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REVIEW

In recent decades, green analytical 
chemistry has received more attention 
due to the growing concern over 
environmental conservation and the 
use of non-renewable resources. 
Among the analytical techniques, 
liquid chromatography is the most 
widely used in quality control analysis 
of food, drugs, and clinical analysis 
among others, but it is also the 
technique that uses the largest amount 
of hazardous organic solvents and 
generates large volumes of waste. 
Therefore, strategies such as the 

miniaturization of chromatographic systems, the use of online sample preparation systems, and the 
replacement of hazardous organic solvents by green solvents have been applied to develop greener 
chromatographic methods. In this paper, strategies for greening methods and recent developments in 
green chromatography are presented. In addition, metrics for the proper evaluation of these methods are 
discussed.

Keywords: chromatography, green analytical chemistry, greenness assessment, miniaturization, 
sustainability

INTRODUCTION 
The concept of green chemistry emerged in the early 1990s to mitigate the hazards posed by chemicals 

to the environment and human health.1 To this end, Anastas and Warner proposed the 12 principles of 
green chemistry as guidelines for improving chemical systems, processes, materials, and products, and 
applied them primarily to industrial chemical processes.2 Later, the IUPAC (International Union of Pure 
and Applied Chemistry) defined green chemistry as “The invention, design, and application of chemical 
products and processes to reduce or to eliminate the use and generation of hazardous substances”.3 
These principles were elaborated for synthetic chemists and at the industrial level at the first moment due 
to their large scale, large amount of waste produced, and therefore high impact on the environment, when 
compared to analytical chemistry. 

However, the environmental impact generated by analytical laboratories nowadays is high considering 
that thousands of analyses are performed in a single day.4 Thus, the application of green chemistry 

https://orcid.org/0000-0002-9853-3408
https://orcid.org/0000-0002-0596-9692
mailto:marciacb%40unicamp.br?subject=
http://dx.doi.org/10.30744/brjac.2179-3425.RV-126-2022
http://dx.doi.org/10.30744/brjac.2179-3425.RV-126-2022


18

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.

principles in analytical chemistry laboratories is fundamental to reducing the environmental impact and 
guarantee safety to the analysts. The application of green chemistry principles in analytical chemistry can 
be defined as Green Analytical Chemistry (GAC), seeking the development of new methods and techniques 
capable of reducing the use and generation of hazardous substances in all stages of chemical analysis. 
However, only four of the twelve principles of green chemistry could be applied directly to GAC once they 
were planned to attain the needs of industrial and synthetic chemistry.5 In this context, in 2013, Galuska 
et al. adapt the 12 principles of green chemistry and proposed the 12 principles of the GAC which are: 
(1) Direct analysis techniques should be employed to avoid sample treatment; (2) The number and size 
of the sample should be minimal; (3) Perform in-situ measurements; (4) Integrate analytical procedures 
and operations to save energy and reduce reagent consumption; (5) Select automated and miniaturized 
methods; (6) Avoid derivatizations; (7) Avoid the generation of large volumes of waste and dispose of it 
properly; (8) Use multi-analyte or multi-parameter methods; (9) Energy consumption must be minimized; 
(10) Use reagents from renewable sources; (11) Toxic reagents must be eliminated or replaced; (12) The 
security of the analyst should be increased.6

According to the GAC principles, the development of analytical methods should cause a minimum impact 
on the environment and should be safe for the analyst. However, the GAC principles implementations may 
lead to significant challenges regarding analytical method validation. For example, the reduction of sample 
size or the number of samples in the sampling process may cause a loss of the method representativity, 
precision, trueness, selectivity, and sensibility. As a consequence, the main challenge to future applications 
of the GAC is to reach a compromise between the validation parameters of analytical methods and the 
method’s sustainability.

Liquid chromatography (LC) is a powerful and widespread separation technique that has been routinely 
used for the determination of organic compounds in complex mixtures at very low concentrations. However, 
substantial sample cleanup is needed for LC procedures, and large amounts of organic solvents and 
reagents are used during analysis. In light of this, these features of LC methods can be enhanced by 
implementing strategies based on the GAC principles into practice.7 Thus, the application of concepts of 
GAC in chromatographic techniques can be called green chromatography.

GREEN CHROMATOGRAPHY
Green chromatography generally aims to eliminate or reduce toxic solvent consumption, reduce 

analysis time, ensure analyst safety, and reduce waste generation. Several strategies can be employed 
to meet these objectives such as using miniaturized chromatographic techniques, performing on-site 
measurements, using green solvents as mobile phases, integrating multiple steps of the analytical procedure 
into a single step using hyphenated techniques, using automated methods, and when possible, using 
direct analysis.7,8,9 As it is known, high-performance liquid chromatography (HPLC) uses large amounts of 
organic solvents such as acetonitrile and methanol, producing large volumes of waste. From the GAC’s 
perspective, the simplest approach in this circumstance would be to minimize solvent consumption or 
replace it with less harmful or biodegradable solvents. Glycerol, for example, is derived from renewable 
sources and is a low-cost green solvent (biodiesel byproduct) that is non-volatile and stable under normal 
storage circumstances. And recently, mobile phases based on glycerol and an aqueous buffer solution 
were reported in the literature for detecting ascorbic acid and glutathione in pharmaceutical tablets.10,11 On 
the other side, gas chromatography (GC) does not use solvents in the separation process. Hereby, the use 
of new technologies for temperature control and modifications to sample preparation must be carried out 
for the development of green methods. Other chromatographic modes that can minimize the consumption 
of hazardous organic solvents in the mobile phase include supercritical fluid chromatography (SFC) and 
enhanced fluidity liquid chromatography (EFLC). SFC is comparable to HPLC, except that the mobile 
phase is mostly composed of fluid at or near its critical temperature and/or pressure. These fluids are more 
gas-like than normal liquids, with increased solute diffusivity and decreased viscosity. As a type of normal 
phase chromatography, SFC uses non-polar fluids like carbon dioxide.12 Polar organic solvents are added 
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to the fluid to increase the mobile phase polarity to 30 to 40%, and when the percentage of organic solvent 
is higher, it is referred to as EFLC.13

In terms of sample preparation, for example, microextraction techniques using less hazardous solvents14 
and the use of innovative sorbent materials with lower cytotoxicity and biocompatible supports are the 
main topics of recent studies in the development of green chromatographic procedures.15,16 These current 
studies also attempt to create reusable instrumentation that ensures analytical performance equivalent to 
or better than the systems already in use.15 

Green chromatography techniques are frequently cost-effective because they support protocols that 
require minimal or reduced solvent or reagent requirements. Therefore, the chromatographic methods 
have the potential to be greener in all analysis steps, from sample preparation to the separation and 
the final determination. Moreover, when developing a method in agreement with GAC principles, it is 
necessary to determine whether the strategies employed in its development have made it greener. Thus, 
the evaluation of method greenness is performed by qualitative, semiquantitative, and quantitative metrics, 
which allows us to compare different methods and choose the greenest option. In this regard, this paper 
discusses several ways for making GC and HPLC greener, such as direct analysis and miniaturization of 
sample preparation and chromatographic system, as well as the available metrics for method greenness 
assessment.

Tools for method greenness assessment 
The first developed metric for green chemistry was the National Environmental Method Index (NEMI),17 

which judges the method greenness through a pictogram divided into four quadrants PBT (persistent, 
bioaccumulate, and toxic), Hazardous, Corrosive, and Waste.

The respective quadrant is filled with green color when the method meets the established criteria and 
the method with the most filled quadrants is the greenest one. Despite the simple representation and easy 
understanding, NEMI provides qualitative results and does not consider the reagent number used, the 
occupational hazards, and the equipment energy consumption. Therefore, according to GAC principles, 
this metric does not include all the parameters necessary to assess if a method is eco-friendly.

A semiquantitative evaluation can be done employing the Analytical Eco-scale (Eco-Scale)18 metric, 
which is a score classification system. An ideal green method starts with 100 points and penalties are 
applied to this score for each parameter such as reagent amount, hazardous, energy consumption, and 
waste generation that diverges from GAC ideality.

The Green Analytical Procedure Index (GAPI)19 is a tool that uses a pictogram to classify the method’s 
greenness in each step of the analytical procedure, using a color scale with three levels of evaluation. In 
GAPI a specific symbol with five pentagrams is used to assess the levels of environmental impact involved 
in each step of the methodology, with the green color meaning low impact, yellow representing intermediate 
impact, and red as high impact. Each field reflects a different aspect of the analytical procedure described 
and it is represented by a number referring to the GAPI parameter description (Figure 1). 

Figure 1. Representation of the GAPI pictogram. 
[Reprinted with permission by CCC Rights Service, 
from Ref. 19: Płotka-Wasylka, J. A New Tool for 
the Evaluation of the Analytical Procedure: Green 
Analytical Procedure Index. Talanta 2018, 181, 204–
209. DOI: 10.1016/j.talanta.2018.01.013. Copyright© 
(March, 2023), Elsevier].

Passerine, B. F. G.; Breitkreitz, M. C. 
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The Eco-scale and GAPI metrics comprehended parameters that are not included by NEMI as several 
reagents employed and energy consumption. However, the GAPI metric provides a more complete 
evaluation than Eco-scale by detailing the analytical procedure from sampling, transportation, and sample 
preparation until the final determination of analytes. Despite the details provided by GAPI, the pictogram 
obtained is complex, and qualitative and does not assess the analytical method performance.19

A quantitative evaluation can be realized by Analytical Greenness Calculator (AGREE),20 a 
comprehensive, flexible, and direct metric that provides an informative result and is easily interpretable. 
In this free software, there are twelve evaluation criteria based on the twelve principles of GAC, which 
are converted into scores ranging from 0 to 1. The final score result is the product of each principle’s 
assessment results. The final assessment is presented as a clock shape pictogram (Figure 2), indicating 
the final score and the color in the clock center.20 

Figure 2. Representation of the AGREE pictogram. [Reprinted from Ref. 20: Pena-Pereira, F.; 
Wojnowski, W.; Tobiszewski, M. AGREE - Analytical GREEnness Metric Approach and Software. Anal. 
Chem. 2020, 92 (14), 10076–10082. DOI: 10.1021/acs.analchem.0c01887, an open access article 
published under a CC-BY License, which permits unrestricted use, distribution and reproduction in 
any medium.] 

Of the metrics introduced, the AGREE metric is the one that best incorporates all GAC principles. 
However, it does not assess the number of reagents used in the method. Besides that, the introduced 
metrics do not consider the analytical method performance parameters, very important to the analytical 
validation step, and the practical viability of the method.

Due to the lack of a tool or metric capable of performing a comprehensive analytical method evaluation 
together with its green aspects, Nowak and Kóscielniak proposed an original model based on the RGB 
additive color model that allows a global method evaluation that can be performed in an Excel spreadsheet.21 
The RGB additive model color commonly is used in electronic systems to represent and display colors 
and the name refers to the red, green, and blue colors, respectively. In the proposed RGB model the 
colors represent the primary attributes of analytical methods. The red color corresponds to the method 
performance assessed by analytical validation, the green color represents the GAC principles and the blue 
color refers to the productivity effectiveness which includes cost and time effectiveness, the complexity 
of methodology, trained staff, and equipment maintenance. To quantitatively assess whether the method 
conforms to the three main colors of the RBG model, a color score (CS) is calculated and ranges from 0 
to 100%. If the evaluated method receives a CS higher than 66%, i.e., is rated as satisfactory, for all three 
colors the final color of the method will be white. This means that the method meets all the evaluated criteria, 
analytical performance, practical effectiveness, safety, and environmental friendliness. When the method 

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.
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reaches CS ≥ 66.6% for only two colors and results in color with 33.3 ≤ CS ≤ 66.6%, i.e., is classified in a 
tolerable value range, the final color of the method is a mixture of the colors that reached the satisfactory 
level. The colors resulting from the mixtures are yellow, (a combination of the color green and red), cyan 
(blue and green), and magenta (blue and red). If the CS of a method reaches the satisfactory level for only 
one of the colors, the final color of the method will be red, blue, or green. If the method has 33.3 ≤ CS ≤ 
66.6% for all three main colors the final color of the method will be gray (no color) and indicates that the 
use of the method is not recommended if a better method is available. However, if at least one CS is less 
than 33.3% the method gets the color black because at least one of the main attributes of the method is 
unacceptable. 

Another parameter of the RGB model that can be used to evaluate the methods is the method brilliance 
(MB), which can be calculated by the geometric weighted average of the individual values achieved by the 
method. Thus, the method with the highest MB will be the one with the highest individual CS values. The 
RGB model was the first model proposed by the authors.21 

Recently, Nowak et al. formulated the 12 principles of white analytical chemistry (WAC) to implement the 
principles of sustainable development (SD) in analytical chemistry due to the need to find an equilibrium 
between method greenness, its potential usefulness, and analytical performance. Just as sustainable 
development is based on three pillars (economic, social, and environmental), the 12 principles of the 
WAC were divided into three complementary areas (Figure 3). As in the RGB model, a white method 
contemplates the three colors and represents a balanced analytical methodology suitable for its intended 
use.22 

Figure 3. The 12 principles of white analytical chemistry are based on the RGB model. The 12 principles 
of green analytical chemistry were summarized into four main principles and complemented with four red 
principles and four blues principles representing analytical performance and practical/economic criteria, 
respectively. Adapted from Nowak et al.22

The authors also proposed a new version of the RBG model and named it RGB 12. The new model is 
still based on free Excel spreadsheets and has been simplified for easy and quick evaluation of a method 
against each of the 12 proposed WAC principles. And thus assess the level of sustainability of the method, 
i.e., the whiteness of the method.22

Strategies and current improvements to make chromatographic procedures more environmentally 
friendly
Green strategies applied to sample pre-treatment

Sample preparation is considered the step of the analysis with the greatest polluting potential, as it 
generally requires the use of organic solvents in large volumes. Sample preparation is also considered 
a crucial part of the analytical procedure based on quantitative determinations, identification, and 
chromatographic separations of a wide spectrum of analytes, especially in samples characterized by a 
matrix with complex composition.7,23 There are several ways to make sample preparation greener such as 
eliminating or reducing the number of organic solvents and reagents used in the analysis or the application 
of green solvents and recovery and reuse of solvents. The main advances related to sample preparation 
techniques applied to chromatographic methods are concentrated in the search for greener solvents such 
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as ionic liquids (IL), natural eutectic solvents (NADES), and supramolecular solvents (SUPRA), to replace 
the organic solvents used in microextraction. In this context, a class of green solvents called switchable 
solvents has been used for extraction purposes.23 Switchable solvents are defined as solvents whose 
properties change abruptly in response to an external stimulus, such as a change in temperature or by 
purging or removing a gas. Usually, the term switchable solvents are related to tertiary and secondary 
amines that can switch their hydrophilicity as their structure changes in solutions due to pH changes.24 
For example, under normal conditions, switchable hydrophilic solvents are liquids that are so hydrophobic 
that they are immiscible with water and form a two-phase mixture. However, when CO2 is added to 
the two-phase solvent/water mixture, the hydrophobic nature of the solvent significantly changes and 
becomes hydrophilic, which mixes with water to form a homogeneous mixture and increases extraction 
efficiency.25 After the extraction process, an alkali treatment removes the CO2, and the system reverts to a 
two-phase state, allowing the analytes to be easily removed and injected into the chromatograph.26 Other 
switchable properties of these solvents include polarity, ionic strength, and surface activity.24 In a recent 
study, Karayaka et al.25 developed a method for the determination of alkylphenols and bisphenol A at trace 
levels using GC-MS after preconcentration with switchable liquid-liquid microextraction (SLLME) with N, 
N-dimethylbenzoamine as a switchable solvent. With the SLME-GC-MS method, the detection limits of the 
four analytes investigated remained in the range of 0.13-0.54 ng mL-1, with an increase in detection power 
of 86- to 113-fold as compared to the detection limits reported by direct GC-MS. Recovery studies in tap 
water and wastewater were used to determine the method’s accuracy and applicability in real samples, 
and the results ranged from 87 to 106%, showing that the method could be easily applied in routine water 
quality analysis. Furthermore, with this sample preparation, it was possible to reduce the consumption 
of solvents, and the generated residues were less toxic, making the method economical and compatible 
with the principles of the GAC, with a score of 88 on the Eco-scale. Other studies also presented greener 
chromatographic methods employing switchable solvents in microextraction techniques, as shown in Table 
II. Although the secondary and tertiary amines required for switchable solvent extraction are more expensive 
than ordinary organic solvents, the extractions are carried out on a micro-scale, and the extraction process 
is simplified, requiring only the addition/removal of CO2 and a subsequent centrifugation step.

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.



Table II. Recent applications of switchable solvents in sample preparation

Analytes Matrix Extraction 
Technique

Extraction 
Solvent/Sorbent

Analytical 
Technique

Mobile
Phase Benefits Metric

Employed

BFA25 Plastic 
bottles LLEa N,N-

dimethylbenzamine GC-MS He
Waste with low toxicity
Inexpensive and non-
hazardous reagents

Eco-scale 88

Methamphetamine27 Urine SHS - HLLMEb Dipropylamine GC-MS He Quick extraction
Reduced analysis time NAg

Polybrominated 
diphenyl ethers28 Fish oil VALLMEc different DES GC-MS He

Environmentally friendly 
and economical

Low toxicity substances
NAg

Chlorobenzenes29 Water HLLME monoethanolamine/
4-methoxyphenolf GC-MS He

Biodegradable solvents
Fast and efficient 

extraction
NAg

Non-steroidal anti-
inflammatory drugs30

Drinking 
Water

D-µ-SPE 
-HLLMEd

 Dispersive Solid - D-µ-
SPE/Dipropylamine HPLC-UV ACN + 0.1% 

acetic acid
Reduced analysis time
Environmentally safe NAg

Tetracyclines31 Urine SP-LPMEe Fatty Acidsf HPLC-UV

Elution gradient 
ACN and MeOH 

(2:1) + 0.5% formic 
acid

Cheap reagents Eco-scale 85

aLiquid-liquid extraction; bHomogeneous liquid-liquid microextraction with switchable hydrophilicity solvent; cVortex-assisted liquid-liquid microextraction; eMembrane liquid-
liquid microextraction; fDES; gNot applied.

Passerine, B. F. G.; Breitkreitz, M. C. 
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In another study Wang et al. used for the first time NADES solvents as a matrix medium to replace 
DMSO, DMF, DMA, and water in a static headspace gas chromatography method for the determination 
of residue solvents in active pharmaceutical ingredients (API).32 The validated method showed an R² ≥ 
0.999 and provided high sensitivity with limits of detection (LOD) between 0.06 and 0.12 µg g-1 for acetone, 
methanol, ethanol, isopropanol, n-butanol, acetonitrile, tetrahydrofuran, and 1,4-dioxane. Accuracy and 
precision showed acceptable results with recoveries of the tested solvents in the range of 94.3% to 
105.4%, and relative standard deviations (RSD) ranged from 0.85 to 3.65 for intra-day precision and 1.51 
to 4.53 for inter-day precision. The new approach was also used to successfully detect residual solvents in 
six APIs, sitagliptin, ramipril, imatinib mesylate, lisinopril, pramipexole dihydrochloride, and rivaroxaban.32 
The replacement of these hazardous solvents with NADES provided a more eco-friendly and safer method 
from the GAC point of view, while not compromising the analytical method performance. However, no 
metrics were used to evaluate the greenness of the method. Sereshti et al. developed a novel micro 
QuEChERS/GC-MS method for the multi-class analysis of pesticide residues in cereal flour samples. The 
authors synthesized a nanofiber from a polymerizable eutectic solvent composed of poly (2-hydroxyethyl 
methacrylate):1tetradecanol and polyamide 6 and applied it for the first time as a sorbent in micro solid 
phase step extraction. The proposed method reduced the amount of sample and the consumption of 
organic solvents (21%) needed for analysis while keeping the analytical performance similar to the methods 
referenced in the study. In addition, the proposed method was evaluated by two metrics, Complex GAPI, 
and Analytical Eco-Scale with a score of 72.33 This method is a good example of how green strategies such 
as miniaturization, the use of green materials, and the reduction of solvent consumption can be combined 
to obtain a greener method without compromising analytical efficiency.

Miniaturization of instruments and reduction of the analytical scale of operations and increasing the 
efficiency of sample preparation with increased temperature and/or pressure or the use of microwaves and 
ultrasound techniques are also alternatives to make the process greener.34,35

Methods with online sample preparation have also gained prominence in recent years due to reduced 
analysis time, manual operations, and sample quantity compared to offline sample preparation techniques.36 
The use of analytical methods that integrate the steps of sample preparation, separation, and detection 
reduces the number of reagents needed for the analysis, increases analyst safety, and minimizes the 
migration of solvents into the environment.37 In addition, because online methods are automated, they 
ensure better accuracy and sensitivity, as well as reduce analysis time, meeting at least 4 of the 12 
principles of the GAC.38 However, as underlined by RGB 12 concepts, simply implementing these measures 
won’t be enough to convince the industry and academia to follow GAC principles. The selected solutions 
must also be financially viable, primarily in terms of cost and time effectiveness and operational simplicity. 
In addition, the GAC principles and practices must be encouraged and regulated by specific legislations to 
further drive the adherence of industry and academia to GAC.

In this context, Jin et al. performed a study comparing the liquid-liquid extraction method and liquid 
chromatography coupled to mass spectrometry (LLE-LC-MS/MS) with the online extraction method with 
supercritical fluid combined with fluid chromatography supercritical coupled to mass spectrometry (SFE-
SFC-MS/MS), for the determination of lipids in rat brain tissues.39 The authors optimized the extraction by 
performing only 17 experiments using the Box-Behnken experimental design and the response surface 
methodology. As a result, the proposed SFE-SFC-MS/MS online method provided excellent performance 
compared to the LLE-LC-MS/MS offline method. The use of the design of experiments in extraction 
contemplated the reduction in the number of experiments and consequently saved time, energy, and 
reagents, while the online extraction system complied with the principles of GAC by integrating sample 
preparation and analysis, automation, and as consequence fewer manual steps were required, increasing 
operator safety and saving time and energy. All requirements met according to the GAC were proven by 
the AGREE algorithm by comparing the score of each method 0.75 and 0.49, for the online method SFE-
SFC-MS/MS and the offline method LLE- LC-MS/MS, respectively. 

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.
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Zhang et al. also developed an automated method combining online Solid Phase Extraction (SPE) 
and bidimensional liquid chromatography (LC-LC) for the simultaneous determination of vitamin A, D, 
and 4 vitamin E homologs in foodstuffs. In this method, the target analytes were released from their 
lipoprotein-coated state after saponification. Then, the saponified solution was injected directly into the 
system built by combining SPE (PLRP-S column) online and 2D-LC for pre-concentration, purification, 
separation, and quantification.40 Vitamin A and vitamin E homologs were separated in the first column with 
pentafluoro phenyl (PFP) stationary phase and the separation of vitamin D was performed in the second 
column composed of polycyclic aromatic hydrocarbons (PAH). Evaluation of the results showed that this 
method not only fully met the requirements of analysis of vitamins A, D, and E in fortified foods or dietary 
supplements, but also had significant advantages over conventional liquid chromatography methods 
with ultraviolet detection (LC-UV) or LC-MS/MS in terms of method repeatability and recovery. Due to 
the simplification of sample preparation, the analysis efficiency has been significantly improved and the 
analytical cost has also been reduced. In addition, it is a green method since it avoids the use of pentane or 
other organic reagents. Therefore, the proposed method covered the six main trends of current analytical 
methods which are simplification, speed, cost and waste reduction, automation, and safety. However, no 
metric was used to verify the green aspects of the method. 

Direct chromatographic analysis
In direct chromatographic analysis, the sample is introduced into the chromatograph without sample 

preparation to reduce the consumption of reagents and energy. However, methodologies of direct analysis 
involving complex matrices can damage the chromatographic columns due to the sample components that 
do not elute from the column. In general, the introduction of aqueous samples in GC capillary columns is 
not recommended as water and polar solvents can cause column bleed and can affect the performance 
of the column when samples are injected in the mode on-column resulting in a negative impact on 
the sensibility of the detector. An alternative to circumvent these limitations is the use of injectors with 
programmed temperature vaporization (PTV), the application of liners filled with sorbent material, or the 
installation of deactivated columns before the chromatographic columns. Temperature is one of the most 
important parameters that can be controlled in GC and its programming is widely used to improve the 
detection limit or peak symmetry, and results in a significantly reduced analysis time. This parameter can 
have an even greater positive environmental impact with the implementation of low thermal mass (LTM) 
technology. This technology utilizes an LTM column module combining a fused silica capillary column 
with heating and temperature sensing components wrapped around the capillary. Due to the small size 
of the system and its low heat capacity, the increase in capillary temperature requires smaller amounts of 
heat and therefore less energy compared to conventional GC ovens.4 The energy consumed using LTM 
technology is approximately 1% of the energy consumed by a conventional GC. In addition, it is possible 
to program temperatures with a rate of 1800 ºC min-1 heating and shorter cool-down times, resulting in 
reduced analysis times.41

Direct injection of aqueous samples can be performed in LC systems as long as the sample is filtered 
to prevent tube obstruction and damage to the chromatography column. As recommended by GAC, this 
approach involves minimal sample pre-treatment since most applications require only one dilution step 
with organic solvent and filtration before chromatographic analysis, ensuring less exposure of the analyst 
to these solvents. From this perspective, Dias et al. developed a fully validated ultra-high performance 
liquid chromatography-mass spectrometry (UHPLC-MS/MS) method for the simultaneous determination of 
162 pesticides and 10 mycotoxins in wine samples with minimal sample pretreatment.42 Another example 
of direct chromatographic analysis is proposed by Restrepo-Vieira et al., which developed and validated 
a UHPLC-MS/MS method with direct injection for the analysis of psychopharmaceuticals and illicit drugs 
in wastewater from Australia. The authors used 15 deuterated analytical standards to circumvent matrix 
effects and thereby reduced the analysis time, the number of consumables, and the production of residues 
when compared to methods using the SPE technique.43 Nevertheless, the use of deuterated analytical 
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standards is not interesting from the economical point of view. According to GAC, these examples of direct 
chromatographic analysis provide simpler methods with less reagent consumption and less exposure of 
the analyst to hazardous organic solvents, as well as analytical performance comparable to methods that 
use pre-concentration and extraction techniques.

Replacement of toxic mobile phase solvents
The conventional mobile phase composition of Reversed Phase Liquid Chromatography (RPLC) 

consists of mixtures of acetonitrile or methanol in water. Both acetonitrile and methanol are toxic solvents 
and disposal of acetonitrile is expensive. Thus, these solvents must be replaced by greener alternatives 
such as water, acetone, and ethanol.44,45 Acetone has already been explored as a solvent to replace 
acetonitrile as a mobile phase in RPLC for the separation of peptides without any equipment modification.46,47 
Recently, two studies on the solvation and retention properties of acetone have highlighted its potential 
to be employed as mobile in columns with typical octadecyl siloxane-bonded silica, octyl siloxane-
bonded silica, and biphenyl siloxane-bonded silica phases.48,49 The only disadvantage of using acetone 
as a mobile phase in RPLC is the UV cut-off at 330 nm which makes it impractical to use UV-based 
detectors. However, for liquid chromatography coupled with evaporative light scattering detection, mass 
spectrometry, condensation nucleation light scattering detection, and charged aerosol detection, the use 
of acetone is a promising alternative. Ethanol was also explored as a mobile phase in RPLC applications. 
Dogan et al. have demonstrated that the analysis of drugs such as paracetamol and famotidine can be 
performed by green chromatography techniques, using a mobile phase based on ethanol-water, without 
losing any chromatographic performance and fulfilling all the requirements of the validation process.50 
Ethanol water-based mobile phase was also used in the determination of eight water-soluble vitamins in 
cosmetics.51 Organic solvents can also be replaced by supercritical fluids, and superheated water,30 in this 
case, there is a change in the chromatographic technique. The analysis is performed on appropriate SFC 
equipment such as the ACQUITY UltraPerfornamance Convergence Chromatography (UPC²) (Waters), 
the 1260 Infinity II SFC/UHPLCA Hybrid System (Agilent), and the Nexera UC (Shimadzu). CO2 is the gas 
most used supercritical fluid due to its properties such as non-inflammability, low critical pressure (7,38 
MPa), and temperature (31 ºC).52 Besides that, CO2 is an industrial subproduct of renewable resources. 
The supercritical CO2 as a mobile phase in SFC exhibits the advantage of having solvent properties similar 
to hydrocarbons derived from petrochemical products, giving a more environmentally friendly choice 
to commonly used normal phase solvents, e.g., hexane, heptane, or chlorinated solvents. In addition, 
supercritical CO2 has low viscosity, which allows high flow rates and faster separations, and has high 
diffusivity resulting in more efficient separations, reduced organic solvent consumption, and reduced cost in 
waste disposal, since CO2 has a low environmental impact.53 However, because of its non-polar character, 
it is not possible to employ pure CO2 in samples containing polar analytes. In such cases, the addition of 
organic modifiers such as methanol or ethanol is necessary. The use of CO2 with a higher percentage of 
organic modifiers can be referred to as enhanced fluidity liquid chromatography (EFLC), which has similar 
advantages to SFC. Following this, Lu et al. developed a fast, efficient, and green SFC method for the 
separation of actinomycin D and X2 within less than 25 minutes. The proposed method allowed a reduction 
in the consumption of hazardous organic solvents since CO2 and ethanol (80:20) were used as mobile 
phase instead of water and acetonitrile and the analysis time was also reduced by approximately 42% 
compared to the reference method presented in the study.54

Another green alternative is micellar liquid chromatography (MLC), an RPLC mode with a mobile phase 
consisting of an aqueous surfactant solution above its critical micellar concentration (CMC). The idea of 
using aqueous pure micellar solutions as mobile phases in RPLC is very attractive due to lower cost and 
toxicity, and reduced environmental impact. In practice, however, the addition of a small amount of organic 
solvent to the micellar solution is necessary to achieve retention in practical time windows and improve 
peak efficiency and resolution. For this reason, MLC methods have become a trending topic in recent years 
when it comes to GAC.55,56,57 As an example, Ramezani et al. reported an eco-friendly MLC method using 
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a NADES solvent as a modifier of the mobile phase for melamine analysis in milk. The developed MLC 
revealed that the modified mobile phase composed of sodium dodecyl sulfate, NADES, and glacial acetic 
acid, significantly reduced the peak broadening and the melamine retention time resulting in an increased 
chromatographic resolution. In addition, the matrix effects analysis shows that the proposed method has 
the potential for direct injection analysis of the diluted milk samples.58 The green potential of MLC methods 
is further highlighted by the study of Al-Shaalan et al. in which a modified green MLC method was used 
for the determination of residues of imidocarb dipropionate in food samples employing a NADES solvent 
as a modifier and direct sample injection. Furthermore, this study showed a complete evaluation of the 
greenness of the proposed method and the obtained reference methods using the Complex GAPI, AGREE, 
and RGB model tools. Comparing the results of the evaluations, the proposed method was superior to all 
the reference methods presented, with values of 0.78 for AGREE and 90.8 for the RGB model.59

Multidimensional chromatography 
The use of multidimensional chromatography can be considered a green strategy if used with green 

modulators. There are two types of multidimensional chromatography, the comprehensive one (GCxGC 
or LCxLC) in which all eluent from the first columns is transferred to the second column, and the heart 
cutting (GC-GC or LC-LC) in which only some fractions of the eluent are transferred from the first to 
the second column.60 In two-dimensional chromatography, two orthogonal chromatographic columns are 
used, connected by a modulator, which transfers the eluent from the first to the second column.61 Due 
to the presence of two columns, it is possible to obtain a better resolution and lower detection limits with 
analysis time and reagent consumption similar to one-dimensional chromatography.62 Furthermore, due 
to the better peak capacity, the use of GCxGC or LCxLC allows for better separations even in complex 
samples. Although GCxGC is a relatively green technique, there is still the possibility of making it more 
environmentally friendly by replacing thermal modulators with flow modulators, which operate simply and 
cheaply and do not require the use of cryogenic gases.63 However, the use of flow modulators leads 
to low sensitivity due to the limited modulation period.44 The advantages of using the LCxLC include 
the prevention of sample loss and contamination and the possibility of automation. On the other hand, 
the volume of data generated can be large and its treatment requires chemometric tools as well as the 
optimization of operating conditions.64 In addition, the cost of multidimensional chromatographic systems 
is frequently higher than that of one-dimensional chromatography.65

Miniaturization of chromatographic systems
The application of a miniaturized system is usually related to the reduction of consumables, energy, and 

reagents needed to perform the analysis. The reduction of column dimensions and particle size reduces 
mobile phase flow rate and so the solvent or gas consumption. Miniaturization results in lower costs and 
lower production of waste, being more cost-effective and eco-friendlier. It is also possible to perform faster 
analysis and improve the sensibility of the method because the analytes are less soluble in the mobile 
phase. This strategy is very useful in forensics sciences and biomedicine, where large sample volumes are 
not always available. The miniaturization of all parts of a chromatographic system can result in portable 
systems which can be applied online, at-line, and on-site analysis, making the method greener. 

The miniaturization of GC systems enables rapid in situ analysis of volatile organic compounds 
(VOC) for environmental protection, industrial monitoring, and toxicology.66 The Lab-on-a-chip is another 
miniaturization approach that can be applied to chromatography systems. These miniaturized systems 
are manufactured on a chip platform (microfluidic devices) and have unique advantages including low 
maintenance cost, large-scale manufacturing, fast analysis, the need for very small amounts of solvents 
and samples, high-resolution detection, and excellent portability.67 Recent advances related to sustainability 
in GC have focused on the miniaturization of specific pieces of equipment such as the preparation of micro 
columns and micro detectors. This field was made possible by parallel advances in certain processes 
and technologies of additive manufacturing, also known as 3D printing, microelectromechanical systems 
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(MEMS), lithography, and etching techniques.68 Hsieh and Kim demonstrated the separation of a pair of 
structural isomers (isopentane and pentane) in a μGC system with a circulatory loop consisting of two 25 
cm open tubular micro columns while operating under a minimum pressure of <10 kPa available in current 
technology of chip-scale micropump. This demonstration was possible by extending the column length 
from 0.5 m (two 25 cm columns) to 12.5 meters, corresponding to 25 cycles using the circulatory column 
system.69

The achieved effective column length of 12.5 meters is the longest ever used by any μGC system 
and presented an alternative to the limitations of chromatography columns related to this parameter in 
μGC. Furthermore, the described microscale system enabled rapid and sustainable analysis of complex 
samples with minimal sample volume and without entailing additional energy and carrier gas consumption, 
comprising GAC principles 2, 5, and 7. Despite recent developments in 3D printing, the peaks showed 
broadening due to the 0.6 μL dead volume at the valve connections affecting the separation resolution. 
Thus, advances in this field are needed to develop instruments free of these limitations.

In another study employing a microfabricated gas chromatograph, Whiting et al. described the 
development and evaluation of a comprehensive two-dimensional chromatography (μGC x μGC) 
microsystem consisting of micro columns, a flame ionization detector (FID), and a nanoelectromechanical 
resonator system (NEMS) also used as a detector.70 With this system, it was possible to separate a mixture 
of 29 polar compounds covering a boiling point range from 46 to 253 °C on a pair of microfabricated columns 
using a Staiger valve manifold in less than 7 seconds. Thus, the μGC x μGC-NEMS system allowed 
ultra-fast analysis with low energy and carrier gas consumption due to the use of greener modulators 
such as the pneumatic stop-flow modulator, showing that the two strategies employed in combination, 
miniaturization, and two-dimensional chromatography, made the method greener by meeting some of the 
principles of GAC.

To overcome the above-mentioned obstacles, Li et al. reported the development and characterization 
of a microfabricated column containing phosphonium ionic liquid (μIL) as the stationary phase and 
demonstrated the separation of polar and non-polar compounds using this column by analyzing alcohols, 
chloroalkanes, aromatics, aldehydes, fatty acid methyl esters, and alkanes.66 The use of IL as the stationary 
phase provided robustness to the column concerning the presence of oxygen, humidity, and temperature, 
allowing the use of synthetic air as carrier gas and high temperatures during the separations. Consequently, 
faster and more sustainable separations were obtained without the need for additional accessories. 

The reduction in analysis time is not only restricted to miniaturizations, Fialkov et al. obtained separations 
with complete analysis cycle times of less than 1 minute by employing for the first time LP-GC coupled 
to MS with low thermal mass resistive heating due to the use of LTM technology for the rapid increase 
temperature and cooling of the capillary column.71 An example of recent advances in LC miniaturization is 
the study carried out by Peretzki and Belder. In this study, the authors presented a chip-integrated approach 
to post-column segmentation of Normal Phase Liquid Chromatography (NPLC), obtained by integrating a 
chiral NP-chip-HPLC column, a Flow focusing droplets, and a segmented flow channel on a single glass 
microfluidic chip.72 This allowed continuous segmentation of the eluent into droplets that are collected and 
transported through a continuous immiscible phase. The combination of NP-chip-HPLC and droplet-based 
microfluidics also allowed fractionation and conservation of chromatographic runs for other picoliter-scale 
downstream processes. With this, the authors tested three microfluidic devices with different structural 
arrangements for the separation of the (R)- and (S)- trifluoro anthryl ethanol isomers under the same elution 
conditions (0.5 µL min-1 n-heptane/2-propanol 95/5 (v/v)) and continuous phase (0.10 µL min-1 ethylene 
glycol) and the sample volume inject was very low (5 µL). The separation of the isomers took less than 5 
minutes and the peak widths at half height were approximately 0.17 min (isomer R) and 0.22 min (isomer 
S) for all three devices. Furthermore, the efficiency was in the range of 27.400 to 41.600 for the three 
devices tested. The proposed system combined the advantages of minimized reagent consumption, dead 
volume-free interconnections, high separation speed and performance, and the possibility of integrating 
additional processes from chip-HPLC with the benefits of droplet-based microfluidics such as avoiding 
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peak distortion post column. As a result, the system complies with GAC principles and allows coupling with 
other detectors after chromatographic separation, expanding the application of the system. 

CONCLUSIONS
The use of miniaturized, online, or at-line sample preparation techniques, or the use of green solvents 

is essential to improve the green aspects of chromatographic methods and to conform to GAC principles, 
especially for GC, where few modifications in separation conditions are possible.

The advances made in the miniaturization of chromatographic techniques have sought to overcome the 
limitations presented by system connections, microcolumn fabrication, and micro detectors. Such advances 
were possible due to the development of additive manufacturing techniques, but most published works 
present prototypes of micro chromatographic systems with many factors to be improved, such as band 
broadening due to the presence of large dead volume. Within miniaturization, LOC-based chromatographs 
are the most promising systems due to the potential to integrate multiple functionalities on a single chip, 
minimal reagent and power consumption, fast separations and good performance, and the possibility of 
manufacturing these systems on a large scale, resulting in low manufacturing cost.

However, more methods should be developed to evaluate which applications are possible and if they 
are repeatable, and how durable they are as instruments, since the low cost of large-scale production 
may become an environmental problem if the durability of these systems is short. In addition, no metrics 
were applied in the miniaturization studies. The use of methods and techniques that use green solvents 
as a mobile phase, such as MLC and SFC, for example, should be further explored for the replacement of 
traditional LC methods. As these methods drastically reduce the environmental and occupational hazards 
related to the use of organic solvents and consequently make the method more economical.

Most papers that mentioned the development of greener methods did not evaluate the methods 
or evaluated the methods using qualitative metrics. It is important to consider that the green features 
claimed in these approaches should be supported by suitable green metrics. The AGREE algorithm is 
the most suitable metric for evaluating method greenness as it quantitatively covers the 12 principles 
of GAC. However, evaluating only the green aspect of the method is not sufficient for the method to be 
considered suitable for its intended use. Therefore, the developed methods must be evaluated by metrics 
that encompass the three pillars of sustainable development: the green aspects, analytical performance, 
and economic viability as proposed by the RGB 12 metric. 

Conflicts of interest
The authors declare no conflict of interest of any kind.

Acknowledgements
Authors would like to thank “Instituto Nacional Ciencia e Tecnlogia de Bioanalitica” (INCT-Bio) and 

CAPES (Finance code 001).

REFERENCES 
(1) Warner, J. C.; Cannon, A. S.; Dye, K. M. Green Chemistry. Environmental Impact Assessment 

Review 2004, 24 (7–8), 775–799. https://doi.org/10.1016/j.eiar.2004.06.006
(2) de Marco, B. A.; Rechelo, B. S.; Tótoli, E. G.; Kogawa, A. C.; Salgado, H. R. N. Evolution of Green 

Chemistry and Its Multidimensional Impacts: A Review. Saudi Pharmaceutical Journal 2019, 27 (1), 
1–8. https://doi.org/10.1016/j.jsps.2018.07.011

(3) Tundo, P.; Anastas, P.; Black, D. S.; Breen, J.; Collins, T.; Memoli, S.; Miyamoto, J.; Polyakoff, M.; 
Tumas, W. Synthetic Pathways and Processes in Green Chemistry. Introductory Overview. Pure 
Appl. Chem. 2000, 72 (7), 1207–1228. https://doi.org/10.1351/pac200072071207

(4) Płotka, J.; Tobiszewski, M.; Maria, A.; Kupska, M.; Górecki, T.; Namie, J. Green Chromatography. J. 
Chromatogr. A 2013, 1307, 1–20. https://doi.org/10.1016/j.chroma.2013.07.099

Recent Developments in Green Chromatography

https://doi.org/10.1016/j.eiar.2004.06.006
https://doi.org/10.1016/j.jsps.2018.07.011
https://doi.org/10.1351/pac200072071207
https://doi.org/10.1016/j.chroma.2013.07.099


30

(5) Anastas, P. T. Green Chemistry and the Role of Analytical Methodology Development. Crit. Rev. 
Anal. Chem. 1999, 29 (3), 167–175. https://doi.org/10.1080/10408349891199356

(6) Gałuszka, A.; Migaszewski, Z.; Namieśnik, J. The 12 Principles of Green Analytical Chemistry and 
the SIGNIFICANCE Mnemonic of Green Analytical Practices. TrAC, Trends Anal. Chem. 2013, 50, 
78–84. https://doi.org/10.1016/j.trac.2013.04.010

(7) Armenta, S.; Guardia, M. De. Green Chromatography for the Analysis of Foods of Animal Origin. 
TrAC, Trends Anal. Chem. 2016, 80, 517–530. https://doi.org/10.1016/j.trac.2015.06.012

(8) Korany, M. A.; Mahgoub, H.; Haggag, R. S.; Ragab, M. A. A.; Elmallah, O. A. Green Chemistry: 
Analytical and Chromatography. J. Liq. Chromatogr. Relat. Technol. 2017, 40 (16), 839–852. https://
doi.org/10.1080/10826076.2017.1373672

(9) Welch, C. J.; Wu, N.; Biba, M.; Hartman, R.; Brkovic, T.; Gong, X.; Helmy, R.; Schafer, W.; Cuff, J.; 
Pirzada, Z.; Zhou, L. Greening Analytical Chromatography. TrAC, Trends Anal. Chem. 2010, 29 (7), 
667–680. https://doi.org/10.1016/j.trac.2010.03.008

(10) Habib, A.; Mabrouk, M. M.; Fekry, M.; Mansour, F. R. Glycerol as a Novel Green Mobile Phase 
Modifier for Reversed Phase Liquid Chromatography. Microchem. J. 2021, 169, 106587. https://doi.
org/10.1016/j.microc.2021.106587

(11) Habib, A.; Mabrouk, M. M.; Fekry, M.; Mansour, F. R. Glycerol as a New Mobile Phase Modifier for 
Green Liquid Chromatographic Determination of Ascorbic Acid and Glutathione in Pharmaceutical 
Tablets. J. Pharm. Biomed. Anal. 2022, 219, 114870. https://doi.org/10.1016/j.jpba.2022.114870

(12) Poe, D. P. Theory of Supercritical Fluid Chromatography; Elsevier Inc., 2017. https://doi.org/10.1016/
B978-0-12-809207-1.00002-1

(13) Losacco, G. L.; Veuthey, J. L.; Guillarme, D. Metamorphosis of Supercritical Fluid Chromatography: 
A Viable Tool for the Analysis of Polar Compounds? TrAC, Trends Anal. Chem. 2021, 141, 116304. 
https://doi.org/10.1016/j.trac.2021.116304

(14) Carasek, E.; Bernardi, G.; Morelli, D.; Merib, J. Sustainable Green Solvents for Microextraction 
Techniques: Recent Developments and Applications. J. Chromatogr. A 2021, 1640, 461944. https://
doi.org/10.1016/j.chroma.2021.461944

(15) Pacheco-Fernández, I.; Rentero, M.; Ayala, J. H.; Pasán, J.; Pino, V. Green Solid-Phase 
Microextraction Fiber Coating Based on the Metal-Organic Framework CIM-80(Al): Analytical 
Performance Evaluation in Direct Immersion and Headspace Using Gas Chromatography and Mass 
Spectrometry for the Analysis of Water, Urine and Brewed. Anal. Chim. Acta 2020, 1133, 137–149. 
https://doi.org/10.1016/j.aca.2020.08.009

(16) Kanu, A. B. Recent Developments in Sample Preparation Techniques Combined with High-
Performance Liquid Chromatography: A Critical Review. J. Chromatogr. A 2021, 1654, 462444. 
https://doi.org/10.1016/j.chroma.2021.462444

(17) Keith, L. H.; Gron, L. U.; Young, J. L. Green Analytical Methodologies. Chemical Reviews 2007, 107 
(6), 2695–2708. https://doi.org/10.1021/cr068359e

(18) Gałuszka, A.; Migaszewski, Z. M.; Konieczka, P.; Namieśnik, J. Analytical Eco-Scale for Assessing 
the Greenness of Analytical Procedures. TrAC, Trends Anal. Chem. 2012, 37, 61–72. https://doi.
org/10.1016/j.trac.2012.03.013

(19) Płotka-Wasylka, J. A New Tool for the Evaluation of the Analytical Procedure: Green Analytical 
Procedure Index. Talanta 2018, 181, 204–209. https://doi.org/10.1016/j.talanta.2018.01.013

(20) Pena-Pereira, F.; Wojnowski, W.; Tobiszewski, M. AGREE - Analytical GREEnness Metric 
Approach and Software. Anal. Chem. 2020, 92 (14), 10076–10082. https://doi.org/10.1021/acs.
analchem.0c01887

(21) Nowak, P. M.; Kościelniak, P. What Color Is Your Method? Adaptation of the Rgb Additive Color Model 
to Analytical Method Evaluation. Anal. Chem. 2019, 91 (16), 10343–10352. https://doi.org/10.1021/
acs.analchem.9b01872

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.

https://doi.org/10.1080/10408349891199356
https://doi.org/10.1016/j.trac.2013.04.010
https://doi.org/10.1016/j.trac.2015.06.012
https://doi.org/10.1080/10826076.2017.1373672
https://doi.org/10.1080/10826076.2017.1373672
https://doi.org/10.1016/j.trac.2010.03.008
https://doi.org/10.1016/j.microc.2021.106587
https://doi.org/10.1016/j.microc.2021.106587
https://doi.org/10.1016/j.jpba.2022.114870
https://doi.org/10.1016/B978-0-12-809207-1.00002-1
https://doi.org/10.1016/B978-0-12-809207-1.00002-1
https://doi.org/10.1016/j.trac.2021.116304
https://doi.org/10.1016/j.chroma.2021.461944
https://doi.org/10.1016/j.chroma.2021.461944
https://doi.org/10.1016/j.aca.2020.08.009
https://doi.org/10.1016/j.chroma.2021.462444
https://doi.org/10.1021/cr068359e
https://doi.org/10.1016/j.trac.2012.03.013
https://doi.org/10.1016/j.trac.2012.03.013
https://doi.org/10.1016/j.talanta.2018.01.013
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1021/acs.analchem.9b01872 
https://doi.org/10.1021/acs.analchem.9b01872 


31

(22) Nowak, P. M.; Wietecha-Posłuszny, R.; Pawliszyn, J. White Analytical Chemistry: An Approach to 
Reconcile the Principles of Green Analytical Chemistry and Functionality. TrAC, Trends Anal. Chem. 
2021, 138. https://doi.org/10.1016/j.trac.2021.116223

(23) Alampanos, V.; Samanidou, V. Current Trends in Green Sample Preparation before Liquid 
Chromatographic Bioanalysis. Curr. Opin. Green Sustainable Chem. 2021, 31, 100499. https://doi.
org/10.1016/j.cogsc.2021.100499

(24) Bazel, Y.; Rečlo, M.; Chubirka, Y. Switchable Hydrophilicity Solvents in Analytical Chemistry. Five Years 
of Achievements. Microchem. J. 2020, 157, 105115. https://doi.org/10.1016/j.microc.2020.105115

(25) Karayaka, S.; Chormey, D. S.; Fırat, M.; Bakırdere, S. Determination of Endocrine Disruptive 
Phenolic Compounds by Gas Chromatography Mass Spectrometry after Multivariate Optimization 
of Switchable Liquid-Liquid Microextraction and Assessment of Green Profile. Chemosphere 2019, 
235, 205–210. https://doi.org/10.1016/j.chemosphere.2019.06.079

(26) Hassan, M.; Alshana, U. Switchable-Hydrophilicity Solvent Liquid–Liquid Microextraction of Non-
Steroidal Anti-Inflammatory Drugs from Biological Fluids Prior to HPLC-DAD Determination. J. 
Pharm. Biomed. Anal. 2019, 174, 509–517. https://doi.org/10.1016/j.jpba.2019.06.023

(27) Shahvandi, S. K.; Banitaba, M. H.; Ahmar, H. Development of a New PH Assisted Homogeneous 
Liquid-Liquid Microextraction by a Solvent with Switchable Hydrophilicity: Application for GC-
MS Determination of Methamphetamine. Talanta 2018, 184, 103–108. https://doi.org/10.1016/j.
talanta.2018.02.115

(28) Solaesa, A. G.; Fernandes, J. O.; Sanz, M. T.; Benito-Román, Ó.; Cunha, S. C. Green Determination 
of Brominated Flame Retardants and Organochloride Pollutants in Fish Oils by Vortex Assisted 
Liquid-Liquid Microextraction and Gas Chromatography-Tandem Mass Spectrometry. Talanta 2019, 
195, 251–257. https://doi.org/10.1016/j.talanta.2018.11.048

(29) Nazraz, M.; Yamini, Y.; Ramezani, A. M.; Dinmohammadpour, Z. Deep Eutectic Solvent Dependent 
Carbon Dioxide Switching as a Homogeneous Extracting Solvent in Liquid-Liquid Microextraction. J. 
Chromatogr. A 2021, 1636, 461756. https://doi.org/10.1016/j.chroma.2020.461756

(30) Al-Khateeb, L. A.; Dahas, F. A. Green Method Development Approach of Superheated Water 
Liquid Chromatography for Separation and Trace Determination of Non-Steroidal Anti-Inflammatory 
Compounds in Pharmaceutical and Water Samples and Their Extraction. Arabian J. Chem. 2021, 14 
(7), 103226. https://doi.org/10.1016/j.arabjc.2021.103226

(31) Lebedinets, S.; Vakh, C.; Cherkashina, K.; Pochivalov, A.; Moskvin, L.; Bulatov, A. Stir Membrane 
Liquid Phase Microextraction of Tetracyclines Using Switchable Hydrophilicity Solvents Followed 
by High-Performance Liquid Chromatography. J. Chromatogr. A 2020, 1615, 460743. https://doi.
org/10.1016/j.chroma.2019.460743

(32) Wang, M.; Fang, S.; Liang, X. Natural Deep Eutectic Solvents as Eco-Friendly and Sustainable 
Dilution Medium for the Determination of Residual Organic Solvents in Pharmaceuticals with 
Static Headspace-Gas Chromatography. J. Pharm. Biomed. Anal. 2018, 158, 262–268. https://doi.
org/10.1016/j.jpba.2018.06.002

(33) Sereshti, H.; Mohammadi, Z.; Soltani, S.; Najarzadekan, H. A Green Miniaturized QuEChERS Based 
on an Electrospun Nanofibrous Polymeric Deep Eutectic Solvent Coupled to Gas Chromatography-
Mass Spectrometry for Analysis of Multiclass Pesticide Residues in Cereal Flour Samples. J. Mol. 
Liq. 2022, 364, 120077. https://doi.org/10.1016/j.molliq.2022.120077

(34) Yuan, Y.; Han, Y.; Han, D.; Yang, C.; Yan, H. Ultrasound-Assisted Dispersive-Filter Extraction Coupled 
with High-Performance Liquid Chromatography: A Rapid Miniaturized Method for the Determination 
of Phenylurea Pesticides in Vegetables and Fruits. Food Control 2020, 118, 107417. https://doi.
org/10.1016/j.foodcont.2020.107417

(35) Naccarato, A.; Tassone, A.; Moretti, S.; Elliani, R.; Sprovieri, F.; Pirrone, N.; Tagarelli, A. A Green Approach 
for Organophosphate Ester Determination in Airborne Particulate Matter: Microwave-Assisted Extraction 
Using Hydroalcoholic Mixture Coupled with Solid-Phase Microextraction Gas Chromatography-Tandem 
Mass Spectrometry. Talanta 2018, 189, 657–665. https://doi.org/10.1016/j.talanta.2018.07.077

Passerine, B. F. G.; Breitkreitz, M. C. 

https://doi.org/10.1016/j.trac.2021.116223
https://doi.org/10.1016/j.cogsc.2021.100499
https://doi.org/10.1016/j.cogsc.2021.100499
https://doi.org/10.1016/j.microc.2020.105115
https://doi.org/10.1016/j.chemosphere.2019.06.079
https://doi.org/10.1016/j.jpba.2019.06.023
https://doi.org/10.1016/j.talanta.2018.02.115
https://doi.org/10.1016/j.talanta.2018.02.115
https://doi.org/10.1016/j.talanta.2018.11.048
https://doi.org/10.1016/j.chroma.2020.461756
https://doi.org/10.1016/j.arabjc.2021.103226
https://doi.org/10.1016/j.chroma.2019.460743
https://doi.org/10.1016/j.chroma.2019.460743
https://doi.org/10.1016/j.jpba.2018.06.002
https://doi.org/10.1016/j.jpba.2018.06.002
https://doi.org/10.1016/j.molliq.2022.120077
https://doi.org/10.1016/j.foodcont.2020.107417
https://doi.org/10.1016/j.foodcont.2020.107417
https://doi.org/10.1016/j.talanta.2018.07.077


32

(36) Zoccali, M.; Russo, M.; Rita, M.; Camillo, T.; Salafia, F.; Tranchida, P. Q.; Dugo, P.; Mondello, 
L. On-Line Coupling of Supercritical Fluid Extraction with Enantioselective Supercritical Fluid 
Chromatography-Triple Quadrupole Mass Spectrometry for the Determination of Chiral Pesticides 
in Hemp Seeds: A Proof-of-Principle Study. Food Chemistry 2021, 131418. https://doi.org/10.1016/j.
foodchem.2021.131418

(37) Cruz, J. C.; de Souza, I. D.; Grecco, C. F.; Figueiredo, E. C.; Queiroz, M. E. C. Recent Advances in 
Column Switching High-Performance Liquid Chromatography for Bioanalysis. Sustainable Chem. 
Pharm. 2021, 21. https://doi.org/10.1016/j.scp.2021.100431

(38) Wicker, A. P.; Tanaka, K.; Nishimura, M.; Chen, V.; Ogura, T.; Hedgepeth, W.; Schug, K. A. 
Multivariate Approach to On-Line Supercritical Fluid Extraction-Supercritical Fluid Chromatography-
Mass Spectrometry Method Development. Anal. Chim. Acta 2020, 1127, 282–294. https://doi.
org/10.1016/j.aca.2020.04.068

(39) Yang, J.; Liu, D.; Jin, W.; Zhong, Q.; Zhou, T. A Green and Efficient Pseudotargeted Lipidomics Method 
for the Study of Depression Based on Ultra-High Performance Supercritical Fluid Chromatography-
Tandem Mass Spectrometry. J. Pharm. Biomed. Anal. 2021, 192, 113646. https://doi.org/10.1016/j.
jpba.2020.113646

(40) Zhang, Y.; Lin, Y.; Yang, X.; Chen, G.; Li, L.; Ma, Y.; Liang-Schenkelberg, J. Fast Determination 
of Vitamin A, Vitamin D and Vitamin E in Food by Online SPE Combined with Heart-Cutting Two 
Dimensional Liquid Chromatography. J. Food Compos. Anal. 2021, 101, 103983. https://doi.
org/10.1016/j.jfca.2021.103983

(41) Armenta, S.; Esteve-turrillas, F. A.; Garrigues, S.; Guardia, M. De. Green Analytical Chemistry; 
Elsevier, 2020. https://doi.org/10.1016/B978-0-08-100596-5.22800-X

(42) Dias, J. V.; Nunes, M. da G. P.; Pizzutti, I. R.; Reichert, B.; Jung, A. A.; Cardoso, C. D. Simultaneous 
Determination of Pesticides and Mycotoxins in Wine by Direct Injection and Liquid Chromatography-
Tandem Mass Spectrometry Analysis. Food Chemistry 2019, 293, 83–91. https://doi.org/10.1016/j.
foodchem.2019.04.088

(43) Restrepo-Vieira, L. H.; Busetti, F.; Linge, K. L.; Joll, C. A. Development and Validation of a Direct 
Injection Liquid Chromatography-Tandem Mass Spectrometry Method for the Analysis of Illicit Drugs 
and Psychopharmaceuticals in Wastewater. J. Chromatogr. A 2022, 1685, 463562. https://doi.
org/10.1016/j.chroma.2022.463562

(44) Shaaban, H.; Mostafa, A.; Go, T. Green Gas and Liquid Capillary Chromatography. In: Pena-Pereira, 
F., Tobiszewski, M. (Eds). The Application of Green Solvents in Separation Process. Elsevier, 2017, 
pp 453–482. https://doi.org/10.1016/B978-0-12-805297-6.00015-2

(45) Habib, A.; Mabrouk, M. M.; Fekry, M.; Mansour, F. R. Glycerol as a Novel Green Mobile Phase 
Modifier for Reversed Phase Liquid Chromatography. Microchem. J. 2021, 169, 106587. https://doi.
org/10.1016/j.microc.2021.106587

(46) Keppel, T. R.; Jacques, M. E.; Wels, D. D. The Use of Acetone as a Substitute for Acetonitrile in 
Analysis of Peptides by Liqid Chromatography/Electrospray Ionization Mass Spectometry. Rapid 
Commun. Mass Spectrom. 2010, 24, 6–10. https://doi.org/10.1002/rcm

(47) Capriotti, A. L.; Cavaliere, C.; Foglia, P.; Samperi, R.; Stampachiacchiere, S.; Ventura, S.; Laganà, 
A. Ultra-High-Performance Liquid Chromatography-Tandem Mass Spectrometry for the Analysis of 
Free and Conjugated Natural Estrogens in Cow Milk without Deconjugation. Anal. Bioanal. Chem. 
2015, 407 (6), 1706–1719. https://doi.org/10.1007/s00216-014-8398-z

(48) Atapattu, S. N. Solvation Properties of Acetone-Water Mobile Phases in Reversed-Phase 
Liquid Chromatography. J. Chromatogr. A 2021, 1650, 462252. https://doi.org/10.1016/j.
chroma.2021.462252

(49) Atapattu, S. N. Retention Properties of Acetone-Water Mobile Phases on a Biphenylsiloxane-Bonded 
Silica Stationary Phase in Reversed-Phase Liquid Chromatography. J. Sep. Sci. 2022, 45 (9), 1487–
1492. https://doi.org/10.1002/jssc.202200033

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.

https://doi.org/10.1016/j.foodchem.2021.131418
https://doi.org/10.1016/j.foodchem.2021.131418
https://doi.org/10.1016/j.scp.2021.100431
https://doi.org/10.1016/j.aca.2020.04.068
https://doi.org/10.1016/j.aca.2020.04.068
https://doi.org/10.1016/j.jpba.2020.113646
https://doi.org/10.1016/j.jpba.2020.113646
https://doi.org/10.1016/j.jfca.2021.103983
https://doi.org/10.1016/j.jfca.2021.103983
https://doi.org/10.1016/B978-0-08-100596-5.22800-X
https://doi.org/10.1016/j.foodchem.2019.04.088
https://doi.org/10.1016/j.foodchem.2019.04.088
https://doi.org/10.1016/j.chroma.2022.463562
https://doi.org/10.1016/j.chroma.2022.463562
https://doi.org/10.1016/B978-0-12-805297-6.00015-2
https://doi.org/10.1016/j.microc.2021.106587
https://doi.org/10.1016/j.microc.2021.106587
https://doi.org/10.1002/rcm
https://doi.org/10.1007/s00216-014-8398-z
https://doi.org/10.1016/j.chroma.2021.462252
https://doi.org/10.1016/j.chroma.2021.462252
https://doi.org/10.1002/jssc.202200033


33

(50) Dogan, A.; Eylem, C. C.; Akduman, N. E. B. Application of Green Methodology to Pharmaceutical 
Analysis Using Eco-Friendly Ethanol-Water Mobile Phases. Microchem. J. 2020, 157, 104895. 
https://doi.org/10.1016/j.microc.2020.104895

(51) Vállez-gomis, V.; Peris-pastor, G.; Benedé, J. L.; Chisvert, A.; Salvador, A. Green Determination of 
Eight Water-Soluble B Vitamins in Cosmetic Products by Liquid Chromatography with Ultraviolet 
Detection. J. Pharm. Biomed. Anal. 2021, 205, 114308. https://doi.org/10.1016/j.jpba.2021.114308

(52) Nováková, L.; Grand-Guillaume Perrenoud, A.; Francois, I.; West, C.; Lesellier, E.; Guillarme, 
D. Modern Analytical Supercritical Fluid Chromatography Using Columns Packed with Sub-2μm 
Particles: A Tutorial. Anal. Chim. Acta 2014, 824, 18–35. https://doi.org/10.1016/j.aca.2014.03.034

(53) Lemasson, E.; Bertin, S.; West, C. Use and Practice of Achiral and Chiral Supercritical Fluid 
Chromatography in Pharmaceutical Analysis and Purification. J. Sep. Sci. 2016, 39 (1), 212–233. 
https://doi.org/10.1002/jssc.201501062

(54) Lu, X.; Du, N.; Zhang, D.; Zhou, X.; Li, X.; Ju, J. Efficient , Green , and Rapid Strategy for Separating 
Actinomycin D and X 2 Using Supercritical Fluid Chromatography. J. Pharm. Biomed. Anal. 2021, 
195, 113835. https://doi.org/10.1016/j.jpba.2020.113835

(55) Ramezani, A. M.; Absalan, G.; Ahmadi, R. Green-Modified Micellar Liquid Chromatography for 
Isocratic Isolation of Some Cardiovascular Drugs with Different Polarities through Experimental 
Design Approach. Anal. Chim. Acta 2018, 1010, 76–85. https://doi.org/10.1016/j.aca.2017.12.021

(56) Ramezani, A. M.; Absalan, G. Employment of a Natural Deep Eutectic Solvent as a Sustainable 
Mobile Phase Additive for Improving the Isolation of Four Crucial Cardiovascular Drugs by Micellar 
Liquid Chromatography. J. Pharm. Biomed. Anal. 2020, 186, 113259. https://doi.org/10.1016/j.
jpba.2020.113259

(57) Bhamdare, H.; Pahade, P.; Bose, D.; Durgbanshi, A.; Carda-Broch, S.; Peris-Vicente, J. Detection of 
Most Commonly Used Pesticides in Green Leafy Vegetables from Sagar, India Using Direct Injection 
Hybrid Micellar Liquid Chromatography. Advances in Sample Preparation 2022, 2, 100015. https://
doi.org/10.1016/j.sampre.2022.100015

(58) Ramezani, A. M.; Ahmadi, R.; Absalan, G. Designing a Sustainable Mobile Phase Composition for 
Melamine Monitoring in Milk Samples Based on Micellar Liquid Chromatography and Natural Deep 
Eutectic Solvent. J. Chromatogr. A 2020, 1610, 460563. https://doi.org/10.1016/j.chroma.2019.460563

(59) Al-Shaalan, N. H.; Jeehan Nasr, J.; Shalan, S.; El-Mahdy, A. M. Use of Green-Modified Micellar 
Liquid Chromatography for the Determination of Imidocarb Dipropionate Residues in Food Samples. 
Microchem. J. 2022, 178, 107316. https://doi.org/10.1016/j.microc.2022.107316

(60) Prebihalo, S. E.; Berrier, K. L.; Freye, C. E.; Bahaghighat, H. D.; Moore, N. R.; Pinkerton, D. K.; 
Synovec, R. E. Multidimensional Gas Chromatography: Advances in Instrumentation, Chemometrics, 
and Applications. Anal. Chem. 2018, 90 (1), 505–532. https://doi.org/10.1021/acs.analchem.7b04226

(61) Krupčík, J.; Gorovenko, R.; Špánik, I.; Sandra, P.; Giardina, M. Comparison of the Performance 
of Forward Fill/Flush and Reverse Fill/Flush Flow Modulation in Comprehensive Two-Dimensional 
Gas Chromatography. J. Chromatogr. A 2016, 1466, 113–128. https://doi.org/10.1016/j.
chroma.2016.08.032

(62) Garrigues, S.; de la Guardia, M. (Eds.) Challenges in Green Analytical Chemistry, 2nd edition. Royal 
Society of Chemistry, 2020.

(63) Crucello, J.; Pierone, D. V.; Hantao, L. W. Simple and Cost-Effective Determination of Polychlorinated 
Biphenyls in Insulating Oils Using an Ionic Liquid-Based Stationary Phase and Flow Modulated 
Comprehensive Two-Dimensional Gas Chromatography with Electron Capture Detection. J. 
Chromatogr. A 2020, 1610, 460530. https://doi.org/10.1016/j.chroma.2019.460530

(64) Pérez-Cova, M.; Tauler, R.; Jaumot, J. Chemometrics in Comprehensive Two-Dimensional Liquid 
Chromatography: A Study of the Data Structure and Its Multilinear Behavior. Chemom. Intell. Lab. 
Syst. 2020, 201, 104009. https://doi.org/10.1016/j.chemolab.2020.104009

Recent Developments in Green Chromatography

https://doi.org/10.1016/j.microc.2020.104895
https://doi.org/10.1016/j.jpba.2021.114308
https://doi.org/10.1016/j.aca.2014.03.034
https://doi.org/10.1002/jssc.201501062
https://doi.org/10.1016/j.jpba.2020.113835
https://doi.org/10.1016/j.aca.2017.12.021
https://doi.org/10.1016/j.jpba.2020.113259
https://doi.org/10.1016/j.jpba.2020.113259
https://doi.org/10.1016/j.sampre.2022.100015
https://doi.org/10.1016/j.sampre.2022.100015
https://doi.org/10.1016/j.chroma.2019.460563
https://doi.org/10.1016/j.microc.2022.107316
https://doi.org/10.1021/acs.analchem.7b04226
https://doi.org/10.1016/j.chroma.2016.08.032
https://doi.org/10.1016/j.chroma.2016.08.032
https://doi.org/10.1016/j.chroma.2019.460530
https://doi.org/10.1016/j.chemolab.2020.104009


34

(65) Stoll, D. R.; Carr, P. W. Two-Dimensional Liquid Chromatography: A State of the Art Tutorial. Anal. 
Chem. 2017, 89 (1), 519–531. https://doi.org/10.1021/acs.analchem.6b03506

(66) Li, M. W. H.; Huang, X.; Zhu, H.; Kurabayashi, K.; Fan, X. Microfabricated Ionic Liquid Column 
for Separations in Dry Air. J. Chromatogr. A 2020, 1620, 461002. https://doi.org/10.1016/j.
chroma.2020.461002

(67) Agrawal, A.; Keçili, R.; Ghorbani-bidkorbeh, F. Green miniaturized technologies in analytical and 
bioanalytical chemistry. TrAC, Trends Anal. Chem. 2021, 143, 116383. https://doi.org/10.1016/j.
trac.2021.116383

(68) Regmi, B. P.; Agah, M. Micro Gas Chromatography: An Overview of Critical Components and Their 
Integration. Anal. Chem. 2018, 90 (22), 13133–13150. https://doi.org/10.1021/acs.analchem.8b01461

(69) Hsieh, H. C.; Kim, H. A Miniature Closed-Loop Gas Chromatography System. Lab on a Chip 2016, 
16 (6), 1002–1012. https://doi.org/10.1039/c5lc01553g

(70) Whiting, J. J.; Myers, E.; Manginell, R. P.; Moorman, M. W.; Anderson, J.; Fix, C. S.; Washburn, C.; 
Staton, A.; Porter, D.; Graf, D.; Wheeler, D. R.; Howell, S.; Richards, J.; Monteith, H.; Achyuthan, K. 
E.; Roukes, M.; Simonson, R. J. A High-Speed, High-Performance, Microfabricated Comprehensive 
Two-Dimensional Gas Chromatograph. Lab on a Chip 2019, 19 (9), 1633–1643. https://doi.
org/10.1039/c9lc00027e

(71) Fialkov, A. B.; Lehotay, S. J.; Amirav, A. Less than One Minute Low-Pressure Gas Chromatography 
- Mass Spectrometry. J. Chromatogr. A 2020, 1612. https://doi.org/10.1016/j.chroma.2019.460691

(72) Peretzki, A. J.; Belder, D. On-Chip Integration of Normal Phase High-Performance Liquid 
Chromatography and Droplet Microfluidics Introducing Ethylene Glycol as Polar Continuous Phase 
for the Compartmentalization of n-Heptane Eluents. J. Chromatogr. A 2020, 1612, 460653. https://
doi.org/10.1016/j.chroma.2019.460653

Braz. J. Anal. Chem. 2023, 10 (40), pp 17-34.

https://doi.org/10.1021/acs.analchem.6b03506
https://doi.org/10.1016/j.chroma.2020.461002
https://doi.org/10.1016/j.chroma.2020.461002
https://doi.org/10.1016/j.trac.2021.116383
https://doi.org/10.1016/j.trac.2021.116383
https://doi.org/10.1021/acs.analchem.8b01461
https://doi.org/10.1039/c5lc01553g
https://doi.org/10.1039/c9lc00027e
https://doi.org/10.1039/c9lc00027e
https://doi.org/10.1016/j.chroma.2019.460691
https://doi.org/10.1016/j.chroma.2019.460653
https://doi.org/10.1016/j.chroma.2019.460653

