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This review investigates the use of thermal analysis (TA) methods for the assessment of agricultural chemical
residues. It also focuses on the use of differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and differential TA (DTA) to evaluate the thermal characteristics and degradation products of such
residues. An extensive literature review was conducted in scientific databases such as Scopus, PubMed,
and Web of Science to identify relevant studies published between 2000 and 2023. This review also
highlights the success of TA in the detection of residue composition and stability as well as the potential
hazards posed to the environment. The findings of this review demonstrate that TA methods offer
valuable information on the thermal stability and degradation profiles of several agricultural chemicals
and are therefore useful in assessing the long-term environmental impact of such chemicals. The

discussion majorly revolves around the advantages of thermal techniques over conventional chemical
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Accepted 7th April 2025 techniques, such as their ability to analyze complex mixtures with minimal sample preparation. Overall,
this review finds that TA is a valuable tool for environmental monitoring to help improve sustainable
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1. Introduction

Agriculture has long relied on the use of chemical inputs such
as pesticides, herbicides, and fertilizers to increase yields or
protect crops from damage. It is worth appreciating the signif-
icant role these chemicals play in food security while noting that
they are also the cause of soil, water, and air pollution. If not
properly managed, residues of these chemicals can have detri-
mental effects on ecosystems and human health. Owing to the
complexity and variability of these chemical residues, they are
difficult to analyze and the qualitative methods used to assess
their environmental impacts are sensitive.”> Among the avail-
able techniques, thermal analysis (TA) methods, including TGA,
DSC, and DTA, have emerged as powerful analytical methods
for providing insights into the thermal characteristics and
degradation behaviors of these residues. However, their appli-
cation in environmental assessments, particularly for
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agricultural chemical residues, remains underexplored, war-
ranting a review of their capabilities and efficiency.

The following are some of the challenges that are encoun-
tered while analyzing agricultural chemical residues in the
environment. Many of these chemicals are present in complex
mixtures, making it difficult to identify individual substances.
While conventional techniques such as chromatography and
mass spectrometry (MS) are valuable under some circum-
stances, they may not provide sufficient details concerning the
thermal stability, degradation pathways, or persistence of these
residues in the environment. Furthermore, the low concentra-
tions of these chemicals in environmental samples make their
detection difficult, leading to an underestimation of their
impacts. Another essential problem is the transformation of
such chemicals into secondary products during environmental
processes, which turn out to be more hazardous than the
primary compounds. These factors highlight the need for
advanced analytical techniques to counter these shortcomings
and aid in the understanding of the behavior of agricultural
chemical residues in the environment.*"

TA techniques offer unique advantages in the study of agri-
cultural chemical residues. By applying heat in the form of
energy to a sample in some of these techniques, information on
the thermal stability, decomposition temperatures and phase
transitions of chemical residues can be obtained. These data are
important for comparing these residues under various

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01170a&domain=pdf&date_stamp=2025-05-09
http://orcid.org/0000-0003-1436-7957
http://orcid.org/0000-0002-0638-4338
http://orcid.org/0000-0002-7356-7249
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01170a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015019

Open Access Article. Published on 19 May 2025. Downloaded on 3/8/2026 12:00:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

environmental conditions, including temperature fluctuations
and light exposure. Moreover, TA allows for the analysis of
complex mixtures and the study of individual chemical species’
behavior, making it a powerful tool for assessing the environ-
mental fate and potential risks of agrochemicals. Furthermore,
the non-destructiveness of TA makes it possible to preserve
samples for further analysis, making TA an efficient and useful
method for environmental monitoring.®®

The goal of this systematic review is to summarize current
knowledge regarding the applications and effectiveness of TA
methods in evaluating the environmental consequences of
utilizing agricultural chemicals. The review aims to discuss the
papers available on the application of TGA, DSC and DTA in this
respect, highlighting the strengths and limitations of these
techniques. Specifically, this review aims to address the
following questions. (1) Which thermal properties of agricul-
tural chemical residues are critical to understanding their
environmental behavior? (2) How well do TA techniques iden-
tify and characterize complex mixtures of chemical residues? (3)
How do TA methods perform in comparison with conventional
analytical methods in residue assessment? (4) What recom-
mendations can be made for future research on and the broader
application of TA in environmental studies? Through this
review, the authors demonstrate the usefulness of TA as an
essential tool in mitigating the negative environmental impact
of agricultural activities.

2. Agricultural chemical residues in
the environment

Residues of agricultural chemicals, including pesticides, fertil-
izers, herbicides, and fungicides, are widely used in most
modern farming practices. While these substances play a vital
role in enhancing agricultural productivity, they also result in
soil, water and air pollution. The persistence and environ-
mental pathways of these residues can adversely affect ecosys-
tems and human health, underscoring the need to thoroughly
understand their behavior and impacts.**

2.1. Types of agricultural chemicals and their residues

2.1.1. Pesticides. Pesticides, including insecticides and
rodenticides, are chemicals designed to protect crops from
pests; however, these chemicals can also leave residues in the
environment. These residues often persist in soil and water,
potentially impacting non-target organisms such as beneficial
insects, aquatic organisms and mammals. Pesticides can be
a major problem owing to their ability to bioaccumulate within
the food chain and thus affect the lives of animals and
humans.*

2.1.2. Fertilizers. Among the most commonly used soil
treatments are fertilizers, which supply essential nutrients to
crops. However, when applied in excess, they leave behind
residual chemicals, which contribute to environmental prob-
lems. Nitrates and phosphates from fertilizers can easily pollute
ground water or surface water through leaching or run-off,
respectively. Once introduced into aquatic systems, these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds can lead to eutrophication, a process characterized
by algal blooms and low oxygen availability, which in turn place
stress on aquatic ecosystems and diminish their productivity.*?

2.1.3. Herbicides and fungicides. Herbicides are applied to
control weed growth, while fungicides are used to control fungal
infections in crops. However, both can persist in soil and water
after application, potentially affecting non-target plant species
and microorganisms in the soil. The presence of these chemical
residues in the environment can also contribute to the devel-
opment of resistance in weed and fungal strains, complicating
pest management and threatening the long-term sustainability
of agricultural practices.™

2.2. Environmental pathways and persistence

2.2.1. Soil contamination. Agricultural chemical residues
are often deposited in the soil, where they can persist for
extended periods depending on the properties of the chemical
and prevailing soil conditions. Soil contamination may lead to
reduced soil fertility, disruption of microbial activity within the
soil, and the transfer of residues to crops grown in contami-
nated soil. This not only impacts crop yield and quality but also
poses potential risks to the food chain through residual
contamination.**

2.2.2. Water contamination. Among the factors contrib-
uting to the contamination of water bodies by agricultural
chemicals are runoff, leaching and drift during application. In
aquatic environments, these residues can persist for extended
periods, sometimes remaining in groundwater for decades. The
presence of chemical residues in water can be damaging to
aquatic life, including fish, amphibians and other aquatic
invertebrates. Moreover, the presence of such residues in
drinking water sources raises serious health concerns, as some
of these chemicals are linked to endocrine disruption and
cancer.'

2.2.3. Airborne residues. Residues of agricultural chem-
icals applied via spraying or volatilization can disperse over
large areas. Airborne residues may settle onto soil and water
surfaces, thereby causing environmental pollution. Inhalation
of these residues poses health risks to humans and animals,
particularly in regions with high exposure levels, such as agri-
cultural fields.*®

3. Overview of TA techniques

TA methods are very effective in studying the thermal charac-
teristics and thermal stability of substances, including agricul-
tural chemical residues. These techniques involve heating of
a sample under well-defined conditions and studying the
changes in its physical and chemical properties to obtain
information on decomposition, phase transformation, and
thermal stability. In environmental science, TA has been
recognized for its applicability to determine the degradation
mechanisms and environmental persistence of residues. This
section provides an overview of some of the important TA
techniques, which include TGA, DSC, and DTA, as well as the
advantages of employing combined thermal techniques.

RSC Adv, 2025, 15, 15408-15416 | 15409
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3.1. TGA

TGA is a TA technique used to measure the change in the mass
of a sample when heated or cooled under controlled tempera-
ture conditions. The sample is placed on a high-precision
balance, and its mass is recorded as the surrounding temper-
ature changes within a furnace. Mass loss or gain during heat-
ing or cooling s due to processes such as evaporation,
decomposition, oxidation, and reduction. TGA provides essen-
tial information about a sample's thermal stability and phase
composition, enabling the identification of temperatures at
which different components degrade or evaporate.*”'

3.2. DSC

DSC is a TA technique that measures the heat flow associated
with physical and/or chemical transformations in a sample as it
is heated or cooled. By applying the same programmed
temperature to both the sample and a reference material, the
differences in heat flow between them are recorded. DSC can
measure heat changes associated with phase transitions such as
melting, crystallization, glass transitions, and reactions. The
resulting thermograms provide quantitative data on specific
heat capacity and enthalpy changes as well as information on
phase transitions.**?°

3.3. DTA

DTA is similar to DSC in that it works on the basis of the
temperature difference between a sample and a reference as
both are subjected to heating or cooling. However, unlike DSC,
DTA does not measure heat flow directly. Instead, it detects
endothermic and exothermic events, such as phase transitions
and chemical reactions, based on temperature changes. The
resulting DTA curve indicates these thermal events relative to
temperature. Although DTA provides qualitative insights into
a material's thermal behavior, it is often used in conjunction
with other TA techniques to give a more comprehensive
understanding of the sample's properties.**>*

3.4. EGA

EGA is a TA technique used to study the gases released during
the heating of a sample. It provides detailed information about
the nature and composition of the evolved gases, enabling the
identification of volatile degradation products, reaction mech-
anisms, and decomposition pathways. This technique is highly
valuable for analyzing materials such as pesticides, polymers,
and fertilizers as it allows real-time monitoring of volatile
substances under controlled thermal conditions.?*>*

3.5. Combined thermal techniques

Combining TA techniques, such as TGA-DSC or TGA-DTA,
allows for a more comprehensive analysis of agricultural
chemical residues. These coupled methods allow for simulta-
neous measurements of mass change and heat flow or
temperature difference, offering detailed insights into the
thermal properties and decomposition behavior of the residues.
This integrated approach can reveal interactions between
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different components, elucidate complex degradation mecha-
nisms, and provide more accurate data on the thermal stability
and environmental impact of chemical residues.

4. Applications of TA in
environmental and agricultural
research

This section highlights the diverse applications of TA tech-
niques in agricultural and environmental research. It empha-
sizes their role in understanding the properties, degradation
behaviors, and environmental impacts of agricultural chem-
icals, as well as their potential in enhancing safety, sustain-
ability, and waste management through detailed thermal
evaluation and process optimization.

4.1. TA in agricultural chemical stability and quality control

TA methods enable the investigation of thermal transitions,
decomposition pathways, and reaction kinetics, which are
essential for predicting the behavior of agricultural compounds
during storage, transport, and application. Table 1 showcases
examples of studies that applied TA techniques to analyze these
properties. One of the main advantages of using TA in this
context is its ability to provide precise and reliable data on
thermal stability, enabling manufacturers to optimize formu-
lations and ensure the safe handling of products. For example,
TGA can identify decomposition stages and the release of
volatile components, which may indicate product instability
under specific conditions. Similarly, DSC detects phase transi-
tions, such as melting and crystallization, which are critical for
understanding the physical behavior of fertilizers and
pesticides.

Gorbovskiy and coworkers provided essential insights into
the thermal behavior and stability of complex fertilizers.*® Their
study employed TGA and DSC to investigate decomposition
stages, reaction pathways, and thermal transitions under
controlled heating conditions. These techniques enable precise
identification of key thermal events, including weight loss
phases, exothermic and endothermic reactions, and gas release,
all of which are critical factors for evaluating the safety and
efficiency of fertilizers used in agriculture. A key highlight of the
study is presented in Fig. 1, which displays a detailed DSC curve
capturing multiple thermal events during the decomposition of
chloride-containing ammonium nitrate fertilizers. The peaks
and troughs on the curve represent distinct reactions, such as
melting, decomposition, and phase transitions, offering an in-
depth understanding of the material's response to heat. By
analyzing these transitions, the study provides valuable infor-
mation on the safe handling, storage, and application of such
fertilizers, particularly in environments prone to temperature
fluctuations. This work exemplifies the significant role of TA
technique in agricultural chemical research. In addition to
stability assessment, the methods help optimize fertilizer
formulations and improve environmental safety by minimizing
the risks associated with thermal decomposition. These factors
underscore the broader applicability of these techniques in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Applications of thermal analysis in stability and quality control
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Thermal
Compound/ technique
material used Purpose of analysis Key findings Advantages of thermal analysis Ref.
Pesticides TGA, DSC Stability and decomposition analysis Multi-stage degradation Precise data on thermal stability 27
observed
Herbicides TGA, DSC Phase transition and stability studies Endothermic peaks detected Identification of degradation 28
stages
Fertilizers TGA, DSC Heat sensitivity and decomposition Safe storage conditions Optimization of safe handling 29
rate determined
| more efficient chemical formulations. For instance, studies on
8 thermal decomposition of herbicides often reveal their multi-
B step degradation processes, where each stage is characterized
6L by distinct thermal behaviors. Such insights are critical for
developing strategies to minimize their environmental impact.
- i ?. As shown in Table 2, thermal methods also enable the
;D 4 ' identification of degradation intermediates, which can be toxic
g L X or environmentally persistent. This knowledge is essential for
&) X 2 formulating regulatory compliance and ensuring environ-
8 2F ! mental protection. The studies highlighted in Table 2 empha-
B 1 size the role of TA in advancing our understanding of chemical
L stability and degradation mechanisms, providing a robust
or T foundation for safer agricultural practices.
2 , , , 4.3. TA combined with complementary techniques

150

2507, °C

Fig.1 DSC curves for the samples (1) 1 and (2) 2, obtained at a heating
rate of 5 °C min~2. (T) Temperature.®

ensuring the quality and reliability of agricultural inputs,
making the study a cornerstone for advancements in sustain-
able farming practices and safety standards.

Table 1 also highlights the relevance of these techniques in
regulatory frameworks. By identifying specific thermal behav-
iors, TA ensures compliance with safety and environmental
standards, minimizing the risks associated with chemical
production and use. The studies listed in Table 1 exemplify the
utility of TA techniques in agricultural chemical research,
underlining their role in quality assurance and risk mitigation.

4.2.
TA

Investigating degradation pathways and kinetics with

TA provides critical insights into the degradation pathways and
kinetic behavior of agricultural chemicals. By calculating
kinetic parameters, such as activation energy, reaction order,
and decomposition rates, researchers can predict how these
compounds behave under varying thermal conditions. Table 2
presents representative studies that leverage TA to understand
degradation pathways and assess the environmental and safety
implications of agricultural chemicals use. The ability to derive
kinetic parameters is a significant advantage of thermal tech-
niques. This information not only enables predictions of shelf
life and stability but also informs the development of safer and

© 2025 The Author(s). Published by the Royal Society of Chemistry

The integration of TA with complementary analytical tech-
niques extends its utility and allows researchers to gain deeper
insights into the behavior of agricultural chemicals. Table 3
provides examples of studies that combine thermal techniques
such as TGA and DSC with advanced methods such as gas
chromatography-MS (GC-MS) and isotope analysis. Further
discussion on coupled thermal techniques is provided only in
Section 4.4 to avoid redundancy. A key advantage of these
hybrid approaches is their ability to simultaneously assess
thermal behavior and chemical composition. For instance,
adsorption/thermal desorption-GC/MS is a powerful method for
detecting volatile and semi-volatile compounds generated
during thermal degradation, enabling researchers to identify
hazardous emissions and degradation products. Similarly,
stable isotope analysis provides valuable data on the origin and
transformation of carbon-containing compounds during
thermal processes.

These combined methods enhance the depth and reliability
of analytical results, making them invaluable for environmental
monitoring and regulatory purposes. Table 3 highlights studies
that demonstrate the effectiveness of integrating TA with
complementary tools in addressing complex challenges in
agricultural and environmental sciences.

4.4. Identifying toxic by-products using TA

TA is a key tool for identifying toxic by-products released during
the thermal degradation of agricultural chemicals. This appli-
cation is particularly important for assessing the environmental
and health risks associated with the production, application,

RSC Adv, 2025, 15, 15408-15416 | 15411
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Table 2 Thermal analysis for degradation pathways and kinetics
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Thermal
technique

Compound/material used Purpose of analysis

Triazine herbicides TGA, DSC Degradation mechanism
investigation

Chlorinated TGA Reaction kinetics analysis

pesticides

Fertilizers DSC Oxidative degradation study

and disposal of pesticides and fertilizers. Table 4 highlights
studies that used thermal techniques, such as TGA and EGA, to
detect and characterize harmful emissions. A significant
advantage of TA in this context is its ability to simulate real-
world thermal conditions, such as combustion or degrada-
tion, and monitor the release of volatile or gaseous products.
Coupled methods such as TGA-MS and TGA-Fourier-transform
infrared spectroscopy (TGA-FTIR) allow researchers to identify
specific compounds, including toxic gases such as sulfur
dioxide, ammonia, or chlorinated organics.

Giroud and coworkers investigated the thermal decomposi-
tion mechanism of the pesticide mancozeb to assess its safety
concerns.”” As illustrated in Fig. 2, their study provides
a detailed mechanistic view of the thermal decomposition of
mancozeb. This figure illustrates key degradation pathways,
highlighting the release of gaseous products such as SO,, CS,,
and COS at specific temperature intervals. The data, derived
from TGA and DSC analyses, clearly map critical thermal events,
including the breakdown of sulfur-containing bonds and the
sequential formation of toxic emissions. Fig. 2 demonstrates
the decomposition stages and provides insights into the ther-
mochemical stability of mancozeb under controlled heating
conditions. The study uses this figure to establish a connection
between temperature profiles and the nature of released prod-
ucts, aiding in the identification of hazardous byproducts that
may pose risks to the environment and human health. This
mechanistic understanding is crucial for improving pesticide
formulations, ensuring safer handling and storage, and miti-
gating the environmental impact of these chemicals. Compared
with empirical data-focused figures, Fig. 2's emphasis on
mechanistic pathways offers a broader perspective, making it
particularly useful for understanding the fundamental chem-
ical processes underlying thermal decomposition, making it an
invaluable addition to discussions of safety and regulatory
assessments for pesticides.

Overall, these methods are critical for regulatory compliance,
as they provide the data needed to evaluate the environmental

Table 3 Hybrid methods incorporating thermal analysis

Key findings Advantages of thermal analysis Ref.
Multi-step thermal Accurate kinetic parameter 31
decomposition data

High activation energy Understanding reaction 32
identified pathways

Gaseous by-products identified Safety and risk prediction 30

impact of chemical use and disposal. For example, the detection
of toxic by-products during pesticide combustion highlights the
potential risks associated with waste incineration. Similarly,
identifying hazardous emissions from fertilizers ensures safer
handling and application practices. Table 4 demonstrates how
TA contributes to understanding the environmental conse-
quences of agricultural chemicals, thereby promoting safer and
more sustainable practices.

4.5. TA in environmental remediation and waste

manageme nt

TA plays a crucial role in environmental remediation and waste
management, particularly for agricultural chemicals. By
analyzing the thermal degradation and combustion behaviors
of pesticides and fertilizers, researchers can develop strategies
for treating contaminated soil, wastewater, and solid waste.
Table 5 presents studies that demonstrate the application of
thermal techniques in these areas. One of the significant
advantages of TA in this context is its ability to evaluate the
efficiency of degradation processes and assess the residual
toxicity of by-products. For example, the thermal degradation of
pesticides under controlled oxidative conditions can reduce
toxicity by transforming them into less harmful compounds.
This approach is often combined with biological or chemical
remediation techniques to enhance overall efficiency. Addi-
tionally, TA assists in evaluating the suitability of agricultural
waste for energy recovery, such as through biochar production
or combustion in boilers. The studies presented in Table 5,
showcase the diverse applications of TA in addressing envi-
ronmental challenges, from pesticide removal in wastewater to
the safe disposal of agricultural residues. These findings
underscore the potential of TA as a tool for advancing sustain-
able agricultural practices.

These five sections comprehensively highlight the diverse
applications of TA techniques across different facets of agri-
cultural chemical research, environmental remediation, and
regulatory compliance. The integration of thermal methods

Thermal technique
Compound/material used

Complementary technique Purpose of analysis

Advantages of thermal analysis Ref.

GC/MS
Spectroelectrochemistry

Pesticides
Fungicides

TGA, DSC
DSC

15412 | RSC Adv, 2025, 15, 15408-15416

Emission and residue analysis
Stability and molecular changes Comprehensive data collection 34

Identification of degradation products 33

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Detection of toxic by-products through thermal analysis
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Thermal

Compound/ technique

material used Purpose of analysis Key findings Advantages of thermal analysis Ref.

Pesticides TGA-MS Identification of toxic by-products Release of sulfur-based Real-time monitoring of 35
compounds emissions

Fungicides TGA-FTIR Emission profiling during Chlorinated compounds Identification of hazardous 36

degradation detected gases

Fertilizers TGA Study of decomposition gases Ammonia and chlorine Simulates real-world conditions 37

emissions

with complementary analytical techniques, coupled with their
ability to simulate real-world conditions, underscores their
essential role in advancing sustainable agricultural and envi-
ronmental practices.

5. Gaps in research and future
directions

The application of TA techniques in assessing agricultural
chemical residues has made significant strides, yet several gaps
remain. Addressing these gaps and exploring new methodolo-
gies can deepen our understanding of the environmental
impact of these residues, leading to more effective mitigation
strategies.

5.1. Unexplored areas in the TA of residues

Although TA techniques have proven valuable in studying
agricultural chemical residues, there are still unexplored areas
that warrant further investigation. One such area is the in-depth
analysis of emerging contaminants, such as the newly

developed classes of pesticides and herbicides increasingly
used in agriculture. The thermal behavior of these compounds,
particularly their decomposition patterns and by-product
formation under environmental conditions, remains largely
unexplored. Additionally, the interactions of these residues with
various environmental matrices, such as soils of varying
composition and moisture levels, are not well understood.
Research in these unexplored areas could provide critical
insights into the environmental fate of these chemicals and
their long-term impact on ecosystems and human health.

5.2. Potential for new method development

The field of TA is well-positioned for innovation, particularly in
the development of new methods tailored to the unique chal-
lenges posed by agricultural chemical residues. One potential
area of development is the creation of hybrid techniques that
combine TA with advanced imaging or molecular analysis tools.
For instance, integrating thermal techniques with mass spec-
trometry could enable real-time analysis of the decomposition
products of residues, offering deeper insight into the chemical

Emission of Mancozeb under nitrogen

0 +0,0012
< 5> —e=—massloss ———S$02ppm -——CS2 ——HZS‘
-10
ML1 - 0,001
-20 —_—
]
- 0,0008 o
=
£
£ -0 E
0 o
"Q’ - 0,0006 =
; (7]
o -40 g
= o
=
+ 0,0004 %
-50 4 '3)
oF
o
7]
+ 0,0002
-60
-70 T ' u a y T 0
0 100 200 300 400 500 600 700 800 900
T(°C)

Fig. 2 TG curve and emissions of SO, H,S and CS, per gram of the product during pyrolysis of technical mancozeb (5 °C min™%).7
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Table 5 Applications of thermal analysis in environmental remediation
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Thermal
technique
Compound/material used Purpose of analysis Key findings Advantages of thermal analysis  Ref.
Pesticides (e.g., TGA, DSC Oxidative degradation Conversion to less harmful Evaluation of remediation 38
atrazine) products efficiency
Herbicides TGA Soil and wastewater Multi-step degradation Residual toxicity assessment 39
contamination study observed
Wood pellet residues TGA, DSC Analysis of combustion by- Pesticide residues detected in Combines waste disposal and 40
products char energy recovery

transformations occurring during thermal events. Another
promising direction is the development of miniaturized or
portable TA instruments, which could be used for on-site
environmental monitoring. Such advancements would facili-
tate real-time assessments of agricultural chemical residues in
various environmental settings, thereby more -effectively
enhancing the detection and mitigation of contamination.

5.3. Recommendations for future research

To address the existing gaps and harness the potential of TA in
environmental studies, several recommendations for future
research can be proposed. First, comprehensive studies exam-
ining the thermal behavior of a broader range of agricultural
chemicals under diverse environmental conditions are needed.
Such studies would provide a more complete understanding of
how these residues interact with the environment. Second,
interdisciplinary research that combines TA with other analyt-
ical techniques, such as spectroscopy or chromatography,
should be encouraged. Such collaborative approaches could
lead to the development of more robust methods for detecting
and characterizing residues. Finally, future research should
focus on the standardization of TA protocols for environmental
samples. Establishing standardized methods would ensure that
data from different studies are comparable, facilitating more
accurate assessments of the environmental impact of agricul-
tural chemical residues and supporting informed regulatory
decisions.

Additionally, future research should explore the potential of
advanced ferrite-based materials in enhancing TA techniques
for detecting and characterizing agricultural chemical residues.
Notably, studies by Almessiere et al** and Slimani et al*
highlight the significant impact of S¢>* and In** co-substitution
on the structural, magnetic, and microwave properties of
SrFe;,0;4 hexaferrites and Co,.5Niy.5Fe,O, nanospinel ferrites,
respectively. These modifications improved electromagnetic
performance, making these materials promising candidates for
applications in wireless communication, electromagnetic
shielding, and sensing technologies. Given their enhanced
microwave absorption and optimized magnetic behavior, these
materials could be integrated into TA-based sensor systems for
agricultural residue detection. TA techniques such as TGA and
DSC can be used in combination with these advanced materials,
leading to more sensitive and selective detection of pesticides,
herbicides, and other chemical residues. Moreover, the
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optimization approaches employed in these studies, which
systematically adjust dopant concentrations to achieve desired
material properties, could be applied to the development of
novel sensor materials tailored for residue detection. By
leveraging computational modeling and experimental tech-
niques, researchers can refine material compositions to
enhance sensitivity, stability, and efficiency in detecting the
thermal decomposition patterns of chemical residues.
Expanding research in this direction can lead to innovative,
high-performance analytical tools for environmental moni-
toring and food safety assessment, ultimately supporting
sustainable agricultural practices.

6. Conclusion

The systematic review of TA techniques for assessing the envi-
ronmental effects of agricultural chemical residues highlights
the capabilities and limitations of these methods. As environ-
mental concerns regarding the persistence and impact of agri-
cultural chemicals continue to grow, the application of these
techniques offers significant potential for advancing our
understanding and management of these pollutants.

6.1. Summary of findings

This review demonstrated that TA techniques, including TGA,
DSC, and DTA, are effective tools for detecting and character-
izing agricultural chemical residues. These methods provide
detailed insights into the thermal stability, decomposition
behavior, and interactions of residues with environmental
matrices. The review also identified specific advantages of TA,
such as comprehensive data collection and minimal sample
preparation, which make these techniques particularly valuable
in environmental studies. However, challenges such as the
complexity of environmental samples and the interpretation of
thermal data were also noted, indicating the need for further
methodological advancements.

6.2. Implications for environmental monitoring

The findings of this review have significant implications for
environmental monitoring. TA techniques can enhance the
detection and characterization of agricultural residues,
providing critical data on the persistence and transformation of
these chemicals in the environment. This information is crucial
for developing effective strategies to mitigate the impact of
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agricultural pollutants on ecosystems and human health. The
ability of thermal techniques to detect even small changes in
the chemical composition of residues makes them particularly
valuable in monitoring programs aimed at identifying and
quantifying pollutants. By integrating TA with other analytical
methods, such as spectroscopic or chromatographic tech-
niques, environmental monitoring efforts can become more
robust, leading to more accurate assessments and better-
informed regulatory decisions.

6.3. Final remarks on the role of TA

In conclusion, TA techniques play a crucial role in the study of
agricultural chemical residues and their environmental impact.
While challenges remain, the potential benefits of these tech-
niques in environmental monitoring and assessment are
significant. They offer a unique combination of sensitivity,
specificity, and versatility, making them indispensable tools in
the ongoing effort to protect the environment from the harmful
effects of agricultural pollutants. Future research and develop-
ment in this field should focus on addressing the current
limitations and exploring new applications of TA, ensuring that
these techniques continue to meaningfully contribute to envi-
ronmental science. By advancing our understanding of the
thermal properties of agricultural residues, we can more effec-
tively manage and mitigate their impact, ultimately promoting
a safer and more sustainable environment.
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