.

Apart from this, the correction of the LOD and LOQ are transcribed below (page 15, line 6).
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“The LOD and LOQ values were 0.271 and 0.905 pg L™ (HDES 1), and 0.280 and 0.933 pg
LY (HDES 2), respectively (Table 3).”

What was the rationale for adding pyruvic acid as ternary component to the HDES 2? The T
(onset), T (endset) and T(1/2) of figure 2 (a-b) indicate the HDES has low thermal stability
compared to other conventional hydrophilic DES like choline chloride vs. Urea or acids. Could
this solvent be extended for other separation which involves slight increase in temperature? A
brief elaboration may be helpful.

Response: Thank you for your comment.

Pyruvic acid was added with the intention of providing greater hydrogen bond-type
interactions and consequently increasing interactions between the species of interest. In this
paper, for the first time the preparation of HDES from the hydrogen bond donors, acetic acid
and pyruvic acid plus the acceptor DL -menthol was reported.

As an example, another article by Ribeiro et al. 2015
(https://doi.org/10.1021/acssuschemeng.5b00532) shows that when pyruvic acid is used as a

hydrogen bond donor together with DL-menthol obtaining the most negative temperature (~ -
58.1°C).

“The last paragraph of section 3.4 ("To demonstrate that the best condition determined using
the experimental design was correct, cadmium extraction from the certified sewage sample (n
= 3) was performed using the two mixtures under the best (4.0 mL of HDES and 150 mg of
sample) and worst (2.0 mL of HDES and 300 mg of sample) conditions, comparing the
recoveries obtained (Figure S2, Supplementary Material)" appears to be a different experiment
than previously described. Is confusing if this statement is actually intended to buttress the

results of the experimental design.”
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Response: We understand the question and in order not to generate double interpretations, we
chose to remove this part of the manuscript. The objective of this graph was precisely to show

that the best conditions for extracting cadmium from the samples were the ones we used.

Table 4: Authors could compare recovery with notable conventional solvents known for Cd
extraction to understand if HDES is really making a difference. Also, based on the results from
Table 3, it appears 100% recovery of Cd using both HDES 1 & 2, do you have any
model/literature data on other solvents to compare? It is interesting how the high viscosity of

HDES does not appear to have any impact on the recovery and ICP-MS analysis.

Response: We appreciate the comment and have inserted an additional table, (Table 5), with
comparative data with other solutions commonly used for Cd extraction. The high viscosity of
HDES did not cause any impact on the analyses, as it was not used purely at the time of the
analyses, it was diluted for use in the ICP (100x dilution) so as not to cause instrumental
problems. The table was inserted into the page 18.

Authors prepared calibration standard solution in 1% HDES 1. Since the composition of
HDES1 and HDES 2 are different, am curious the if pyruvic acid had any effect on the enhanced

recovery results from HDES 2.

Response: We appreciate the comment and would like to emphasize that yes, the use of pyruvic
acid provided a small increase in cadmium recovery in CRM samples Although we expected a
greater increase in recovery using HDES 2, the use of two hydrogen bond donors (acetic acid
and pyruvic acid) was able to provide a slight increase in recovery. The difference in recoveries

is shown in Table 3.
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Reviewer 2:

“Introduction: Reference 10 is not the first to report hydrophobic DES. This was first
discovered in 2015 and published by the group of prof. Kroon in Green Chemistry:
https://doi.org/10.1039/C5GC01451D".

Response: We appreciate the correction and replaced reference 10.

The transcript is below (page 22, line 1-3):

[10] D. J. G. P. Van Osch, L. F. Zubeir, A. Van den Bruinhorst, M. A. A. Rocha, M. C. Kroon,
Hydrophobic deep eutectic solvents as water-immiscible extractants, Green Chemistry 17
(2015) 4518. https://doi.org/10.1039/C5GC01451D

"The % recovery of cadmium was selected as the response variable, with acceptable values
considered to be within the range from 80 to 110% [21]". How can recovery be higher than
100%?

Response: We thank you for the question and emphasize that when we work with concentration
at trace level, the values considered accepted cover a wider range, ranging from 80 - 110%.
Recoveries can be greater than 100% when there are spectral interferences, reagents
contamination, memory effect, for example. Even for non-spectral interferences, recoveries
above 100% can be obtained. Especially when working in trace concentrations, this variation
around 100%, up or down, is more likely. This is reported in several articles in the literature,
in addition to being described in the Official Methods of Analysis of AOAC International
(Reference 21) and INMETRO BRAZIL.

Some authors also described this range considered acceptable, such as:

Guimaraes et al., 2023, https://doi.org/10.1016/j.mollig.2023.121801;

Santana et al., 2021, http://dx.doi.org/10.21577/0100-4042.20170723,;
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Santos Costa et al., 2024, https://doi.org/10.1016/j.talanta.2023.125108.

"The sewage sludge samples were collected during the winter of 2023

The winter of 2023 has not yet started. Please correct this.

Response: We thank you for your comment, and we apologize for forgetting to mention in which
hemisphere the work was carried out. The present work was carried out in the Southern

Hemisphere, Brazil, where the winter of 2023 has already ended.

“Figure 2a/b: the TGA curves show that the prepared HDESs are not stable at any temperature.
Even leaving this mixtures at room temperature for some time will result in a clear mass loss.
This is typical to DESs formed with volatile compounds such as menthol.

Please elaborate on the usefulness of such DESs”

Response: Thank you for your suggestion. We have added the complementary information to
the text (Page 10, line 6-19). The transcript is below:

“The TG/DTG curves for the HDES solvents are shown in Figure 2(a-b). Pyruvic acid was
added with the intention of providing greater hydrogen bond-type interactions and
consequently increasing interactions between the species of interest. In this paper, for the first
time the preparation of HDES from the hydrogen bond donors, acetic acid and pyruvic acid
plus the acceptor DL -menthol was reported. The TG curves enabled analysis of the thermal
behavior of the two synthesized solvents. It can be observed that the mass loss process for both
solvents begins at low temperature values. The TG curves of HDES1 and HDES2 show a
significant mass loss up to 155°C and 138°C, respectively. The DTG curves showed the
presence of two slopes, with onset points at approximately 41.8 and 97.1 °C for HDES 1, and
at 41.8 and 88.3 °C for HDES 2. The DTA curves for the solvents (Figure S1, Supplementary
Material) showed the presence of two endothermic peaks, with minima at 78 and 136 °C for
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HDES 1, and at 56 and 141 °C for HDES 2. These two endothermic peaks could be attributed

to the thermal decomposition of the solvents as the temperature increased. ”

"The eutectic point temperatures for HDES 1 and HDES 2 were found to be -22.5 and -29.1
°C, respectively (Figure 2c-d). Melting points are more distinct peaks than what is shown in
figure 2. Besides, | have my doubts about the way these tow points are determined with "tangent
lines". They don't even look like glass transition points, which looks more like a ""shoulder" in

DSC curves. Please elaborate.”

Response: Thank you for your suggestion. We have supplemented information regarding the

process of assigning thermal events on the TGA and DSC curves.

Characterization:
"The Q600 software was used to determine the onset and endset temperatures for all thermal
events in the TGA and DSC curves." (page 5, line 26-27).

Results:

Question: “Melting points are more distinct peaks than what is shown in figure 2”.

Response: Thank you for the comment. We corrected on the text.

(Page 10, line 20-24) Figure 2(c-d) displays the DSC curves obtained at low temperatures for
the two synthesized eutectic solvents. These curves enabled the determination of the specific
temperature at which two or more substances form a single liquid phase, leading to the
formation of an ideal liquid mixture [27, 28]. This temperature is recognized as the eutectic
point [27, 28].
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Question: “Besides, I have my doubts about the way these tow points are determined with
"tangent lines”. They don't even look like glass transition points, which looks more like a

"shoulder" in DSC curves”.

Response: In the Experimental section, we cited the procedure for tracing tangent straight lines
on the DSC curves. Additionally, in this document, we plotted the DSC figures using distinct
ranges on the 'y" axes to enhance the clarity of thermal events at -22.5 and -29.1 °C. Itis crucial
to note that the eutectic point of HDES1 align with the solvents reported in references 27 and
28.

(Page 10, line 24; Page 11, line 1) The eutectic points for the HDES solvents were determined
by tracing two tangent straight lines on the DSC curves. The onset temperatures of the eutectic
points for HDES1 and HDES?2 were found to be -22.5 and -29.1 °C, respectively (Figure 2c-d).
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Figure 2: (c-d) DSC curves of the HDES1 and HDES2 solvents (y-axis scale).
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Abstract

Hydrophobic deep eutectic solvents (HDES) are a subclass of DES, formed by hydrogen
bond donor and acceptor species, which have low solubility in hydrophilic systems as
their main characteristic. In this work, two different mixtures based on DL-menthol
(HDES 1: DL-menthol and acetic acid, 1:1 molar ratio; HDES 2: DL-menthol, acetic acid,
and pyruvic acid, 1:1:1 molar ratio) were prepared and their physicochemical properties
(density and viscosity) were determined. The materials were characterized using FTIR,
TG, DSC, and cadmium determination were made by ICP-MS using the KED mode. The
greenness of the methods for preparing the mixtures was assessed using the analytical
Eco-Scale metric, with high scores obtained for both procedures. The parameters sample
mass, HDES volume, and ultrasonication time were optimized using a 3° Box-Behnken
experimental design and the solvents were tested in the extraction of cadmium from a
sewage sludge certified reference material, obtaining recoveries of 101 and 104% using
HDES 1 and HDES 2, respectively. The LOD and LOQ values were 0.271 and 0.905 pg
Lt (HDES 1), and 0.280 and 0.933 pg L™ (HDES 2), respectively. The two mixtures
provided similar results when applied in the extraction of cadmium from three different
sewage samples. For sewage sludge A, the cadmium values obtained were 2.073 + 0.10
ug gt (HDES 1) and 2.103 + 0.11 ug g* (HDES 2). For sewage sludge B, the cadmium
values were 2.707 + 0.20 pg g (HDES 1) and 2.067 + 0.23 pg g* (HDES 2). For a
poultry sewage sludge sample, the cadmium values were 6.023 + 0.84 pg g* (HDES 1)
and 5.319 + 0.14 pg g* (HDES 2). The sample extraction process was evaluated using
AGREE software, obtaining a score of 0.7 (out of a possible maximum score of 1.0). Use
of the prepared solvents and extraction using an ultrasound-assisted method proved to be

a good and sustainable strategy for the extraction of Cd from sewage sludge.

Keywords: Eutectic system, green analytical chemistry, ICP-MS, sample preparation.



O 00 N o v b~ W N =

W W W W N N N N N N N N NN P P R P P R p R RB p
W N P O VW 00 N O 1 B W N P O O O N O L M W N L O

1. Introduction

Deep eutectic solvents (DES), or eutectic mixtures, are a discovery of the last
decade with considerable influence in the development of sustainability-based chemical
innovations. The use of these solvents has been indicated as a strategy in line with the
principles of green analytical chemistry, primarily aiming at reducing the adverse
environmental impacts of analytical procedures [1].

DES have the potential to overcome the limitations of ionic liquids, offering
advantages such as lower toxicity, higher biodegradability, and simpler preparation [2].
Added to this are the vast range of possible precursor compounds, the ability to modulate
the physicochemical properties of these solvents by adjusting the molar ratio or water
content, and their excellent capacity to extract organic and inorganic compounds [3]. DES
are formed from intermolecular interactions, mainly hydrogen bonds, between two
compounds that act as hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA).
This combination can involve the use of liquid or solid components, in pre-established
proportions, with the result being a homogeneous liquid mixture [3,4]. Particularly
attractive features of DES are that their preparation does not require a solvent or a catalyst,
and that no further purification is required before use [4].

The formation of a deep eutectic mixture is characterized by a melting point lower
than those of the individual components. Some authors, however, disagree that this
condition satisfies the formation of a DES, suggesting that it is necessary for the eutectic
point temperature of the solvent to be below that of an ideal liquid mixture, with
significant negative deviation from ideality, for it to be considered a deep eutectic solvent
[2,5].

DES have been employed in different chemical procedures and in analytical
chemistry, and have attracted considerable interest for use in sample pretreatment. The
sample preparation procedure is one of the most important steps in an analytical
procedure, because the accuracy and precision of the analytical method are largely
dependent on this step. The main objectives of the preparation step are sample extraction,
analyte purification and enrichment, and possibly modification of the sample to adapt it
to the requirements of the analytical apparatus [6,7]. The potential of DES has been
evaluated in various extraction and microextraction processes [1]. When using DES for
extraction, crucial considerations are the amounts of the raw materials and the length of

the alkyl chain, as these can alter the physicochemical properties of the prepared solvents
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[8]. However, most of the DES presented in the literature are hydrophilic solvents, which
limits their application in aqueous solutions, since their miscibility in aqueous media
favors weakening of the intermolecular bonds forming the solvent [3,9].

More recently, this has motivated the development of hydrophobic deep eutectic
solvents (HDES), expanding the possible applications and providing even higher
efficiencies than hydrophilic DES [10], in addition to being sustainable, low cost, and
easy to prepare. These HDES have been successfully applied in water purification [11],
preparation of new materials (magnetic gels and nanoparticles based on carbon nanotubes
and graphene) for the removal of organic micropollutants and metal ions from water [12-
14], CO; capture [15], extraction of bioactive compounds [16,17], and the removal of
inorganic contaminants, dyes, industrial paints, and pesticides [18]. The HDES are
formed by compounds that have low solubility in water, with long-chain fatty acids (such
as octanoic, decanoic, or dodecanoic acids) as HBDs, and menthol or N81Cl as HBAS
[19].

In the present work, two different mixtures based on DL-menthol were prepared
and characterized in terms of their physicochemical properties, prior to use in the sample
preparation step in the extraction of cadmium from samples of sewage sludge from a
sewage treatment station, as well as from poultry production sewage, employing an
ultrasound-assisted extraction (UAE) method and ICP-MS analysis (UAE/ICP-MS). A 33
Box-Behnken experimental design was used to maximize the cadmium (Cd) extraction
efficiency, evaluating the effects of the variables HDES volume, sample mass, and
extraction time. The analytical Eco-Scale was used to assess the greenness of the
methods.

2. Experimental procedures
2.1. Materials and reagents

All the materials used were previously decontaminated for 48 h in an acid bath
(10% v/v HNO3), followed by washing with ultrapure deionized water.

The reagents DL-menthol (>95%) (St. Louis, MO, USA), acetic acid (>99%) (St.
Louis, MO, USA), and pyruvic acid (98%) were purchased from Sigma-Aldrich. A
cadmium standard for ICP (1000 + 2 mg L™) was purchased from Fluka Analytical (St.
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Louis, MO, USA). A sewage sludge certified reference material (CRM) was purchased

from SCP Science.

2.2. Preparation and characterization of the HDES

Two different HDES were prepared, using combinations of acetic acid and DL-
menthol (1:1 molar ratio), and acetic acid, pyruvic acid, and DL-menthol (1:1:1 molar
ratio). The preparation procedure involved stirring for 15 min at 200 rpm, with heating at
60 °C (AccuPlate Hotplate Stirrer, Model PC-420D, Labnet, Edison, Mexico). Ultrasound
treatment employed an ultrasonic bath (Model Tabletop 406 Digital, purchased from
SolidSteel) operated at 1500 W and 40 kHz.

Density and viscosity measurements (in triplicate) of the prepared HDES were
performed as described by Guimardes et al. [20]. Density was determined using a
pycnometer, previously calibrated with ultrapure water, and an analytical balance (Model
AG200, Gehaka, Brazil). The viscosity measurements employed a Cannon-Fenske
viscometer, calibrated with ultrapure water, at a controlled temperature of 25 °C.

Infrared spectra were obtained by attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), using a Bruker VERTEX 70 instrument operated in
the range from 4000 to 400 cm™, with spectral resolution of 4 cm™ and 64 scans.

Thermogravimetric analyses (TGA) were performed using a TA Instruments SDT
Q600 simultaneous TGA/DSC system. The HDES samples were placed in aluminum
crucibles and heated from 20 to 200 °C, at 10.0 °C mint, under an atmosphere of nitrogen
(N2) supplied at a flow rate of 10 mL min™. DSC curves were obtained using a TA
Instruments Q20 calorimeter operated at a heating rate of 10 °C min™, under an
atmosphere of N at a flow rate of 50 mL min™. Approximately 10 mg portions of the
HDES solvents were placed in aluminum crucibles and heated from -70 to 10 °C. The
Q600 software was used to determine the onset and endset temperatures for all thermal
events in the TGA and DSC curves.

2.3 Experimental design for cadmium extraction using an ultrasonic bath

The 3% Box-Behnken factorial experimental design consisted of three levels (-1,
0, +1), allowing the estimation of first and second order coefficients (linear and quadratic)
for the fitted mathematical model, using a minimum number of experiments (15

experiments), with triplicates at the center point. Optimization of the experimental
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conditions was performed by the extraction of cadmium from a sewage sludge CRM,
using an ultrasonic bath. Experimental designs were implemented separately for HDES
1, which comprised acetic acid and DL-menthol, and HDES 2, which consisted of acetic
acid, pyruvic acid, and DL-menthol.

The factors considered in the experimental designs were sample mass (g), volume
of HDES (mL), and extraction time (min). The % recovery of cadmium was selected as
the response variable, with acceptable values considered to be within the range from 80
to 110% [21]. Table 1 shows the factors, levels, and values used for the experimental

design.

Table 1. Factors and values for three levels in the Box-Behnken design.

Factors Level -1 Level O Level +1
CRM sample mass 150 225 300
(mg)
Extraction time (min) 15.0 22.5 30.0
HDES volume (mL) 2.0 3.0 4.0

Further information concerning the experimental design is provided in Table S1
(Supplementary Material). Data analysis was performed using Statistica v. 12 software,

adopting a confidence level of 95%.

2.4 ICP-MS analysis

Cadmium analysis were carried out employed a NexION 300X ICP-MS
instrument (PerkinElmer, Shelton, USA). Conventional nebulization was used, with torch
alignment and gas flow set as recommended by the equipment manufacturer. The analyses
were carried out using kinetic energy discrimination (KED) mode, with testing of three
different He flow rates (2.0, 2.5, and 3.0 mL min). Calibration standards were prepared
from a 1000 mg L cadmium stock solution. For analysis of the extracted sewage, a
cadmium calibration curve was constructed with working standards at concentrations in
the range from 0.50 to 50 ug L, prepared in a matrix-matched medium containing 1.0%

HDES 1 (acetic acid and menthol, molar ratio 1:1).
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The Box-Behnken design samples were analyzed in both standard mode and using

KED, in order to establish the best methodology for the analysis. Table 2 shows all the

Table 2. ICP-MS operating conditions.

operating conditions for the determination of cadmium in the samples by ICP-MS.

Parameter

Operating condition

Radiofrequency power (kW) 1.6
Plasma gas flow rate (L min™) 18
Aucxiliary gas flow rate (L min™?) 1.2
Nebulizer gas flow rate (L min™) 1.0
Sample uptake rate (L min™?) 0.7

KED mode

Gas channel He

He flow rate (mL min™) 20-3.0
Calibration range (ug L™) 0.50 - 50
Nebulizer Concentric
Spray chamber Cyclonic
Isotope (m/z) Y4cd*
Number of replicates 3

2.5 Quality parameters of the methods for determination of cadmium in the samples

The linearity of the method was assessed by ANOVA (95% confidence level),

using triplicate calibration curves in the concentration range 0.500-50.0 pg L. For the

limits of detection (LOD) and quantification (LOQ), the formulas 3 s/a and 10 s/a were

used, where “s” is the standard deviation of ten analytical blanks and “a” is the slope of

the analytical curve [21].

The accuracy and precision of the method considered the % recovery and relative

standard deviation (RSD %), respectively, obtained using the sewage sludge CRM

sample.
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2.6 Samples

After determining the optimal extraction condition, the developed methodology
was applied to the sewage sludge CRM and to the sludges from two sewage treatment
stations (A and B, both in Sdo Paulo state, Brazil), in addition to a sewage sludge from a
poultry production facility (also in Sdo Paulo state, Brazil). The sewage sludge samples
were collected during the winter of 2023 (in the Southern Hemisphere), in plastic pots
that had been previously decontaminated for 24 h in a 10% HNO3z bath. The samples were
dried in an oven at 60 °C for 72 h, in accordance with EPA guidelines [22]. After drying,
the samples were ground and sieved through 63 um meshes, for subsequent use in the

experiments.

3. Results and Discussion
3.1 Density and viscosity measurements

Deep eutectic solvents can be prepared by different methods, such as heating,
ultrasound, microwave radiation, lyophilization, or evaporation. In this work, it was
decided to use heating, since this method is simple, efficient, and allows the preparation
of several DES or HDES simultaneously. Menthol was selected as one of the components,
because it is nontoxic, widely available, and an excellent hydrogen bond acceptor [23].

Density and viscosity are important physicochemical properties of HDES, since
they directly influence the mass transport phenomena and, consequently, the possible
applications of these solvents. Solvents with low viscosity are considered ideal for use in
extraction processes, as they allow greater mass transfer. When ICP-MS is used for the
analysis of metals, solvents with lower viscosities favor spray formation in the nebulizer,
as well as mass transport of the sample to the plasma [24].

The use of precursors rich in hydroxyl groups acts to increase the sites available
for the formation of hydrogen bonds, as also observed when using organic acids, which
produce solvents that are denser and more viscous. In the present case, it could be seen
that the addition of pyruvic acid in the ternary mixture increased the density and viscosity
of the solvent, as expected. For HDES 1, the density and viscosity values at 25 °C were
0.930 +0.0051 g mL* and 5.96 + 0.026 mPa s, respectively. For HDES 2, the values were
0.988 +0.0022 g mL* and 8.87 + 0.081 mPa s, respectively.
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It is known that for non-ionic HDES, as in the present case, the viscosity increases
as the HBD chain increases. This was observed here, since the addition of a second HBD
(pyruvic acid) in HDES 2 led to a marked increase in the viscosity of the mixture, when
compared to HDES 1. A similar effect was observed in relation to density in work
involving the preparation of HDES and NADES [25, 26, 27, 28].

3.2 FTIR analysis

FTIR is widely used to confirm molecular interactions, in addition to being an
excellent method of characterization, enabling the confirmation of chemical functional
groups and/or molecular bonds. In this way, the formation of a new HDES can be
confirmed by the existence of hydrogen bonds between DL-menthol and hydrogen bond
donors, which in this case were acetic acid and pyruvic acid. The structures of these
hydrogen bond donors result in a characteristic band at approximately ~1700 cm™, related
to the ketone or carboxylic acid groups. The hydrogen bond acceptor (DL-menthol)
presents a characteristic band at approximately ~3000 cm™, related to the hydroxyl group
[27]. As shown in Figure 1, the FTIR spectra can confirmed the formation of hydrogen
bonds between DL-menthol and the hydrogen bond donors, with the band corresponding
to the carboxylic group shifting to higher wavenumbers (~1711 cm™ for the mixture of
acetic acid and menthol, and ~1713 cm* for the mixture of acetic acid, pyruvic acid, and
menthol). In addition, the physical state of the HDES formed (liquid and homogeneous
for all the mixtures) evidenced the formation of the eutectic mixture, since the reagents

were initially in solid form [27].
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Figure 1. FTIR spectra of HDES 1 (DL-menthol and acetic acid) and HDES 2 (DL-
menthol, pyruvic acid, and acetic acid).

3.3 DSC and TG/DTG measurements

The TG/DTG curves for the HDES solvents are shown in Figure 2(a-b). Pyruvic acid was
added with the intention of providing greater hydrogen bond-type interactions and
consequently increasing interactions between the species of interest. In this paper, for the
first time the preparation of HDES from the hydrogen bond donors, acetic acid and
pyruvic acid plus the acceptor DL -menthol was reported. The TG curves enabled analysis
of the thermal behavior of the two synthesized solvents. It can be observed that the mass
loss process for both solvents begins at low temperature values. The TG curves of HDES1
and HDES2 show a significant mass loss up to 155°C and 138°C, respectively. The DTG
curves showed the presence of two slopes, with onset points at approximately 41.8 and
97.1°C for HDES 1, and at 41.8 and 88.3 °C for HDES 2. The DTA curves for the solvents
(Figure S1, Supplementary Material) showed the presence of two endothermic peaks,
with minima at 78 and 136 °C for HDES 1, and at 56 and 141 °C for HDES 2. These two
endothermic peaks could be attributed to the thermal decomposition of the solvents as the

temperature increased.

Figure 2(c-d) displays the DSC curves obtained at low temperatures for the two
synthesized eutectic solvents. These curves enabled the determination of the specific
temperature at which two or more substances form a single liquid phase, leading to the
formation of an ideal liquid mixture [27, 28]. This temperature is recognized as the

eutectic point [27, 28]. The eutectic points for the HDES solvents were determined by

10



1  tracing two tangent straight lines on the DSC curves. The eutectic point temperatures for

2 HDES 1 and HDES 2 were found to be -22.5 and -29.1 °C, respectively (Figure 2c-d).
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Figure 2. (a-b) TG/DTG and (c-d) DSC curves for HDES 1 and HDES 2.
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3.4 Experimental design

The data obtained by ICP-MS revealed that the best analysis condition, based on
the recovery results, was in KED mode, with He flow rate of 3.0 mL min. This condition
was chosen to compose the experimental design and was used at the time of sample
analysis.

The results of the experimental design were analyzed separately for HDES 1 and
HDES 2, with evaluation based on the recovery percentages obtained using the sewage
sludge CRM. Figure 3 presents the results in the form of Pareto charts, adopting a 95%
confidence level (p > 0.05). For HDES 1, the charts demonstrated the significance of
linear (L) and quadratic (Q) variables of the mathematical model. The main effect factors
included CRM mass (L), HDES volume (L), and CRM mass (Q) as independent variables,
with a residual mean square (RMS) of 19.47. Comparable behavior was observed for
HDES 2, where the HDES volume (L), CRM mass (L), and CRM mass (Q) were
identified as main effects, with RMS of 22.18. These results indicated satisfactory model
fits with first and second order coefficients.

Pareto Chart of Standardized Effects; Variable: Recovery / % A) Pareto Chart of Standardized Effects; Variable: Recovery / % B)
3 3-level factors, 1 Blocks, 15 Runs; MS Residual=19 46743 3 3-level factors, 1 Blocks, 15 Runs; MS Residual=22 18336
DV: Recovery / % DV: Recovery / %

-12,0404 (2)HDES volume / mL{L) -11 73658

11,3453 (1)CRM / mg(L)

(1)CRM / mg(L}

(2)HDES volume / mL(L)

11,4382

CRM/mg(Q) ‘-2 77689 CRM/ mg(Q) ‘-2 72388

(3)Extraction time / min(L}) 6914555 Extraction time / min(Q@) - 897713
HDES volume / mL(Q) - 246495 (3)Extraction time / min(L) 6158313
Extraction time / min(Q) 1240722 HDES volume / mL{Q) -.598605

p=.05 p=05
Standardized Effect Estimate (Absolute Value) Standardized Effect Estimate (Absolute Value)

Figure 3. Pareto charts of main effects (p > 0.05) for the extraction and recovery of Cd in
the CRM using (A) HDES 1 (acetic acid and DL-menthol) and (B) HDES 2 (acetic acid,
pyruvic acid, and DL-menthol).

Application of ANOVA (Table S2, Supplementary Material) resulted in
correlation coefficients (R?) of 0.9741 and 0.9719 for HDES 1 and HDES 2, respectively,
indicating excellent fits of the mathematical models. The RMS values were 19.467 and
22.183 for HDES 1 and HDES 2, respectively, demonstrating minimal residual variation

in the response variable (% recovery) after applying the model. Among the selected
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independent variables and their interactions, CRM mass (L) and CRM mass (Q), as well
as HDES volume (Q), were identified as the most significant (p = 0.05).

Response surface graphs were plotted for HDES 1 and HDES 2, depicting the
relationships between the specified two independent variables (among CRM mass, HDES
volume, and extraction time) and the dependent variable (% recovery). For HDES 1,
evaluation of the effects of extraction time (min) and CRM mass (mg), shown in Figure
4A, revealed that recoveries above 80% were consistently achieved for extraction times
from 15 to 30 min. Notably, the optimal analysis time was 15 min, significantly reducing
the ultrasonication time required to achieve satisfactory results. Considering the effect of
CRM mass (mg), the best results were obtained with the lowest mass evaluated (150 mg).
The surface plot for the effects of extraction time (min) and HDES volume (mL), shown
in Figure 4B, revealed that the effect of time was non-significant, with recoveries above
30% obtained for times from 15 to 30 min. However, superior recoveries were observed
with larger volumes of extracting solvent, particularly using HDES 1, with volumes
exceeding 3.0 mL. For the relationship between CRM mass and HDES volume (Figure
4C), it was observed that lower CRM mass values (ranging from 150 to 200 mg) enabled
recoveries above 80%, with HDES volumes exceeding 2.5 mL. These results were
associated with satisfactory curvatures of the response surfaces obtained for the use of
HDES 1 composed of acetic acid and DL-menthol.

Fited Suface; Variable Recovery /% , ’ "
3 3aval factors, 1 Blacks, 15 Runs, WS Residual=19 46743 (A) Fitted Surfaca. Variable Recovery % (B) 3 el F(M f;‘ac: V:;”;‘zb'n 3??;"‘;'5 S19.673 C
DV. Recovary /% 3 Hevel factors, 1 Blocks, 15 Runs; MS Residual=19 46743 AP IO O T RN LA 12173

DV: Recovery /%

DV: Recovery /%

Figure 4. Response surface plots for the effects of the independent variables on %
recovery of Cd from the CRM using HDES 1 (acetic acid and DL-menthol): (A) CRM
mass (mg) and extraction time (min); (B) extraction time (min) and HDES volume (mL);
(C) HDES volume (mL) and CRM mass (mg).
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The response surface plots for HDES 2 exhibited behaviors analogous to those
observed for HDES 1. The plot obtained with the variables extraction time and CRM
mass (Figure 5A) showed that recoveries of 100% were achieved with a smaller CRM
mass, ranging between 150 and 180 mg, with time being insignificant. An extraction time
of only 15 min was sufficient to achieve satisfactory results. Considering the HDES
volume and extraction time (Figure 5B), recoveries exceeding 60% were achieved with
larger HDES volumes in the range from 3.0 to 4.0 mL, regardless of the analysis time.
Finally, Figure 5C shows that recoveries above 100% could be achieved with CRM mass
between 150 and 200 mg and HDES 2 volume between 3.0 and 4.0 mL. Excellent
recovery results were observed for HDES 2, with HDES volume between 3.0 and 4.0 mL,
regardless of the extraction time, allowing selection of an extraction time of only 15 min
in this ultrasound- assisted method. All the response surface graphs presented favorable

curvature.

Fitted Surface; Variable. Recovery / % Fitted Surface; Variable: Recovery / % Fitted Surface; Varlable: Recovery /%
3 3level factors, 1 Blocks, S Residual=22.18336 (A) 3 Hevel factors, 1 Blocks, 15 Runs: MS Residual=22 18336 (B) 3 Hevel factors, 1 Blocks, 15 Runs, MS Residual=22,18336 (C)

DV. Recovery /% DV: Recovery /%

Figure 5. Response surface plots for the effects of the independent variables on %
recovery of Cd from the CRM using HDES 2 (acetic acid, pyruvic acid, and DL-menthol):
(A) extraction time (min) and CRM mass (mg); (B) HDES volume (mL) and extraction
time (min); (C) HDES volume (mL) and CRM mass (mg).

The contour plot data supported the results obtained previously, enabling
definition of the optimal conditions for application of the developed methodology. Higher
accuracies (101% for HDES 1 and 104% for HDES 2) were obtained using higher HDES
volume (4.0 mL) and lower sample mass (150 mg). Therefore, the condition considered
optimal was HDES volume of 4.0 mL, sample mass of 150 mg, and extraction time of
15.0 min.
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3.5 Quality parameters of the proposed methods

The linearity of the method was evaluated by constructing a calibration curve in

the concentration range 0.500-50.0 pg L, which could be described by the following
equation: y = 1216[Cd] — 939.7; R? = 0.999. Application of ANOVA showed no lack of
fit for the method (Fear (1.91 X 10™2) < Fuap 95 (10.9 x 10%)). The LOD and LOQ values
were 0.271 and 0.905 pug L* (HDES 1), and 0.280 and 0.933 pg L* (HDES 2),
respectively (Table 3). The precision (RSD %) of the method was determined as the

repeatability of the measurements (n = 3), obtaining values of 2.65% (HDES 1) and

2.34% (HDES 2) (Table 3).

Table 3. Figures of merit for analysis of Cd by UAE/ICP-MS (n = 3) methodology with

extraction using HDES 1 and HDES 2.

HDES 1 HDES 2
Analyte LOD LOQ Recovery LOD LOQ Recovery
(g L) (g L) (%) (Mg L) (g L) (%)
H4Cd 0.271 0.905 101 0.280 0.933 104

Cadmium was determined in the sewage sludge and CRM samples using external

calibration. The concentrations obtained for sewage sludges A and B and the poultry

sewage are summarized in Table 4.

Table 4. Concentrations of Cd in the samples analyzed by the UA/ICP-MS methodology

with extraction using HDES 1 and HDES 2.

HDES 1 HDES 2
Sewage Poultry Sewage | Sewage  Poultry
Analyte Sewage
sludge ludge B sewage | CRM | sludge | sludge sewage CRM
sludge

A : sludge A B sludge
1.920 1.981

2073+ 2707+ 6.023% 2103+ | 2.067+ 5319+

14Cd & +
0.10° 0.20° 0.842 0.112 0.23? 0.142

0.212 0.16%

aAverage (Ug g ) + standard deviation (n = 3).
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In the case of these types of samples, it should be noted that environmental
variations can cause compositional differences, influenced by factors including climate,
season, and anthropic activity. The analytical Eco-Scale method was used to evaluate the
HDES preparation procedure. In this technique, a value of 100 is the ideal score, with
penalty points being deducted for each parameter that differs from the ideal value (in
other words, penalty points are assigned for aspects of methods that do not comply with
the principles of green chemistry). The energy consumption for the HDES preparation
was calculated, resulting in a value of 0.0392 kWh mL* for each mixture. The only
penalty occurred due to the use of agitation and heating, for which 2 points were deducted.
According to Van Aken et al. [29], an Eco-Scale score above 75 represents a green
method. Here the HDES preparation method received a score of 98, out of a total of 100
possible points, representing excellent green characteristics [30].

The greenness of the cadmium extraction and determination was evaluated using
the AGREE open-source software. This generates a graph with scores that can vary from
0 (lowest greenness) to 1 (highest greenness), based on the 12 principles of green
analytical chemistry (GAC) [29]. The graph generated by the software shows a color scale
ranging from red to yellow to green, indicating weak aspects of the method (red color)
and its strong points (green color). The items described in Figure 6 were evaluated using
AGREE, obtaining a final score of 0.7 (without considering the energy consumption of

analyzes by ICP-MS), indicating that the developed method could be considered green.

1.0 Sample treatment
“ Sample amount
0.8 Device positioning

Sample preparation stages
Automation, miniaturization
Derivatization
Wastes
Analysis throughput
. Energy consumption
a 0.2 10. Source of reagents
h 11. Toxicity
12. Operator’s safety

b .

0.4

©CoOoN Ok owDNE

0.0

Figure 6. Use of AGREE to evaluate the greenness of the ultrasound-assisted extraction

method.
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Previous studies have reported the use of HDES prepared from DL-menthol and
acetic acid for the extraction of pesticides from aqueous environments [11], the extraction
of bisphenol A from aqueous medium [32], and the removal of diclofenac [33], but to
date no reports were found concerning the use of this HDES for the removal of cadmium
from sewage sludge. The use of HDES prepared using acetic acid, pyruvic acid, and DL-
menthol has not previously been reported for any application (including the extraction of
cadmium in sewage sludge).

The extraction of cadmium present in sewage sludge is generally performed using
acidic solutions (HNO3), followed by ICP-MS or ICP OES analysis [34,35]. The Table
5 compares the recoveries of cadmium extractions in sewage sludge samples using acidic
solutions and the method developed in this paper. The high viscosity of HDES did not
cause any impact on the analyses, as it was not used purely at the time of the analyses, it
was diluted for use in the ICP (100x dilution) so as not to cause instrumental problems.
It should be noted that the use of acidic solutions and microwaves are official methods
for preparing samples, although a disadvantage is that they produce toxic residues, in

addition to requiring long extraction times that compromise the analytical frequency.
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1 Table 5. Comparison of cadmium extraction efficiency in sewage sludge samples
2 using different solutions
LOD LOQ Amount of sample and E;(glrﬁfit;gg — Instrumental | _
(Hg L) (Mg LY reagents fmae, (%) y apparatus
(mPas)
4.60 15.4 0.5 g/ 10 mL HNOs 0.76 >95 ICP- OES 35
0.5 9/ 25 mL
*Nd *Nd polyepoxysuccinic *Nd 78 ICP- OES 36
acid
*Nd *Nd S— *Nd 101 ICP-MS 37
mL HCI/ 3.0 mL HF
150 mg/ 4.0 mL HDES
0.271 0.905 (DL-menthol and 5.96 101
acetic acid)
150 mg/ 4.0 mL HDES ICP-MS —
(DL-menthol, acetic Papet
0.280 0.933 acid, and pyruvic 8.87 104
acid)
3 * Nd=not described
4
5 Conclusions
6 Two different mixtures containing DL-menthol were prepared by stirring and
7 heating, for subsequent use in the extraction of cadmium from different sewage sludge
8 samples. The mixtures were evaluated using FTIR, DSC, viscosity, and density analyses,
9 and proved to be equally efficient in removing the selected analyte. Box-Behnken
10  experimental design was used for elucidation of the best HDES volume, sample mass,
11 and extraction time to be used in the analysis. The analytical Eco-Scale method was used
12 to evaluate the HDES preparation method, showing that the method could be considered
13 a green technique that complied with the principles of green chemistry. The cadmium
14 values obtained using HDES 1 and HDES 2 with sewage sludge A were 2.073 + 0.10 pg
15 g!(HDES1)and2.103+0.11 pug g’ (HDES 2). For sewage sludge B, the values obtained
16 were 2.707 +0.20 ug g (HDES 1) and 2.067 + 0.23 ug g (HDES 2). Finally, the values
17  obtained with the poultry sewage sludge sample were 6.023 + 0.84 ug g (HDES 1) and
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5.319 + 0.14 pg g* (HDES 2). The sample preparation time was short (15 min), which
provided high analytical frequency. Use of the prepared HDES and the ultrasound-
assisted extraction method proved to be an excellent option for the extraction of cadmium
from different sewage sludges, as a substitute for the nitric acid solution and microwave

treatment conventionally employed in the sample preparation step.
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Abstract

Hydrophobic deep eutectic solvents (HDES) are a subclass of DES, formed by hydrogen
bond donor and acceptor species, which have low solubility in hydrophilic systems as
their main characteristic. In this work, two different mixtures based on DL-menthol
(HDES 1: DL-menthol and acetic acid, 1:1 molar ratio; HDES 2: DL-menthol, acetic acid,
and pyruvic acid, 1:1:1 molar ratio) were prepared and their physicochemical properties
(density and viscosity) were determined. The materials were characterized using FTIR,
TG, DSC, and cadmium determination were made by ICP-MS using the KED mode. The
greenness of the methods for preparing the mixtures was assessed using the analytical
Eco-Scale metric, with high scores obtained for both procedures. The parameters sample
mass, HDES volume, and ultrasonication time were optimized using a 3° Box-Behnken
experimental design and the solvents were tested in the extraction of cadmium from a
sewage sludge certified reference material, obtaining recoveries of 101 and 104% using
HDES 1 and HDES 2, respectively. The LOD and LOQ values were 0.271 and 0.905 pg
Lt (HDES 1), and 0.280 and 0.933 pg L™ (HDES 2), respectively. The two mixtures
provided similar results when applied in the extraction of cadmium from three different
sewage samples. For sewage sludge A, the cadmium values obtained were 2.073 + 0.10
ug gt (HDES 1) and 2.103 + 0.11 ug g* (HDES 2). For sewage sludge B, the cadmium
values were 2.707 + 0.20 pg g (HDES 1) and 2.067 + 0.23 pg g* (HDES 2). For a
poultry sewage sludge sample, the cadmium values were 6.023 + 0.84 pg g* (HDES 1)
and 5.319 + 0.14 pg g* (HDES 2). The sample extraction process was evaluated using
AGREE software, obtaining a score of 0.7 (out of a possible maximum score of 1.0). Use
of the prepared solvents and extraction using an ultrasound-assisted method proved to be

a good and sustainable strategy for the extraction of Cd from sewage sludge.

Keywords: Eutectic system, green analytical chemistry, ICP-MS, sample preparation.



1. Introduction

Deep eutectic solvents (DES), or eutectic mixtures, are a discovery of the last
decade with considerable influence in the development of sustainability-based chemical
innovations. The use of these solvents has been indicated as a strategy in line with the
principles of green analytical chemistry, primarily aiming at reducing the adverse
environmental impacts of analytical procedures [1].

DES have the potential to overcome the limitations of ionic liquids, offering
advantages such as lower toxicity, higher biodegradability, and simpler preparation [2].
Added to this are the vast range of possible precursor compounds, the ability to modulate
the physicochemical properties of these solvents by adjusting the molar ratio or water
content, and their excellent capacity to extract organic and inorganic compounds [3]. DES
are formed from intermolecular interactions, mainly hydrogen bonds, between two
compounds that act as hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA).
This combination can involve the use of liquid or solid components, in pre-established
proportions, with the result being a homogeneous liquid mixture [3,4]. Particularly
attractive features of DES are that their preparation does not require a solvent or a catalyst,
and that no further purification is required before use [4].

The formation of a deep eutectic mixture is characterized by a melting point lower
than those of the individual components. Some authors, however, disagree that this
condition satisfies the formation of a DES, suggesting that it is necessary for the eutectic
point temperature of the solvent to be below that of an ideal liquid mixture, with
significant negative deviation from ideality, for it to be considered a deep eutectic solvent
[2,5].

DES have been employed in different chemical procedures and in analytical
chemistry, and have attracted considerable interest for use in sample pretreatment. The
sample preparation procedure is one of the most important steps in an analytical
procedure, because the accuracy and precision of the analytical method are largely
dependent on this step. The main objectives of the preparation step are sample extraction,
analyte purification and enrichment, and possibly modification of the sample to adapt it
to the requirements of the analytical apparatus [6,7]. The potential of DES has been
evaluated in various extraction and microextraction processes [1]. When using DES for
extraction, crucial considerations are the amounts of the raw materials and the length of

the alkyl chain, as these can alter the physicochemical properties of the prepared solvents



[8]. However, most of the DES presented in the literature are hydrophilic solvents, which
limits their application in aqueous solutions, since their miscibility in aqueous media
favors weakening of the intermolecular bonds forming the solvent [3,9].

More recently, this has motivated the development of hydrophobic deep eutectic
solvents (HDES), expanding the possible applications and providing even higher
efficiencies than hydrophilic DES [10], in addition to being sustainable, low cost, and
easy to prepare. These HDES have been successfully applied in water purification [11],
preparation of new materials (magnetic gels and nanoparticles based on carbon nanotubes
and graphene) for the removal of organic micropollutants and metal ions from water [12-
14], CO; capture [15], extraction of bioactive compounds [16,17], and the removal of
inorganic contaminants, dyes, industrial paints, and pesticides [18]. The HDES are
formed by compounds that have low solubility in water, with long-chain fatty acids (such
as octanoic, decanoic, or dodecanoic acids) as HBDs, and menthol or N81Cl as HBAs
[19].

In the present work, two different mixtures based on DL-menthol were prepared
and characterized in terms of their physicochemical properties, prior to use in the sample
preparation step in the extraction of cadmium from samples of sewage sludge from a
sewage treatment station, as well as from poultry production sewage, employing an
ultrasound-assisted extraction (UAE) method and ICP-MS analysis (UAE/ICP-MS). A 33
Box-Behnken experimental design was used to maximize the cadmium (Cd) extraction
efficiency, evaluating the effects of the variables HDES volume, sample mass, and
extraction time. The analytical Eco-Scale was used to assess the greenness of the
methods.

2. Experimental procedures
2.1. Materials and reagents

All the materials used were previously decontaminated for 48 h in an acid bath
(10% v/v HNO3), followed by washing with ultrapure deionized water.

The reagents DL-menthol (>95%) (St. Louis, MO, USA), acetic acid (>99%) (St.
Louis, MO, USA), and pyruvic acid (98%) were purchased from Sigma-Aldrich. A
cadmium standard for ICP (1000 + 2 mg L™) was purchased from Fluka Analytical (St.



Louis, MO, USA). A sewage sludge certified reference material (CRM) was purchased

from SCP Science.

2.2. Preparation and characterization of the HDES

Two different HDES were prepared, using combinations of acetic acid and DL-
menthol (1:1 molar ratio), and acetic acid, pyruvic acid, and DL-menthol (1:1:1 molar
ratio). The preparation procedure involved stirring for 15 min at 200 rpm, with heating at
60 °C (AccuPlate Hotplate Stirrer, Model PC-420D, Labnet, Edison, Mexico). Ultrasound
treatment employed an ultrasonic bath (Model Tabletop 406 Digital, purchased from
SolidSteel) operated at 1500 W and 40 kHz.

Density and viscosity measurements (in triplicate) of the prepared HDES were
performed as described by Guimardes et al. [20]. Density was determined using a
pycnometer, previously calibrated with ultrapure water, and an analytical balance (Model
AG200, Gehaka, Brazil). The viscosity measurements employed a Cannon-Fenske
viscometer, calibrated with ultrapure water, at a controlled temperature of 25 °C.

Infrared spectra were obtained by attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), using a Bruker VERTEX 70 instrument operated in
the range from 4000 to 400 cm™, with spectral resolution of 4 cm™ and 64 scans.

Thermogravimetric analyses (TGA) were performed using a TA Instruments SDT
Q600 simultaneous TGA/DSC system. The HDES samples were placed in aluminum
crucibles and heated from 20 to 200 °C, at 10.0 °C mint, under an atmosphere of nitrogen
(N2) supplied at a flow rate of 10 mL min™. DSC curves were obtained using a TA
Instruments Q20 calorimeter operated at a heating rate of 10 °C min™, under an
atmosphere of N at a flow rate of 50 mL min™. Approximately 10 mg portions of the
HDES solvents were placed in aluminum crucibles and heated from -70 to 10 °C. The
Q600 software was used to determine the onset and endset temperatures for all thermal
events in the TGA and DSC curves.

2.3 Experimental design for cadmium extraction using an ultrasonic bath

The 3% Box-Behnken factorial experimental design consisted of three levels (-1,
0, +1), allowing the estimation of first and second order coefficients (linear and quadratic)
for the fitted mathematical model, using a minimum number of experiments (15

experiments), with triplicates at the center point. Optimization of the experimental



conditions was performed by the extraction of cadmium from a sewage sludge CRM,
using an ultrasonic bath. Experimental designs were implemented separately for HDES
1, which comprised acetic acid and DL-menthol, and HDES 2, which consisted of acetic
acid, pyruvic acid, and DL-menthol.

The factors considered in the experimental designs were sample mass (g), volume
of HDES (mL), and extraction time (min). The % recovery of cadmium was selected as
the response variable, with acceptable values considered to be within the range from 80
to 110% [21]. Table 1 shows the factors, levels, and values used for the experimental

design.

Table 1. Factors and values for three levels in the Box-Behnken design.

Factors Level -1 Level O Level +1
CRM sample mass 150 225 300
(mg)
Extraction time (min) 15.0 22.5 30.0
HDES volume (mL) 2.0 3.0 4.0

Further information concerning the experimental design is provided in Table S1
(Supplementary Material). Data analysis was performed using Statistica v. 12 software,

adopting a confidence level of 95%.

2.4 ICP-MS analysis

Cadmium analysis were carried out employed a NexION 300X ICP-MS
instrument (PerkinElmer, Shelton, USA). Conventional nebulization was used, with torch
alignment and gas flow set as recommended by the equipment manufacturer. The analyses
were carried out using kinetic energy discrimination (KED) mode, with testing of three
different He flow rates (2.0, 2.5, and 3.0 mL min). Calibration standards were prepared
from a 1000 mg L cadmium stock solution. For analysis of the extracted sewage, a
cadmium calibration curve was constructed with working standards at concentrations in
the range from 0.50 to 50 ug L%, prepared in a matrix-matched medium containing 1.0%

HDES 1 (acetic acid and menthol, molar ratio 1:1).



The Box-Behnken design samples were analyzed in both standard mode and using
KED, in order to establish the best methodology for the analysis. Table 2 shows all the
operating conditions for the determination of cadmium in the samples by ICP-MS.

Table 2. ICP-MS operating conditions.

Parameter Operating condition
Radiofrequency power (kW) 1.6

Plasma gas flow rate (L min™) 18
Aucxiliary gas flow rate (L min™?) 1.2
Nebulizer gas flow rate (L min™) 1.0
Sample uptake rate (L min™?) 0.7

KED mode

Gas channel He

He flow rate (mL min™) 20-3.0
Calibration range (ug L™) 0.50 - 50
Nebulizer Concentric
Spray chamber Cyclonic
Isotope (m/z) Y4cd*
Number of replicates 3

2.5 Quality parameters of the methods for determination of cadmium in the samples

The linearity of the method was assessed by ANOVA (95% confidence level),
using triplicate calibration curves in the concentration range 0.500-50.0 pg L. For the
limits of detection (LOD) and quantification (LOQ), the formulas 3 s/a and 10 s/a were
used, where “s” is the standard deviation of ten analytical blanks and “a” is the slope of
the analytical curve [21].

The accuracy and precision of the method considered the % recovery and relative
standard deviation (RSD %), respectively, obtained using the sewage sludge CRM

sample.



2.6 Samples

After determining the optimal extraction condition, the developed methodology
was applied to the sewage sludge CRM and to the sludges from two sewage treatment
stations (A and B, both in S&o Paulo state, Brazil), in addition to a sewage sludge from a
poultry production facility (also in Sdo Paulo state, Brazil). The sewage sludge samples
were collected during the winter of 2023 (in the Southern Hemisphere), in plastic pots
that had been previously decontaminated for 24 h in a 10% HNO3z bath. The samples were
dried in an oven at 60 °C for 72 h, in accordance with EPA guidelines [22]. After drying,
the samples were ground and sieved through 63 um meshes, for subsequent use in the

experiments.

3. Results and Discussion
3.1 Density and viscosity measurements

Deep eutectic solvents can be prepared by different methods, such as heating,
ultrasound, microwave radiation, lyophilization, or evaporation. In this work, it was
decided to use heating, since this method is simple, efficient, and allows the preparation
of several DES or HDES simultaneously. Menthol was selected as one of the components,
because it is nontoxic, widely available, and an excellent hydrogen bond acceptor [23].

Density and viscosity are important physicochemical properties of HDES, since
they directly influence the mass transport phenomena and, consequently, the possible
applications of these solvents. Solvents with low viscosity are considered ideal for use in
extraction processes, as they allow greater mass transfer. When ICP-MS is used for the
analysis of metals, solvents with lower viscosities favor spray formation in the nebulizer,
as well as mass transport of the sample to the plasma [24].

The use of precursors rich in hydroxyl groups acts to increase the sites available
for the formation of hydrogen bonds, as also observed when using organic acids, which
produce solvents that are denser and more viscous. In the present case, it could be seen
that the addition of pyruvic acid in the ternary mixture increased the density and viscosity
of the solvent, as expected. For HDES 1, the density and viscosity values at 25 °C were
0.930 +0.0051 g mL* and 5.96 + 0.026 mPa s, respectively. For HDES 2, the values were
0.988 +0.0022 g mL* and 8.87 + 0.081 mPa s, respectively.



It is known that for non-ionic HDES, as in the present case, the viscosity increases
as the HBD chain increases. This was observed here, since the addition of a second HBD
(pyruvic acid) in HDES 2 led to a marked increase in the viscosity of the mixture, when
compared to HDES 1. A similar effect was observed in relation to density in work
involving the preparation of HDES and NADES [25, 26, 27, 28].

3.2 FTIR analysis

FTIR is widely used to confirm molecular interactions, in addition to being an
excellent method of characterization, enabling the confirmation of chemical functional
groups and/or molecular bonds. In this way, the formation of a new HDES can be
confirmed by the existence of hydrogen bonds between DL-menthol and hydrogen bond
donors, which in this case were acetic acid and pyruvic acid. The structures of these
hydrogen bond donors result in a characteristic band at approximately ~1700 cm™, related
to the ketone or carboxylic acid groups. The hydrogen bond acceptor (DL-menthol)
presents a characteristic band at approximately ~3000 cm™, related to the hydroxyl group
[27]. As shown in Figure 1, the FTIR spectra can confirmed the formation of hydrogen
bonds between DL-menthol and the hydrogen bond donors, with the band corresponding
to the carboxylic group shifting to higher wavenumbers (~1711 cm™ for the mixture of
acetic acid and menthol, and ~1713 cm* for the mixture of acetic acid, pyruvic acid, and
menthol). In addition, the physical state of the HDES formed (liquid and homogeneous
for all the mixtures) evidenced the formation of the eutectic mixture, since the reagents

were initially in solid form [27].
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Figure 1. FTIR spectra of HDES 1 (DL-menthol and acetic acid) and HDES 2 (DL-
menthol, pyruvic acid, and acetic acid).

3.3 DSC and TG/DTG measurements

The TG/DTG curves for the HDES solvents are shown in Figure 2(a-b). Pyruvic acid was
added with the intention of providing greater hydrogen bond-type interactions and
consequently increasing interactions between the species of interest. In this paper, for the
first time the preparation of HDES from the hydrogen bond donors, acetic acid and
pyruvic acid plus the acceptor DL -menthol was reported. The TG curves enabled analysis
of the thermal behavior of the two synthesized solvents. It can be observed that the mass
loss process for both solvents begins at low temperature values. The TG curves of HDES1
and HDES2 show a significant mass loss up to 155°C and 138°C, respectively. The DTG
curves showed the presence of two slopes, with onset points at approximately 41.8 and
97.1°C for HDES 1, and at 41.8 and 88.3 °C for HDES 2. The DTA curves for the solvents
(Figure S1, Supplementary Material) showed the presence of two endothermic peaks,
with minima at 78 and 136 °C for HDES 1, and at 56 and 141 °C for HDES 2. These two
endothermic peaks could be attributed to the thermal decomposition of the solvents as the

temperature increased.

Figure 2(c-d) displays the DSC curves obtained at low temperatures for the two
synthesized eutectic solvents. These curves enabled the determination of the specific
temperature at which two or more substances form a single liquid phase, leading to the
formation of an ideal liquid mixture [27, 28]. This temperature is recognized as the

eutectic point [27, 28]. The eutectic points for the HDES solvents were determined by
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tracing two tangent straight lines on the DSC curves. The eutectic point temperatures for

HDES 1 and HDES 2 were found to be -22.5 and -29.1 °C, respectively (Figure 2c-d).
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Figure 2. (a-b) TG/DTG and (c-d) DSC curves for HDES 1 and HDES 2.
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3.4 Experimental design

The data obtained by ICP-MS revealed that the best analysis condition, based on
the recovery results, was in KED mode, with He flow rate of 3.0 mL min. This condition
was chosen to compose the experimental design and was used at the time of sample
analysis.

The results of the experimental design were analyzed separately for HDES 1 and
HDES 2, with evaluation based on the recovery percentages obtained using the sewage
sludge CRM. Figure 3 presents the results in the form of Pareto charts, adopting a 95%
confidence level (p > 0.05). For HDES 1, the charts demonstrated the significance of
linear (L) and quadratic (Q) variables of the mathematical model. The main effect factors
included CRM mass (L), HDES volume (L), and CRM mass (Q) as independent variables,
with a residual mean square (RMS) of 19.47. Comparable behavior was observed for
HDES 2, where the HDES volume (L), CRM mass (L), and CRM mass (Q) were
identified as main effects, with RMS of 22.18. These results indicated satisfactory model
fits with first and second order coefficients.

Pareto Chart of Standardized Effects; Variable: Recovery / % A) Pareto Chart of Standardized Effects; Variable: Recovery / % B)
3 3-level factors, 1 Blocks, 15 Runs; MS Residual=19 46743 3 3-level factors, 1 Blocks, 15 Runs; MS Residual=22 18336
DV: Recovery / % DV: Recovery / %

-12,0404 (2)HDES volume / mL{L) -11 73658

11,3453 (1)CRM / mg(L)

(1)CRM / mg(L}

(2)HDES volume / mL(L)

11,4382

CRM/mg(Q) ‘-2 77689 CRM/ mg(Q) ‘-2 72388

(3)Extraction time / min(L}) 6914555 Extraction time / min(Q@) - 897713
HDES volume / mL(Q) - 246495 (3)Extraction time / min(L) 6158313
Extraction time / min(Q) 1240722 HDES volume / mL{Q) -.598605

p=.05 p=05
Standardized Effect Estimate (Absolute Value) Standardized Effect Estimate (Absolute Value)

Figure 3. Pareto charts of main effects (p > 0.05) for the extraction and recovery of Cd in
the CRM using (A) HDES 1 (acetic acid and DL-menthol) and (B) HDES 2 (acetic acid,
pyruvic acid, and DL-menthol).

Application of ANOVA (Table S2, Supplementary Material) resulted in
correlation coefficients (R?) of 0.9741 and 0.9719 for HDES 1 and HDES 2, respectively,
indicating excellent fits of the mathematical models. The RMS values were 19.467 and
22.183 for HDES 1 and HDES 2, respectively, demonstrating minimal residual variation

in the response variable (% recovery) after applying the model. Among the selected
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independent variables and their interactions, CRM mass (L) and CRM mass (Q), as well
as HDES volume (Q), were identified as the most significant (p = 0.05).

Response surface graphs were plotted for HDES 1 and HDES 2, depicting the
relationships between the specified two independent variables (among CRM mass, HDES
volume, and extraction time) and the dependent variable (% recovery). For HDES 1,
evaluation of the effects of extraction time (min) and CRM mass (mg), shown in Figure
4A, revealed that recoveries above 80% were consistently achieved for extraction times
from 15 to 30 min. Notably, the optimal analysis time was 15 min, significantly reducing
the ultrasonication time required to achieve satisfactory results. Considering the effect of
CRM mass (mg), the best results were obtained with the lowest mass evaluated (150 mg).
The surface plot for the effects of extraction time (min) and HDES volume (mL), shown
in Figure 4B, revealed that the effect of time was non-significant, with recoveries above
30% obtained for times from 15 to 30 min. However, superior recoveries were observed
with larger volumes of extracting solvent, particularly using HDES 1, with volumes
exceeding 3.0 mL. For the relationship between CRM mass and HDES volume (Figure
4C), it was observed that lower CRM mass values (ranging from 150 to 200 mg) enabled
recoveries above 80%, with HDES volumes exceeding 2.5 mL. These results were
associated with satisfactory curvatures of the response surfaces obtained for the use of
HDES 1 composed of acetic acid and DL-menthol.

Fted Sufece, Veriabs Recovery /% " g B
3 34evel fachors, 1 Blacks, 16 Runs; WS Residual=19 46743 (A) Fited Sufaca. Varable Recovery /% (B) Fitod Sufaco, Varble: Recovery /% C
DV. Recovery / % 3 3-level factors, 1 Blocks, 15 Runs; MS Residual=19 46743
DV: Rocovery /%

3 Hevel factors, 1 Blocks, 15 Runs; MS Residual=19 46743
DV: Recovery /%

Figure 4. Response surface plots for the effects of the independent variables on %
recovery of Cd from the CRM using HDES 1 (acetic acid and DL-menthol): (A) CRM
mass (mg) and extraction time (min); (B) extraction time (min) and HDES volume (mL);
(C) HDES volume (mL) and CRM mass (mg).
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The response surface plots for HDES 2 exhibited behaviors analogous to those
observed for HDES 1. The plot obtained with the variables extraction time and CRM
mass (Figure 5A) showed that recoveries of 100% were achieved with a smaller CRM
mass, ranging between 150 and 180 mg, with time being insignificant. An extraction time
of only 15 min was sufficient to achieve satisfactory results. Considering the HDES
volume and extraction time (Figure 5B), recoveries exceeding 60% were achieved with
larger HDES volumes in the range from 3.0 to 4.0 mL, regardless of the analysis time.
Finally, Figure 5C shows that recoveries above 100% could be achieved with CRM mass
between 150 and 200 mg and HDES 2 volume between 3.0 and 4.0 mL. Excellent
recovery results were observed for HDES 2, with HDES volume between 3.0 and 4.0 mL,
regardless of the extraction time, allowing selection of an extraction time of only 15 min
in this ultrasound- assisted method. All the response surface graphs presented favorable

curvature.

Fitted Surface; Variable. Recovery / % Fitted Surface; Variable: Recovery / % Fitted Surface; Varlable: Recovery /%
3 3level factors, 1 Blocks, S Residual=22.18336 (A) 3 Hevel factors, 1 Blocks, 15 Runs: MS Residual=22 18336 (B) 3 Hevel factors, 1 Blocks, 15 Runs, MS Residual=22,18336 (C)

DV. Recovery /% DV: Recovery /%

Figure 5. Response surface plots for the effects of the independent variables on %
recovery of Cd from the CRM using HDES 2 (acetic acid, pyruvic acid, and DL-menthol):
(A) extraction time (min) and CRM mass (mg); (B) HDES volume (mL) and extraction
time (min); (C) HDES volume (mL) and CRM mass (mg).

The contour plot data supported the results obtained previously, enabling
definition of the optimal conditions for application of the developed methodology. Higher
accuracies (101% for HDES 1 and 104% for HDES 2) were obtained using higher HDES
volume (4.0 mL) and lower sample mass (150 mg). Therefore, the condition considered
optimal was HDES volume of 4.0 mL, sample mass of 150 mg, and extraction time of
15.0 min.
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3.5 Quality parameters of the proposed methods

The linearity of the method was evaluated by constructing a calibration curve in

the concentration range 0.500-50.0 pg L, which could be described by the following
equation: y = 1216[Cd] — 939.7; R? = 0.999. Application of ANOVA showed no lack of
fit for the method (Fear (1.91 X 10™2) < Fuap 95 (10.9 x 10%)). The LOD and LOQ values
were 0.271 and 0.905 pg L* (HDES 1), and 0.280 and 0.933 pg L* (HDES 2),
respectively (Table 3). The precision (RSD %) of the method was determined as the

repeatability of the measurements (n = 3), obtaining values of 2.65% (HDES 1) and

2.34% (HDES 2) (Table 3).

Table 3. Figures of merit for analysis of Cd by UAE/ICP-MS (n = 3) methodology with

extraction using HDES 1 and HDES 2.

HDES 1 HDES 2
Analyte LOD LOQ Recovery LOD LOQ Recovery
(g L) (g L) (%) (Mg L) (g L) (%)
H4Cd 0.271 0.905 101 0.280 0.933 104

Cadmium was determined in the sewage sludge and CRM samples using external

calibration. The concentrations obtained for sewage sludges A and B and the poultry

sewage are summarized in Table 4.

Table 4. Concentrations of Cd in the samples analyzed by the UA/ICP-MS methodology

with extraction using HDES 1 and HDES 2.

HDES 1 HDES 2
Sewage Poultry Sewage | Sewage  Poultry
Analyte Sewage
sludge ludge B sewage | CRM | sludge | sludge sewage CRM
sludge

A : sludge A B sludge
1.920 1.981

2073+ 2707+ 6.023% 2103+ | 2.067+ 5319+

14Cd + +
0.10° 0.20° 0.842 0.112 0.23? 0.142

0.212 0.16%

aAverage (Ug g ) + standard deviation (n = 3).
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In the case of these types of samples, it should be noted that environmental
variations can cause compositional differences, influenced by factors including climate,
season, and anthropic activity. The analytical Eco-Scale method was used to evaluate the
HDES preparation procedure. In this technique, a value of 100 is the ideal score, with
penalty points being deducted for each parameter that differs from the ideal value (in
other words, penalty points are assigned for aspects of methods that do not comply with
the principles of green chemistry). The energy consumption for the HDES preparation
was calculated, resulting in a value of 0.0392 kWh mL* for each mixture. The only
penalty occurred due to the use of agitation and heating, for which 2 points were deducted.
According to Van Aken et al. [29], an Eco-Scale score above 75 represents a green
method. Here the HDES preparation method received a score of 98, out of a total of 100
possible points, representing excellent green characteristics [30].

The greenness of the cadmium extraction and determination was evaluated using
the AGREE open-source software. This generates a graph with scores that can vary from
0 (lowest greenness) to 1 (highest greenness), based on the 12 principles of green
analytical chemistry (GAC) [29]. The graph generated by the software shows a color scale
ranging from red to yellow to green, indicating weak aspects of the method (red color)
and its strong points (green color). The items described in Figure 6 were evaluated using
AGREE, obtaining a final score of 0.7 (without considering the energy consumption of

analyzes by ICP-MS), indicating that the developed method could be considered green.

1.0 Sample treatment
“ Sample amount
0.8 Device positioning

Sample preparation stages
Automation, miniaturization
Derivatization
Wastes
Analysis throughput
. Energy consumption
a 0.2 10. Source of reagents
h 11. Toxicity
12. Operator’s safety

b .

0.4

©CoOoN Ok owDNE

0.0

Figure 6. Use of AGREE to evaluate the greenness of the ultrasound-assisted extraction

method.
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Previous studies have reported the use of HDES prepared from DL-menthol and
acetic acid for the extraction of pesticides from aqueous environments [11], the extraction
of bisphenol A from aqueous medium [32], and the removal of diclofenac [33], but to
date no reports were found concerning the use of this HDES for the removal of cadmium
from sewage sludge. The use of HDES prepared using acetic acid, pyruvic acid, and DL-
menthol has not previously been reported for any application (including the extraction of
cadmium in sewage sludge).

The extraction of cadmium present in sewage sludge is generally performed using
acidic solutions (HNO3), followed by ICP-MS or ICP OES analysis [34,35]. The Table
5 compares the recoveries of cadmium extractions in sewage sludge samples using acidic
solutions and the method developed in this paper. The high viscosity of HDES did not
cause any impact on the analyses, as it was not used purely at the time of the analyses, it
was diluted for use in the ICP (100x dilution) so as not to cause instrumental problems.
It should be noted that the use of acidic solutions and microwaves are official methods
for preparing samples, although a disadvantage is that they produce toxic residues, in

addition to requiring long extraction times that compromise the analytical frequency.
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Table 5. Comparison of cadmium extraction efficiency in sewage sludge samples

using different solutions

LOD LOQ Amount of sample and Esxcflrﬁfit(i?]g Recover Instrumental | _
(g L) (Mg L) reagents viscosity (%) y apparatus
(mPas)
4.60 154 0.5 g/ 10 mL HNO3 0.76 >95 ICP- OES 35
0.59/25mL
*Nd *Nd polyepoxysuccinic *Nd 78 ICP- OES 36
acid
19/ 5.0 mL HNO3 /2.0
*Nd *Nd *Nd 101 ICP-MS 37

mL HCI/ 3.0 mL HF

150 mg/ 4.0 mL HDES
0.271 0.905 (DL-menthol and 5.96 101

acetic acid)
This

150 mg/ 4.0 mL HDES ICP-MS
(DL-menthol, acetic
0.280 0.933 . . 8.87 104
acid, and pyruvic

acid)

paper

* Nd= not described

Conclusions

Two different mixtures containing DL-menthol were prepared by stirring and
heating, for subsequent use in the extraction of cadmium from different sewage sludge
samples. The mixtures were evaluated using FTIR, DSC, viscosity, and density analyses,
and proved to be equally efficient in removing the selected analyte. Box-Behnken
experimental design was used for elucidation of the best HDES volume, sample mass,
and extraction time to be used in the analysis. The analytical Eco-Scale method was used
to evaluate the HDES preparation method, showing that the method could be considered
a green technique that complied with the principles of green chemistry. The cadmium
values obtained using HDES 1 and HDES 2 with sewage sludge A were 2.073 £ 0.10 ug
gl (HDES 1) and 2.103 +0.11 pg g* (HDES 2). For sewage sludge B, the values obtained
were 2.707 +0.20 pug g (HDES 1) and 2.067 + 0.23 ug g (HDES 2). Finally, the values
obtained with the poultry sewage sludge sample were 6.023 + 0.84 ug g** (HDES 1) and
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5.319 + 0.14 pg g* (HDES 2). The sample preparation time was short (15 min), which
provided high analytical frequency. Use of the prepared HDES and the ultrasound-
assisted extraction method proved to be an excellent option for the extraction of cadmium
from different sewage sludges, as a substitute for the nitric acid solution and microwave

treatment conventionally employed in the sample preparation step.
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