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Abstract: Green Analytical Chemistry (GAC) is a research field that seeks for more sustainable analytical 
approaches to minimize the toxicity and amounts of wastes without hindering the analytical performance. 
This is a trend in Analytical Chemistry worldwide and because of the diversity of innovations on this 
subject, Brazil stands out as the third in the list of the main contributors to GAC, with ca. 11.2% of the 
published articles. Significant innovations and interesting applications in several fields have been presented 
and Brazil is continuously moving from Chemistry to Green Chemistry also in the Analytical Chemistry 
field. Selected contributions for sample preparation, spectro- and electroanalysis, separation techniques, 
chemometrics, and also procedures for point-of-care measurements are critically reviewed. 
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INTRODUCTION

Green Chemistry is defined as the exploitation of 
techniques and methodologies aiming to reduce or 
eliminate the use of chemicals that are hazardous 
to human health or the environment and thus the 
amounts and toxicity of wastes (Anastas 1999). 
Nowadays, it is a well-established research area, 
which has focused mainly on improvements in 
organic synthesis (e.g. lower consumption of toxic 
solvents and minimization of by-products). The 
same principles have been applied to Analytical 

Chemistry and the development of environmental 
friendly procedures is also a trend. 

Several efforts have been made to reduce 
or eliminate the production of toxic wastes in 
chemical analysis without hindering the analytical 
performance. In this context, the term Green 
Analytical Chemistry (GAC) was coined to refer to 
the analytical strategies that generate lower waste 
amounts, less harmful residues or both (Armenta 
et al. 2008). Excellent discussions about the 
development of GAC and the involved strategies 
have been presented by authors worldwide 
(Armenta et al. 2008, Gałuszka et al. 2013, Turner 
2013). The first attempt involves reagentless 
procedures (including direct analysis), but often 
this is not feasible and some sample treatment or 
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analyte derivatization is required. Replacement of 
toxic chemicals, minimization of waste generation, 
recycling, and reuse of chemicals have been then 
exploited. Ultimately, waste needs to be suitably 
managed and treated. The strategies for GAC 
are often safer and cost-effective, by avoiding or 
diminishing the amounts of chemicals and by using 
mild reactional conditions. Moreover, the expenses 
involved in waste management and treatment are 
significantly lower.

Brazilian researchers have effectively 
contributed to GAC with new approaches and 
incremental developments on the several steps of 
chemical analysis. Indeed, a survey in the ISI Web 
of Science database revealed that Brazil is the third 
in the list of the highest contributors to GAC, with 
ca. 11.2% of the published articles (for comparison, 
contributions from Spain and USA correspond 
to 13.8 and 13.2%, respectively). This tradition 
dates from the pioneering works of Fritz Feigl in 
the development of qualitative spot tests (Feigl 
1955). Although assays often involved highly 
toxic chemicals, the proposal was a cornerstone in 
microanalysis as the determinations were carried 
out with only a few drops of sample and reagents. 
The proposal is still up-to-date and it has been 
also applied to quantitative analysis by different 
approaches (Luiz et al. 2013, Soares et al. 2017). 

A diversity of terms has been indistinctly used 
in relation to GAC, including Environmentally 
Friendly Analytical Chemistry, Sustainable 
Analytical Chemistry, and Clean Analytical 
Methods. On the other hand, sometimes the 
green character is not highlighted in relevant 
contributions to the field. This aspect makes a 
literature survey about GAC difficult and hinders 
a comprehensive discussion about this issue. Thus, 
this overview aims a critical discussion of the main 
innovations aiming at GAC, with emphasis on the 
Brazilian contributions, including sample treatment 
(sample decomposition and analyte extraction) 
and clean-up, as well as analyte detection by 

molecular or atomic spectrometry, electroanalysis, 
separation techniques, and alternatives for point-
of-care measurements. The inherent potential 
of flow analysis and chemometrics to achieve 
more environmental friendly procedures is also 
highlighted. 

SAMPLE PREPARATION

Sample preparation is one of the most important 
steps in chemical analysis and its performance is 
often decisive for obtaining reliable results. Classical 
methods typically require relatively high amounts 
of chemicals (e.g. solvents and concentrated acids) 
so that waste generation is often higher than in 
any other analytical step. Sometimes, sample 
preparation also demands high energy amount, 
such as in time-consuming processes carried out 
at high temperatures under convective heating. 
However, instrumental advances and new chemical 
approaches have yielded more environmental 
friendly processes for sample preparation, either 
aiming at sample decomposition or analyte 
extraction. Critical reviews on greener strategies 
for sample preparation (Rocha et al. 2009, 2013) or 
specifically aiming at sample digestion (Bizzi et al. 
2017) highlighted the impressive contributions of 
Brazilian researchers to the field. 

SAMPLE DECOMPOSITION

Except for some analytical techniques that allow 
direct analysis of solid samples, such as X-ray 
spectrometry, electrothermal atomic absorption 
spectrometry, laser ablation-ICP-MS, and laser-
induced breakdown spectrometry (LIBS), sample 
decomposition is required either for analyte 
solubilization, elimination of organic matter, or both. 
Moreover, sample solubilization is often needed 
for matrix matching or analyte preconcentration. 
Evolution of wet digestion of organic samples 
has sought for higher efficiency (i.e. low residual 
carbon contents, RCC) simultaneously with the 
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minimization of reagent amounts (Bizzi et al. 2017). 
In this sense, wet digestions with relatively large 
amounts of acids (or mixture of acids) in open vessels 
have been replaced by microwave (MW)-assisted 
acid digestions in closed vessels, which typically 
require lower amounts of acids. In this way, organic 
samples can be digested essentially with nitric acid 
(often jointly with H2O2), as the reactivity of HNO3 
substantially increases at the high temperatures 
provided by the high pressures achieved in closed 
vessels. Use of more toxic and harmful reagents 
(e.g. perchloric acid) is then avoided. In addition 
to greener procedures, minimization of reagent 
amounts contributes to diminish blank values, 
risks of sample contamination, and costs, also 
yielding sample digests more compatible with 
most instrumental techniques (e.g. ICPs, because 
of low residual acidity). Brazilian researchers have 
notably contributed with greener approaches for 
sample decomposition, including digestions in 
micro-flasks, use of dilute instead of concentrated 
acids, and MW-assisted combustion.

For analytical techniques that require 
low sample volumes (e.g. ETAAS and some 
electrochemical ones), green sample decomposition 
can be achieved by diminishing proportionally the 
sample mass and acid volumes. This approach was 
proposed by Sperling (1984) for decomposition 
of 5 mg of biological materials aiming at Cd 
determination by GFAAS with a 100-fold reduction 
of acid amount consumed and waste generated. 
This strategy was also investigated for digestion of 
(i) hair samples (10 mg) with 150 µL HNO3 plus 50 
µL H2SO4 aiming at As determination by hydride 
generation atomic absorption spectrometry (Flores 
et al. 2001) and (ii) medicinal plants (5 mg) with 
200 µL HNO3 plus 150 µL of 30% H2O2 aiming 
at Cd determination by thermospray flame furnace 
atomic absorption spectrometry (Brancalion and 
Arruda 2005). Sample treatment was carried 
out under MW-assisted heating for 35 min, after 
reaction for 30 min at ambient temperature (Flores 

et al. 2001) or for 4 min after 10 min at ambient 
temperature (Brancalion and Arruda 2005). In 
spite of these efficient decompositions, the mild 
experimental conditions may increase the digestion 
times and RCC for complex samples and low 
sample masses may be a drawback because of 
the sample heterogeneity. On the other hand, the 
approach is safe, inexpensive, and minimizes risks 
of sample contamination. 

Araújo et al. (2002) demonstrated that efficient 
MW-assisted digestion of plant materials could be 
accomplished with dilute HNO3 (e.g. 2 mol L-1) plus 
H2O2 in closed vessels. Aiming at determination 
of several elements by ICP OES, RCC were 
lower than 11.3% and not significantly dependent 
on HNO3 concentration from 2.0 to 7.0 mol L-1. 
Moreover, only 0.8 mmol of HNO3 was consumed 
for digestion of 250 mg of sample. Besides acting 
as auxiliary oxidant, hydrogen peroxide also takes 
part of HNO3 regeneration inside the vessel, which 
encompass: (i) generation of NO by oxidation 
of organic matter by dilute HNO3; (ii) oxidation 
of NO by oxygen in the gas phase, and (iii) NO2 
absorption by the solution to produce HNO3 (Bizzi 
et al. 2011). Thus, the oxygen in the gas phase 
(either directly introduced or generated by thermal 
decomposition of H2O2) and the temperature 
gradient between liquid and gas phases (inherent 
to MW-assisted heating) play essential roles in the 
process. Successful applications of digestion with 
dilute acids to a diversity of samples (e.g. animal 
fat, soybeans, and whole milk) were recently 
reviewed (Bizzi et al. 2017), thus demonstrating 
the feasibility of this greener approach for sample 
preparation. 

Sample digestion with dilute acids can be 
improved by exploiting the synergistic effect of 
MW-assisted heating and UV irradiation, which 
yields highly reactive species (e.g. radicals). On 
the other hand, the limitations of UV-assisted 
digestions for solid samples (e.g. light scattering)
can be circumvented by the MW-assisted process. 
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The strategy became feasible after the advent of 
electrodeless discharge lamps (usually based on 
Cd or Hg emissions) that are activated by MW, 
thus avoiding the need for electrical connections. 
Brazilian researchers have demonstrated the 
applicability of the process to a diversity of samples 
(Bizzi et al. 2017), including some hard to digest by 
conventional approaches, even with concentrated 
acids. This can be illustrated by the effective 
digestion of crude oils aiming at determination of 
rare earth elements by ICP-MS. Up to 500 mg of 
sample was effectively digested in 40 min (RCC < 
130 mg C g-1) by using 10 mL of 4 mol L-1 HNO3 
plus 4 mol L-1 H2O2 (Pereira et al. 2013a).

Some characteristics of sample digestion in 
micro-flasks and by dilute acids were combined 
in the acid-vapor partial digestion (Araújo et al. 
2000). Micro-flasks with a sample suspended in a 
suitable medium (e.g. water or auxiliary oxidants, 
such as H2O2 or NaOCl plus H2O2) are placed 
in contact with acid vapors produced by MW-
assisted heating of concentrated HNO3. Results 
for cobalt and iron obtained by ICP OES agreed 
with the certified values after digestion for 10 or  
60 min, respectively. This strategy also allows 
purification of the acid by distillation and reduces 
its consumption (2.5 mL of HNO3 per sample), 
although in a lower extend than the previously 
described approaches. For example, equivalent 
amounts of ca. 0.2 and 0.3 mL concentrated HNO3 
were consumed in the digestion of similar samples 
in micro-flasks and by dilute acids, respectively, 
whereas the classical nitro-perchloric digestion in 
open vessels consumed 7.5 mL of concentrated 
HNO3 (plus 2.0 mL of HClO4) per sample (Krug 
et al. 1977).

The previously discussed approaches are 
more environmental friendly because of the 
significant minimization of acid amount and the 
use of less corrosive dilute solutions. Although 
highly desirable in the scope of GAC, replacement 
of toxic reagents used in sample decomposition 

is hard to achieve because a highly oxidative 
medium is often needed. In this sense, advanced 
oxidative processes involving generation of highly 
reactive radicals (e.g. from UV irradiation of 
some precursor species) have been successfully 
exploited. An ingenious approach was the in situ 
photocatalytic decomposition of organic matter in 
a TiO2-modified gold electrode under irradiation 
by an UV-LED before voltammetric measurements 
of metal ions (Daniel and Gutz 2007). The in situ 
sample treatment is also advantageous because 
only the sample amount required for detection is 
decomposed, thus avoiding the unnecessary waste 
generation. Photo-oxidative processes have been 
also widely exploited for analyte conversions, as 
exemplified by phosphorus fractionation in cereals 
(Rocha and Rocha 2013). Organic phosphorus 
was converted to phosphate by sulfate and 
hydroxyl radicals produced from UV irradiation 
of a persulfate solution in a flow system. The 
reproducible timing and reaction conditions 
allowed the analytical exploitation of the process 
even with a conversion rate estimated at 48%. In 
this way, use of concentrated acids was avoided 
and the reagent consumption was minimized to less 
than 0.8 mg K2S2O8 per determination. However, as 
previously mentioned, exploitation of UV-assisted 
decomposition of solid samples may be hindered 
by light scattering. 

Microwave-induced combustion (MIC) 
involves elimination of organic matter, analyte 
volatilization, and absorption on dilute acid or 
alkaline solutions or even water, thus making the 
approach more environmental friendly. Reflux of 
this solution has been exploited to improve analyte 
absorption or to complete the sample digestion. 
The process has been carried out mainly in closed 
vessels (Moraes et al. 2007) pressurized with 
oxygen (ca. 20 bar is enough for combustion of 500 
mg sample), but also in open vessels by exploiting 
focused MW equipment (Mesko et al. 2010). These 
strategies show characteristics of sample digestion 
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on closed and open vessels, such as lower risks 
of analyte losses and treatment of higher sample 
amounts (e.g. 3.0 g), respectively. MIC has been 
an alternative for samples difficult to decompose 
under conventional MW-assisted acid digestions, 
especially for those with high carbon content (Bizzi 
et al. 2017).

Replacement of toxic chemicals was also 
demonstrated by using dilute NaOH (instead of 
HF) for solubilization of Si in plant digests (Barros 
et al. 2016). The proposed procedure involved: 
(i) MW-assisted digestion with dilute HNO3 plus 
H2O2; (ii) alkalinization of the digest followed by 
MW-assisted Si dissolution; and (iii) neutralization 
of the solution before measurements by ICP OES 
to avoid damages to the quartz torch. Sample 
decomposition with dilute acids at the first step 
was also decisive to minimize the salt content in 
the digests, which could hinder measurements by 
ICP OES. 

Other greener alternative for sample 
preparation is the analyte extraction from the sample 
instead of the matrix mineralization. This typically 
requires mild experimental conditions and lower 
acid concentrations. These characteristics can be 
illustrated by the extraction of Ca, Mg, Mn, and Zn 
from vegetables (ca. 300 mg sample) by using 15 
mL of 0.14 mol L-1 HNO3 and sonication for 10 min 
(Nascentes et al. 2001). Typically, extraction is fast 
under sonication, but strict control of experimental 
conditions (e.g. particle size and effective power of 
the US bath) is needed to achieve reliable results. 
Extractions can be incomplete for some samples 
and analytes, depending on the chemical form 
and linkage to the sample matrix. The extracts 
are usually suitable for atomic spectrometric 
detection but not for techniques susceptible to the 
effect of organic matter, which can be bonded to 
metal ions (e.g. UV-vis spectrophotometry and 
some electroanalytical techniques). Potentialities, 
limitations and applications of this approach were 
highlighted (Santos Jr et al. 2006).

EXTRACTION AND CLEAN-UP

Sample clean-up and analyte extraction are 
frequently needed in chemical analysis and usually 
generate high amounts of toxic wastes. Greener 
strategies have exploited miniaturization or 
replacement of toxic solvents, and even reagent-
free methodologies have been proposed (Filippou 
et al. 2017, Plotka-Wasylka et al. 2017). In this 
sense, solid-phase microextraction (SPME), stir 
bar sorptive extraction (SBSE), microextraction 
by packed sorbent (MEPS), liquid-phase 
microextraction (LPME), and pipette tip-based 
micro-solid phase extraction (PT-μSPE) stand 
out as discussed next. Other promising green 
approaches involve aqueous two-phase systems 
(ATPS) or extraction by emulsion breaking. A 
schematic representation of SPME, SBSE, MEPS, 
and PT-μSPE approach is shown in Figure 1. 

Solid-phase microextraction

SPME (Fig. 1a) is one of the most popular green 
approach for sample preparation, which provides 
a convenient alternative to most conventional 
techniques. In SPME, analytes can be desorbed 
thermally or by using organic solvents. The 
former is the greener choice, as it avoids the use of 
solvents, but a low amount of eluent (typically in 
the microliter range) is often required for chemical 
desorption, still classifying the SPME as a green 
approach. In addition to these GAC advantages, 
the configuration of the SPME device reduces the 
need for high sample volumes and thus the effluent 
volumes (Souza-Silva et al. 2013). 

Since the inception of SPME by Arthur 
and Pawliszyn (1990), several workgroups have 
consolidated this research topic, especially aiming 
at isolation of compounds from complex matrices 
(Soares et al. 2015, Andrade and Lanças 2017, Piri-
Moghadam et al. 2017). Although it can be also 
employed for non-volatile analytes using a direct-
immersion configuration, SPME is mainly applied 
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Figure 1 – Schematic representation of approaches for solid-phase green sample preparation: (a) SPME, (b) SBSE, (c) MEPS and 
(d) PT-µSPE. 

to volatile compounds (headspace mode) from 
highly complex matrices, such as honey (Rivellino 
et al. 2013), fungus for fermentation cultures 
(Schacker et al. 2017), and even living biological 
systems (Brunetti et al. 2015). In an interesting 
approach, the extraction of volatile biomarkers for 
early diagnosis of fungus disease in trees exploited 
SPME, with a significant impact on agronomic 
productivity of eucalyptus trees (Hantao et al. 
2013). 

Trends in SPME are the development of new 
fiber support formats and synthesis of more selective 
coatings (Augusto et al. 2010, Piri-Moghadan et al. 
2017). Generally, the extraction process is more 
efficient when high selective sorbents are used, 
as extraction of potentially interfering species is 
minimized (Clark et al. 2018). Then, selective 

sorbents can require lower sample volumes, thus 
diminishing waste generation. In this sense, ionic 
liquids (Toledo et al. 2014, Merib et al. 2016) and 
molecularly imprinted coatings (Sarafraz-Yazdi and 
Razavi 2015, Souza et al. 2016) have increased the 
analyte isolation by SPME fibers. Restricted access 
materials (Chaves et al. 2011) and immunosorbents 
(Queiroz et al. 2007) have also been investigated 
as SPME coatings with improved selectivity. In 
addition, the reuse of the SPME fiber avoids both 
early replacement and disposal. 

Stir bar sorptive extraction

In SBSE (Fig. 1b), introduced by Baltussen et al. 
(1999), a polymer-coated magnetic bar retains 
the analyte by the direct contact with the aqueous 
sample. Either thermal or chemical desorption of 
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the compounds is directly performed in a separation 
system (Lanças et al. 2009). 

The green aspect of SBSE resides in the 
solventless desorption before GC analysis or the 
lower volume of eluent when chemical desorption 
is chosen, generally prior to LC analysis. For 
instance, Pereira et al. (2014a) employed SBSE 
with chemical desorption for alkaloids isolation 
from passion fruit samples. Desorption required 
only 150 µL of organic solvent, which is 90% 
lower in comparison to the classical solid phase 
extraction (SPE).

SBSE can overcome some limitations of 
SPME, such as long time to achieve equilibrium 
conditions (Cassiano et al. 2014). Other advantages 
include improved selectivity and wide application 
for several matrices. However, low recoveries 
were observed for complex matrices. For example, 
Freitas-Lima et al. (2015) reported recoveries of 10 
and 60% of an anticonvulsant drug spiked to plasma 
by SBSE and classical SPE, respectively, and both 
procedures required the same eluent volume.

Microextraction by packed sorbent

As illustrated in Fig. 1c, MEPS resulted from the 
miniaturization of classic SPE. Only 1-4 mg of 
sorbent is inserted into a syringe (100-250 µL). 
Low amounts of sample, usually from 20 to 500 µL, 
are drawn through the syringe by an autosampler or 
manually. Removal of potential interfering species 
is performed by a low volume of a washing solution 
(e.g. 50 µL) and analytes are further removed with 
20-50 µL of eluent. Thus, MEPS is a fast, simple, 
and inexpensive GAC technique, with reduced 
sample, solvent, and sorbent amounts in all steps 
(Abdel-Rehim 2004, Mahdi-Moein et al. 2015). 

MEPS has been mainly focused on sample 
preparation prior to chromatographic bioanalysis, 
such as for drug isolation from plasma samples 
(Ortega et al. 2017, Viana et al. 2014) and pesticides 
in food matrices (Fumes et al. 2015). Interesting 

developments refer to the synthesis of novel 
sorbents, such as carbon nanostructured packings 
(Fumes and Lanças 2017), hybrid materials (Souza 
et al. 2015), and molecularly imprinted materials 
(Andrade et al. 2014). 

Similarly, sample preparation by PT-μSPE 
(Fig. 1d) involves a low amount of sorbent packed 
into a pipette tip, inside which all extraction steps 
are performed (Bordin et al. 2016). Amounts 
of both packing sorbent and solvent are reduced 
and the same pipette tip may be reused for 50 to 
100-times, depending on the analytes and sample 
matrices (Queiroz 2011). As observed for MEPS, 
PT-μSPE is useful for analyte recovery from 
biological samples, because the high selectivity 
compensates the reduced availability of biosamples 
(Silva et al. 2016a).

Analyte isolation and enrichment by classical 
and miniaturized SPE are compared in Table I 
(Kabir et al. 2017, Mahdi-Moein et al. 2014) and 
the reduction in sample and eluent volumes by the 
more recent strategies is notable. Although listed as 
a GAC technique, SBSE may spend large volumes 
of solvents for desorption, sometimes comparable 
to classic SPE, and then its green aspect can be 
questioned. 

Liquid-phase microextraction

LPME is a simple and inexpensive sample 
pretreatment approach involving LLE with 
minimized solvent consumption. Although LPME 
involves different modalities, as a rule, less than  
10 μL of a water-immiscible solvent (acceptor 
phase) is used to extract the analytes from the 
aqueous sample (donor phase). LPME is suitable 
for sample preparation in forensic analysis and 
biological applications (Nerin 2016), in which 
the analytes are usually extracted from a limited 
amount of sample. In this sense, LPME has been 
successfully applied to several biological samples 
prior to chromatographic analysis, including breast 
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human milk (Silveira et al. 2016), hair (Pego et al. 
2017), and urine (De Araújo et al. 2015) yielding 
high analyte recoveries. Decanol, dihexyl ether or 
dodecane were employed as acceptor phase and 
their minimized consumption demonstrated the 
advantage of LPME to GAC.

In single-drop microextraction (SDME), 
microliter amounts (from 1 to 8 μL) of an extracting 
solvent are suspended in a syringe needle and directly 
immersed in the sample or in the headspace (Pinto 
and Pedroso 2015). Multiresidue determination of 
pesticides (Dos Anjos and De Andrade 2014), as 
well as the determination of Cd in vegetable oils 
(Almeida et al. 2015) demonstrated the successful 
use of SDME for sample preparation, with a 
diminution of solvent consumption from several 
mL to few μL.

Hollow-fiber LPME (HF-LPME) is another 
advance of the liquid-phase extraction, based on 
impregnation of a hydrophobic porous hollow 
fiber with an organic solvent, whereas the lumen is 
filled with a few microliters of an acceptor phase. 
The significant reduction of acceptor volume is 
especially important in relation to the use of toxic 
solvents, such as octane, chloroform, and benzene. 
HF-LPME has been mainly exploited for isolation 
of analytes from biological samples, such as human 
metabolites (Paiva et al. 2015, Fonseca and Bonato 
2013). 

Aqueous two-phase systems

ATPS is a modality of LLE, in which the systems 
are essentially composed by water and other non-
toxic components, as polymers or macromolecules. 
Some ATPS comprise ionic liquids and short-chain 
alcohols, as well as ionic and non-ionic surfactants 
(Iqbal et al. 2016). Salt-rich and polymer-rich 
phases are formed under suitable conditions 
of temperature, pH, and salt amounts (Grilo et 
al. 2016). As the relative volumes can be varied 
and strategies can be adopted to increase analyte 

partition (e.g. addition of a suitable ligand for 
extraction of metal ions), ATPS is a powerful tool 
for analyte separation and enrichment.

By avoiding toxic organic solvents and using 
biodegradable and biocompatible components, 
ATPS is regarded as environmentally safe, with 
some advantages over conventional LLE such as 
easy application, low cost, and possibility to recycle 
components (Silva and Loh 2006). However, the 
wastes may not be completely environmentally safe 
because of the large amounts of additives required 
for formation of an ATPS. Applications of ATPS 
for isolation and enrichment of several chemical 
species include organic pollutants (Rodrigues et 
al. 2010), metal ions (Rodrigues et al. 2012), 
and biotechnological applications, as extraction 
and purification of proteins, enzymes and other 
biomolecules (Silva and Loh 2006). 

Use of smart-polymers can improve the green 
aspects of ATPS. In this approach, a single polymer 
(e.g. those formed by copolymerization of ethylene 
oxide and propylene oxide groups) forms a two-
phase system in water (Johansson et al. 1999), 
and the separation is performed by the collapse of 
the polymer structure, driven by alterations in pH 
or ionic strength, for example (Zaslavsky 1995). 
The polymer can be recycled, thus reducing waste 
generation and costs. 

TABLE I
Some characteristics of sample preparation techniques. 

Adapted from Kabir et al. 2017 and Mahdi-Moein et al. 2014.
Method Sample 

volume (mL)
Elution 

volume (mL) 
Reuse

Classical SPE 1.0-2.0 1.0-6.0 Single 
use

SPME 0.5-20 < 0.5 50-100

SBSE 1-100 < 1.0 100

MEPS
PT-μSPE

0.02-0.5
0.05-0.5

0.02-0.05
0.2-0.5

40-100
50-100
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Extraction by emulsion breaking

Because of their water-immiscibility, sample 
preparation of oil samples generally requires organic 
solvents. Extraction induced by emulsion breaking 
is a greener alternative to isolate the analytes from 
these samples, by adding a substance to form 
water-oil emulsions, which are further broken by 
centrifugation or sonication. Analytes often remain 
in the aqueous phase, thus being available for direct 
determination usually by atomic spectrometry. 
This approach has replaced ordinary methods that 
involve large volumes of toxic solvents for trace 
metal ion extractions (Dantas et al. 2001, Pereira 
et al. 2013b). 

Preparation of petroleum and derivatives 
samples (e.g. crude oil and gasoline) as well as 
biodiesel by emulsion breaking has been widely 
discussed (Trevelin et al. 2016, Pereira et al. 
2014b, Robaina et al. 2016). Recently, Vicentino 
and Cassella (2017) proposed the Hg isolation 
from gasoline samples by extraction induced by 
microemulsion breaking. The method required less 
than 2 mL of solvents, i.e. 1.2 mL of n-propanol, 
0.1 mL of HCl solution, and 0.3 mL of water for 
the phase separation, compared to several mL 
of organic solvent employed on classical LLE. 
Recovery values were in the range of 88-109%. 

MOLECULAR SPECTROMETRY

Molecular spectrometry typically involves chemical 
derivatization to improve sensitivity, selectivity or 
both. Moreover, chemical derivatization allows 
expanding application to non-absorbing species 
or to those that do not exhibit luminescence. 
The most significant exception refers to direct 
sample analysis by infrared spectrometry, which 
usually involves multivariate data treatment. 
Several relevant applications have been presented, 
including determination of biodiesel in blends with 
diesel and detection of adulteration by vegetable 
oils (Pimentel et al. 2006) and the non-invasive 

estimation of quality indicators in fruits with a 
handheld NIR spectrometer (Marques et al. 2016).

Chemical derivatization may be time-
consuming and generate toxic wastes from the 
reagents and solvents required. Reagentless 
procedures are scarce and often involve less complex 
samples because of the limitations in selectivity. 
Some examples include the determination of 
species of pharmaceutical interest by UV-vis 
spectrophotometry often in the derivative mode 
(Ojeda and Rojas 2004). Aiming at avoiding the 
use of reagents, physicochemical properties less 
usual in analytical procedures have been exploited. 
For instance, increase of the temperature provided 
by the heat of dilution of ethanol in water was 
indirectly measured by an infrared camera and 
exploited for determination of alcoholic content of 
beverages (Oliveira et al. 2017). This enthalpimetric 
procedure also significantly diminished the energy 
demand in comparison with usual alternatives (e.g. 
GC). Other ingenious approaches for reagentless 
procedures are described in the section of this 
overview devoted to flow analysis. 

Replacement of toxic reagents, minimization of 
waste amounts and, in a lower extent, recycling and 
reuse of chemicals are the alternatives to achieve 
GAC when chemical derivatization is involved. 
Some illustrative contributions to achieve these 
goals are discussed next.

Replacement of toxic chemicals can 
be achieved only in specific circumstances. 
Photochemical conversions are a powerful tool for 
greener chemical derivatizations. UV radiation is 
exploited to modify the structure of the analyte, 
e.g. by breaking chemical bonds and inducing 
cyclization reactions and rearrangements (Zweig 
1973), thus forming species with higher molar 
absorptivity, higher luminescence quantum yield or 
both. This can be exemplified by the photochemical 
derivatization of the antidepressant amitriptyline 
under UV irradiation of the samples (60 min) in a 
medium of dilute acid (0.027 mol L-1 HCl) to form 
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highly fluorescent species (Osorio et al. 2014). The 
approach avoided the toxic reagents or solvents 
typically used in fluorimetric or HPLC methods 
but the mercury lamps used as UV sources need 
to be properly handled and disposed. Another 
ingenious alternative involves electrochemical 
derivatization of the analyte, as demonstrated in 
the spectroelectrochemical determination of the 
antihistaminic promethazine (Daniel and Gutz 
2003). The method was based on in situ detection 
of a colored cationic radical formed during 
electroxidation of the analyte in dilute acid medium, 
0.1 mol L-1 H2SO4 at a gold electrode modified 
with TiO2. The approach avoided interferences 
by other electroactive species observed in direct 
amperometric measurements.

Also aiming to avoid toxic reagents, an 
environmental friendly procedure was proposed 
for determination of melamine as an adulterant of 
protein content in milk (Nascimento et al. 2015). 
Sample clean-up involved protein precipitation with 
dilute trichloroacetic acid and fat removal by cloud 
point extraction with Triton X-114. The surfactant 
was also used as fluorophore and the fluorescence 
quenching by the analyte was exploited to determine 
as low as 320 µg melamine/100 g of milk. 

Because of the capability to process low 
amounts of sample, microanalytical techniques 
are inherently suitable for GAC. Even when 
toxic chemicals are needed, their amounts may 
be minimized in such a way that the procedures 
can be classified as environmental friendly. For 
instance, a successful approach was proposed for 
fast determination of adulterants in milk (whey, 
synthetic milk, synthetic urine, urea, and hydrogen 
peroxide) with standard errors of prediction of 
2.33, 0.06, 0.41, 0.30, and 0.014 g L-1, respectively, 
based on attenuated total reflectance mid-infrared 
microspectroscopy (Santos et al. 2013). As the 
determination required only 1 µL of a treated 
sample, the volume of chloroform required for 
fat removal (in equal volumes to the sample) was 

minimized. This characteristic is also intrinsic to the 
quantitative spot tests involving spectrophotometric 
detection by diffuse reflectance (Luiz et al. 2013) or 
by exploiting digital images (Soares et al. 2017). 
These applications refer to the determination of 
furosemide in urine aiming at detection of doping 
(Luiz et al. 2013) and iodine value to evaluate the 
oxidative stability of biodiesel (Soares et al. 2017) 
by using only micrograms of reagents. 

Low reagent consumption is also inherent 
to (microfluidic) paper-based analytical devices 
(PADs), which often exploit colorimetric detection. 
As these devices hold several advantages such as 
low cost and suitability for point-of-care testing, a 
notable development has been recently observed. 
Operational aspects as well as analytical and 
bioanalytical applications of these devices were 
discussed in a critical review (Morbioli et al. 
2017). Interesting applications include enzymatic 
assays for detection of sarcosine in urine aiming at 
detection of prostate cancer (Nascimento et al. 2016) 
and glucose and uric acid in serum, which would be 
useful for detection of diseases such as diabetes and 
gout (Gabriel et al. 2016). The microfluidic devices 
were designed by modification of the paper by wax 
printing or with chitosan, respectively. Although 
some relatively toxic reagents were required, the 
environmental impact is minimized by using from 
1-5 µL of solution and impregnation of the reagent 
on the paper support.

ATOMIC SPECTROMETRY

Apart from the use of chemical modifiers and 
the gases produced during atomization in some 
techniques, the main source of waste generation 
in atomic spectrometry is the sample preparation 
because most of the approaches require solid 
samples to be converted to solutions. However, 
as previously discussed, there are several 
alternatives for greener sample decomposition 
and spectrometric techniques usually demands 
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low volumes of sample digests. On the other 
hand, some spectrometric techniques are suitable 
for direct solid sample analysis and thus are 
inherently greener approaches by avoiding toxic 
or corrosive reagents and generating less waste. 
Techniques involving sample nebulization are 
typically characterized by low efficiency and thus 
large production of wastes. Microinjection of 
sample aliquots is an alternative to circumvent this 
drawback without hindering analytical performance 
(Silva et al. 2010). Other question to concern in 
relation to atomic spectrometry is the need for high 
power suppliers as lower energy consumption is 
also a goal of GAC. 

Solid sampling graphite furnace atomic 
absorption spectrometry (SS-GFAAS) has 
advantages in the development of clean procedures 
because it requires low sample amounts and 
enables a thermal pretreatment inside the 
atomizer. For example, aiming at toxicological 
and environmental investigations, determination 
of Cd and Pb in hair was carried out with only 
80 µg of sample weighed directly on a boat type 
platform and requiring only 10 µL of a chemical 
modifier (5 μg of Pd(NO3)2 and 3 μg of Mg(NO3) 
(Nomura and Oliveira 2010). Calibration may be 
performed with aqueous solutions, with responses 
similar to those obtained with a certified reference 
material. The limits of detection were in the order 
of ng g-1 because sample dilution inherent to the 
decomposition step was avoided. Absence of the 
sample digestion step also minimizes sample 
handling as well as risks of contamination and loss 
of the analyte. Another interesting application of 
SS-GFAAS is the analysis of refractory samples, 
as demonstrated by the determination of Co, Cr, 
and Mn in Portland cement (Intima et al. 2009). Up 
to 200 µg sample and only 10 µL of a mixture 
Na2CO3  + ZnO + Triton X-100 were heated at 
800 oC for 20 s. The mould was dissolved in 10 
µL of 0.1% m/v HNO3. All steps occurred on 
the boat-type graphite platform avoiding sample 

contamination and saving time, with advantages 
in relation to the classical fusion procedure, which 
requires large amounts of dilute acids (20 mL of 
0.1% m/v HNO3) and sample (0.5 g).

In situ sample pretreatment was also exploited 
in the decomposition of the organic matrix of 
biodiesel in a tungsten coil atomizer aiming 
at determination of Na, K, Cr, and V by atomic 
emission spectrometry (Dancsak et al. 2014). 
Biodiesel samples (10 µL) were diluted in methanol 
or ethanol (instead of kerosene and xylene 
commonly employed in the biodiesel analyses) 
and introduced directly into the atomizer using 
a micropipette. The heating cycle demanded less 
than 150 s, including sample pyrolysis. Tungsten 
coils also stands out by the lower energy demand 
in comparison to graphite atomizers because of 
lower mass and specific heat, which makes these 
devices very attractive for GAC (Rocha et al. 
2009). Detection limits in the µg L-1 range were 
estimated and calibration with organometallic 
standards was not required. 

Slurry sampling is advantageous in the 
development of clean procedures, mainly by 
decreasing the consumption of concentrated 
acids, as well as the sample preparation time. This 
approach has been successfully exploited in GFAAS 
(Souza et al. 2013), FAAS (Amorim et al. 2017), 
ICP OES (Scheffler et al. 2014, Limbeck et al. 
2017), ICP-MS (Tai et al. 2016) and total reflection 
X-ray fluorescence (Resende and Nascentes 
2016). Moreover, antimony determination in 
airborne particulate matter was the pioneer 
work in the application of slurry sampling with 
hydride generation quartz tube atomic absorption 
spectrometry (Ferreira et al. 2011). Calibration was 
performed with aqueous solutions (0.2-5.0 μg L-1 
Sb(III)) and precision was estimated at 6.2%.

Another green alternative for sample 
preparation in atomic spectrometry is the 
microemulsion technique, which presents 
advantages due to stability, low viscosity, and 
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optical transparency. This approach was evaluated 
for Ca, K, Mg, Na, P, and S determination in 
biodiesel by ICP OES with axial configuration 
and argon-oxygen plasma (Amais et al. 2011). 
Sample microemulsions were prepared using 
dilute nitric acid, Triton X-100, and n-propanol in 
contrast to conventional procedures that consume 
toxic organic reagents. By using mineral oil 
for preparing calibration solutions, correlation 
coefficients were better than 0.99 and coefficients 
of variation were within 1.5 and 6.8 %. Recoveries 
were estimated from 103.3 to 117.5, 93.5 to 113.5, 
76.3 to 92.5, and 88.3 to 116.1% for Ca, Mg, P, and 
S determinations, respectively. 

Direct analysis of solids by X-ray fluorescence 
spectrometry is usual, often without or with 
minimal sample preparation. Applications include 
analysis of biological and geological samples, 
metal alloys, atmospheric particulate, ceramic, and 
polymeric materials (Garrigues and de la Guardia 
2013). Portable systems are available for point-of-
care measurements. A recent application involved 
classification of nail polish samples based on Ca 
and Ti amounts (Shimamoto et al. 2013). A filter 
paper was used as surface support and samples 
were irradiated for 20 s with data processing by 
principal component analysis (PCA), without 
requiring sample preparation or using of chemicals.

In situ analysis of macro-, micronutrients, 
and Si in sugarcane leaves can be carried out by 
energy-dispersive X-ray fluorescence spectrometry 
(EDXRF) and laser-induced breakdown 
spectroscopy (LIBS) (Guerra et al. 2015). Leaves 
were washed, dried, cut, pressed between two 
paper disks, and submitted to the spectroscopic 
measurements. The collimated X-ray spot size 
(5 mm) was irradiated for 50 s while for LIBS 
measurements the spot size was 750 µm with 
48 accumulated laser pulses per line in each leaf 
fragment. It was estimated that 15 leaf fragments 
were enough to represent the whole leaf. Cross-
validation was carried out for P, K, Ca, Fe, Mn, 

and Si with linear correlation coefficients ranging 
from 0.8704 (P) to 0.9778 (Ca). As chemicals 
were avoided in sample preparation, there was no 
generation of toxic residues.

Electrothermal sample vaporization and 
laser ablation are powerful tools for elementar 
determination by plasma techniques usually 
without sample pretreatment. Applications 
include direct analysis of biological materials 
for the determination of chlorine (De Gois et al. 
2015) and bioimaging of Cd and micronutrients 
in seeds of sunflower (Pessoa et al. 2017). In 
spite of the analytical potential, these approaches 
demand high energy and costs. Alternatively, 
online coupling of MIC to flame furnace atomic 
absorption spectrometry was proposed as an 
ingenious approach for trace analysis of Cd and Pb 
in botanical samples (Barin et al. 2008). Pellets of 
samples were weighed on a filter paper, wrapped, 
and placed into the glass chamber. The transient 
signals were recorded after MW-induced ignition. 
External calibration can be performed with 
reference solutions placed directly on the filter 
paper.

ELECTROANALYSIS

Electroanalysis fulfills several of the 
requirements of GAC, being attractive for real 
time measurements without analyte derivatization 
(Koudelka-Hep and Van der Wal 2000). The 
advantages are potentialized with microelectrodes, 
in which the ohmic drop (IR) is virtually negligible, 
enabling electrochemical studies of redox systems 
in absence of support electrolyte. As a consequence, 
consumption of conditioning solutions (e.g. buffers 
or electrolytes) is avoided or minimized. Other 
green characteristic of microelectrodes refers to 
their exploration in microscopic domains, thus 
requiring very low sample volumes. Moreover, 
these sensors have been exploited for in situ analysis 
as exemplified by environmental monitoring of 
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oxygen (Prien et al. 2005) and copper (Wang et al. 
1995). 

Other advantage of the electrochemical 
methods aligned to the GAC is related with 
the fabrication of electrochemical microfluidic 
ana ly t i ca l  dev ices ,  t e rmed  as  ePADs 
(Mettakoonpitak et al. 2016) by using paper 
as substrate. These devices are inexpensive, 
lightweight, flexible, easy to use, and disposable 
by burning, which avoid waste generation after 
biological or environmental analysis. Because 
of these characteristics, ePADs are attractive 
for point-of-care applications. Additionally, due 
to the large availability and their chemical and 
physical properties, papers have been widely 
applied in analytical chemistry (Martinez et al. 
2007, Yang et al. 2017). In this sense, De Araújo 
and Paixão (2014) proposed the use of Ag tracks 
painted in office paper to fabricate cheap and 
reliable electrochemical sensors to quantify Cl- 
and Pb2+ in environmental samples and a low-
cost three-dimensional ePAD using pencil hand-
writing was proposed for determination of traces 
of p-nitrophenol in waters (Santhiago et al. 2014). 
A greener process for fabrication of ePADs was 
recently proposed (De Araújo et al. 2017) relying 
on the use of a laser scribed approach with a CO2 
laser machine, instead of chemicals (e.g. inks and 
organics solvents). 

Electrochemistry can also be used for chemical 
derivatization without toxic reagents. In this sense, 
it is feasible to convert chemical species difficult-
to-oxidize (or reduce) in more easily oxidizable (or 
reducible) species. In situ electrochemical sample 
pretreatment or generation of electroactive species 
are also feasible. An array of electrodes can be 
used to perform the electrochemical conversion 
and sensing of the species generated. For example, 
this strategy was exploited for electrochemical 
sample pretreatment aiming to avoid chemical 
interferences with negligible waste generation 
(Silva et al. 2016b). Electrolysis has been also 

exploited to separate the analyte from matrix species 
that could interfere in the analytical determination 
by atomic spectrometry (Beinrohr 1995), also 
avoiding addition of toxic chemicals and waste 
generation. Additionally, in the context of GAC, 
electrochemical derivatization ought to avoid the 
formation of chemical species more hazardous that 
the original ones. This drawback was observed 
when latrine wastewater with high concentrations 
of chloride and organic matter was submitted to 
electrochemical pretreatment, generating toxic 
byproducts, such as chlorate, perchlorate, and 
chlorinated organic compounds (Radjenovic and 
Sedlak 2015).

Aiming at GAC, Hg-based electrodes have 
been replaced by alternative materials in highly 
sensitive stripping voltammetric methods for 
different applications. In this context, bismuth 
films are a greener alternative because of the lower 
toxicity and minimum threat to the environment 
because of the quite low solubility of its compounds 
in water. Brazilian contributions related to bismuth 
film electrodes for stripping analysis are significant, 
with ca. 6% of the articles available in the literature 
according to a survey at the ISI Web of Science 
database. Bismuth thin films have been deposited 
on different substrates such as copper from circuit 
boards (De Figueiredo-Filho et al. 2017) and 
pyrolyzed paper (Silva et al. 2017). The former 
approach was applied for determination of diquat 
and paraquat pesticides in waters with LODs lower 
than 10-7 mol L-1, whereas a pyrolyzed paper was the 
substrate for disposable working electrodes aiming 
at determination of trace metals with LODs of 
0.26, 0.25, and 0.39 µg L-1 for Zn2+, Cd2+, and Pb2+, 
respectively (Silva et al. 2017). Electrochemical 
sensors modified with bismuth have been also 
exploited for determination of herbicides (Gerent 
et al. 2015), fertilizers (Jost et al. 2016), pesticides 
(Lezi and Economou 2015), ecotoxic nitrophenols 
(Lezi et al. 2014), heavy metals (Bansod et al. 
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2017) and hormones (De Lima and Spinelli 2013) 
in environmental samples.

Boron doped diamond (BDD) electrodes are 
also interesting greener alternatives to mercury 
electrodes because of the large potential windows 
and low background current. The pioneer work 
relying on pretreatment of the surface of the BDD 
electrode in very negative potential (Suffredini et 
al. 2004) opened new possibilities in this field, with 
applications to pesticide monitoring that could not 
be oxidized by conventional electrodes (Codognoto 
et al. 2004, Pedrosa et al. 2008, Selva and Paixão 
2016a, Costa et al. 2017).

Copper layers freshly deposited in some 
electrodic materials electrocatalyze the nitrate 
reduction in potentials lower than in bare electrodes 
(Desai et al. 2009), but the electrodeposition prior 
to each analysis often causes sample contamination 
with the metal. Alternatively, the in situ generation 
of low amounts of copper ions followed by the 
immediate cathodic reduction based on stripping 
techniques was proposed (Paixão et al. 2007). 
Further, this approach was exploited with recycled 
flat copper cables as electrochemical nitrate sensors 
(Silva et al. 2013). The reuse of electronic wastes 
to fabricate electrochemical sensors is a sustainable 
approach as demonstrated by reusing gold CD-R 
(Angnes et al. 2000) and circuit chips (Augelli 
et al. 1997) for sensing of copper and mercury 
in different kinds of samples, respectively. High 
detectability (5 µg L-1 Cu and 10 µg L-1 Hg), and 
good reproducibility between different devices 
were achieved. Other approach to increase the 
reproducibility and scalability involved a toner 
mask (Lowinsohn et al. 2006). However, the 
electrodes produced from the microchips did not 
show the same reproducibility due to the homemade 
fabrication.

Electrochemical detection in microflow 
systems is a powerful analytical tool for GAC 
due to portability and low energy demand (thus 
suitability for point-of-care measurements) as well 

as the minimization of reagent consumption and 
waste generation. As an example, this approach 
was explored for detection of the hormone estriol 
in waters by consuming only 2 μL of sample 
(Ochiai et al. 2017). A cotton thread was used 
as microfluidic channel, where the solutions 
flew by capillarity, and screen-printed electrodes 
modified with carbon nanotubes were exploited for 
amperometric detection. Other greener alternative 
was the recirculation of the carrier solution in the 
electrochemical cell (Franco et al. 2016). Thus, 
low reagent consumption and waste generation 
were achieved even by using high flow rates (7 mL 
min−1), which was enough to achieve a sampling 
rate of 240 h-1.

Batch injection analysis (BIA) involves 
injection of a low sample volume (10-30 µL) 
directly on the surface of an electrode placed into a 
large volume of an electrolyte, usually by using an 
automatic micropipette (Wang and Taha 1991). In 
this way, mass transport of the analyte is improved 
and a transient signal is obtained because of the 
joint effect of convection and diffusion. The same 
electrolyte can be used for several measurements 
because its volume is quite high in relation to the 
analyte amount; the process is then inherently more 
environmental friendly. Determination of paraquat 
(Simões et al. 2007), carbendazim, hydroquinone, 
and catechol (Caramit et al. 2015), as well as the 
picoxystrobin fungicide (Dornellas et al. 2015) in 
waters illustrate some environmental applications 
by using glassy carbon, screen-printed carbon, 
and BDD electrodes, respectively. In other green 
approach, electrochemical transducers were 
modified with natural enzymes obtained from 
vegetables, such as peroxidases (Vieira et al. 2003). 
The use of the natural tissues increase enzyme 
stability because the species is kept in its natural 
environment and the chemicals needed for enzyme 
purification are avoided.

Electrochemical techniques are also compatible 
with ionic liquids, which are greener and safer 
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than the traditional solvents, including low vapor 
pressures. Additionally no additional electrolyte 
is required for the electrochemical measurements 
(Tsuda and Hussey 2007). Ionic liquids have been 
widely used in analytical chemistry (Shangguan 
et al. 2010), but application to determination 
of species of environmental relevance was not 
reported, which is an opened field in this area. 

SEPARATION TECHNIQUES 

Generation of high amounts of toxic wastes is 
often attributed to separation techniques either 
in sample processing or in the clean-up step. 
However, some approaches have been proposed 
to minimize or eliminate the hazardous solvents 
and products associated with the analytical process. 
This applies to gas chromatography (GC) that uses 
non-toxic gases instead of solvents for separation 
and it is often considered a technique with low 
environmental impact. Of course, when chemical 
derivatization is required (e.g. to yield volatile 
species), waste generation needs to be taken into 
account. On the other hand, conventional LC 
requiring long run times on large internal diameter 
columns consumes considerable amounts of 
solvents and generates substantial waste amounts. 
Common HPLC run involves a mobile-phase flow 
rate of about 1.0 mL min-1, which daily generates a 
high volume of organic solvent effluents that need 
to be suitably disposed.

More environmentally friendly LC can be 
achieved by the reduction of system dimensions, 
and consequently reduction of both solvent 
consumption and waste generation, as well as by 
the use of less hazardous eluents. The challenge 
is to reduce waste volumes and toxicity without 
hindering chromatographic resolution.

Miniaturization

Miniaturized LC and reduction of column internal 
diameter in conventional HPLC have gained 

updated interest in recent years, moved by greener 
separations and lower costs with both mobile and 
stationary phases (Gama et al. 2013). Reduction of 
the flow rate allows using more expensive mobile 
phases in specific applications, such as additives or 
deuterated solvents, without a significant impact 
on the analysis cost (Nazario et al. 2015). Different 
mobile or stationary phases enable new interaction 
mechanisms and improve the chromatographic 
selectivity. 

Large amounts of solvent are saved when 
comparing miniaturized and conventional LC 
techniques. techniques. For example, a mixture 
of 8 alkylbenzenes can be separated on a 300-
μm i.d. column using only 39 μL of acetonitrile 
in comparison to 12 mL by using conventional 
HPLC (Welch et al. 2010). The 99.5% reduction 
in solvent consumption and waste generation 
was accompanied by decrease on the run time 
and the chromatographic separation profile 
was not affected. An additional advantage of 
miniaturization is the lower sample consumption, 
which is relevant for e.g. clinical, biomedical, and 
forensic applications (Needham 2017). Because of 
the reduction in the column dimensions, injection 
volumes in miniaturized systems are significantly 
decreased from several μL to a few nL, also reducing 
solvent spent and waste generation in both sample 
preparation and analytical determination.

Another greener aspect of miniaturized LC is 
that only a small quantity of the stationary phase is 
needed for packing a small i.d. column. This can 
lead to significant cost savings for analyses using 
expensive stationary phases, such as those based 
on bioaffinity interactions. The lower consumption 
of reagents and solvents on the synthesis of the 
stationary phases are also in agreement with GAC 
principles. 

New stationary phases for miniaturized LC 
involve e.g. synthesis of polymer monolithic 
materials (Gama et al. 2017), and new silica-
based packings (Weller et al. 2017), generally 
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for separation of small molecules. The novel 
phases have shown performance similar to the 
commercially available ones, with improved 
selectivity for some compounds (Majors 2000). In 
spite of the advantages related to the miniaturized 
LC, the high cost of acquisition and maintenance 
of these instruments have limited the number of 
applications.

Application of shorter columns, keeping the 
i.d. of the traditional ones, is an interesting approach 
of miniaturization because no adjustments on 
HPLC instrument are required. The GAC aspect 
of this option is the simple reduction of the solvent 
consumption in shorter separation runs. Frequently, 
some loss of chromatographic resolution is 
observed for these short columns, but this is not 
critical for several applications. 

Submicrometric particles are particularly 
attractive for green chromatography. Although 
backpressure increases significantly, thus requiring 
special pumps for ultra-high pressure LC systems, 
separation times and solvent consumption using 
small particles are reduced up to one order of 
magnitude when compared to columns packed with 
larger particles (Kaljurand and Koel 2011). 

Microscale separations can also be performed 
in microchip devices.  Chromatographic 
separation can be carried out in devices of a few 
centimeters, but microchips have been most usual 
in electrophoresis (Breadmore 2012), because 
neither valves nor pumps are needed to perform the 
separation. By requiring minimal sample, solvent, 
and sorbent amounts, microchip separation is an 
interesting GAC approach. 

Nowadays, applications of microchip 
separations are mainly focused on bioanalysis, for 
both small analytes and macromolecules, including 
the classical use for ion analysis (Freitas et al. 
2016). Whole cells, tissue extracts, metabolites, 
and biomarkers are frequently analyzed in 
microchips and require specific interactions for 
complete separation (Štěpánová and Kašička 

2017). In these cases, high selectivity is achieved by 
immobilization of bioaffinity-based structures on 
micro/nanochannels, aiming at specific interactions 
with the analytes. 

One of the most recent advance in microchip 
technology was the development of inexpensive 
paper-based devices (Chagas et al. 2016). Some 
devices can join both sample preparation and 
separation in a single platform, even for complex 
matrices (Niu et al. 2018). Differently from 
traditional materials, e.g. glass and organic 
polymers, that requires special methodologies for 
microchip design, paper microfluidic devices are 
generally fabricated by environmentally friendly 
and affordable technologies. 

Greener alternative solvents

In addition to the solvent reduction through 
miniaturization, replacing toxic solvents also 
significantly contributes to GAC. Usually, normal 
phase chromatography, and water-based reversed-
phase HPLC are performed with two or one 
non-green solvent, respectively. Although highly 
desirable, replacement of solvents should not 
hinder the chromatographic efficiency (e.g. loss 
of resolution and selectivity). Sometimes, this 
drawback can be overcome by some experimental 
adjustments. 

Greener alternatives for mobile phase 
constituents, such as water, ethanol, or carbon 
dioxide, can reduce the generation of toxic wastes. 
In the most appropriate situation, all solvents used 
are green, as well as the waste generated in the 
experiment, as observed for ethanol-based HPLC 
and heated water HPLC (Welch et al. 2010). Table 
II summarizes the solvents commonly employed in 
LC separations and their classification for use as 
green eluent. Notably, there are alternatives for the 
replacement of solvents classified as undesirable.

LC separations have been predominantly 
carried out in reversed-phase mode, using a 
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hydrophobic stationary phase and a mobile phase 
generally composed by a mixture of a polar organic 
solvent and water. The wide use of acetonitrile 
is based on its remarkable physical properties, 
such as low viscosity, miscibility with water, and 
UV-transparency at low wavelengths (Ribeiro 
et al. 2004). However, from the GAC point of 
view, acetonitrile is not suitable because of high 
flammability, volatility, and toxicity. Consequently, 
a LC waste containing acetonitrile has high cost of 
disposal. In this context, replacement of acetonitrile 
is probably the main goal in green LC. 

Methanol should be selected instead of 
acetonitrile whenever possible, because of the 
lower toxicity. Moreover, one important aspect 
is the disposal of mobile phase components that 
requires special waste treatments. High disposal 
costs are especially valid for acetonitrile, which 
requires detoxification of HCN, NO2 formation, 
among other steps, when compared to methanol 
(Vanhoenacker et al. 2010). 

Ethanol is an alternative as a less toxic and 
biodegradable solvent for LC separations and may 
replace acetonitrile in several applications. In this 
sense, ethanol was explored in reversed-phase LC 
as an acetonitrile substitute in the determination of 
natural product fingerprints (Funari et al. 2014). 
Recently, ethanol-water mobile phases were 
proposed for routine analysis in the pharmaceutical 
industry (Totoli and Salgado 2015). 

Because chromatographic performance using 
ethanol is inferior to acetonitrile as a reversed-
phase mobile phase, the temperature control 
during separation is important to minimize peak 
broadening and loss of the chromatographic 
resolution. Generally, separation using ethanol is 
performed under relatively higher temperatures 
(e.g. 45 °C), to reduce the viscosity of the ethanol-
water mixture and to enhance the chromatographic 
performance. The higher temperature requires 
adjustments in chromatographic instrumentation 
and also modern column packings, as fused-

core 2.7 μm-particles packed columns, that are 
more resistant to heating. These hindrances have 
restricted the replacement of acetonitrile by ethanol 
in routine chromatography.

Another alternative to replace acetonitrile 
as LC mobile phase is heat water, especially 
superheated water (> 100 °C). Superheated water 
is an interesting green alternative for reversed-
phase LC separations, replacing (totally) organic 
constituents from mobile phase. The high 
temperature decrease the solvent polarity and 
thus increase the elution strength of the aqueous 
mobile phase (Borges et al. 2010). Furusawa and 
Tsumatani (2012) determined melamine in milk, 
using only water (at 25°C) as mobile phase. The 
separation was performed in reversed-phase mode, 
employing octadecyl-bonded silica as stationary 
phase. The green chromatographic method yielded 
recoveries higher than 96.8%, with a coefficient 
of variation (CV) lower than 2.0%, thus being 
attractive for routine analysis. 

Sequential injection chromatography 
(SIC), a type of lower pressure chromatography, 
was exploited by Chocholouš et al. (2017) for 
separation of red colorants in beverages. The fast 
chromatographic method was based on a cyano 

TABLE II
Solvent selection guide for green eluents for LC 
separations. Adapted from Alfonsi et al. 2008.

Preferred Usable Undesirable
Water Acetonitrile Pentane
Acetone Toluene Hexane 
Ethanol Cyclohexane Dichloromethane
Isopropanol Acetic acid Dimethylformamide
Ethyl acetate Ethylene glycol Chloroform
Methanol Tetrahydrofuran Pyridine
Isopropyl 
acetate 

Dimethyl 
sulfoxide 

Dioxane

Methyl ethyl 
ketone

Xylenes Carbofuran 

Butanol Benzene
Carbon tetrachloride 
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monolithic column and aqueous ammonium 
phosphate solutions as mobile phase (gradient 
mode). 

Supercritical fluids can also replace toxic 
solvents in LC separations. These fluids show 
properties intermediate between a liquid and a 
gas, making them unique mobile phases. Carbon 
dioxide is the main mobile phase in supercritical 
chromatography (SFC) because the critical point 
is achieved under mild pressures and temperatures, 
combined to the non-toxicity and its enhanced chiral 
recognition (Sandra et al. 2010). The addition of 
an organic modifier to supercritical CO2 expanded 
the use to both reversed- and normal-phase 
separation modes (Lesellier and West 2015). SFC 
was explored for capillary separations (Tavares 
et al. 2001) and sample preparation, especially 
for isolation of natural products (Celeghini et al. 
2001, Vasconcelos et al. 2000, Vilegas et al. 1993). 
A recent application refers to determination of 
organic pollutants from environmental samples 
(Yeung et al. 2017) and analysis of food and soil 
contaminants (Tao et al. 2018). The most important 
drawback on SFC is the high cost of equipment 
and maintenance, which limits the wide use of this 
greener separation technique.

FLOW ANALYSIS

Flow analysis is a versatile alternative for the 
development of greener procedures as discussed 
in a critical review article (Melchert et al. 2012). 
This process inherently allows the reduction of 
reagent consumption with a consequently lower 
waste generation, as well as minimizes the risks 
to the analyst by sample processing in a closed 
system. Moreover, greener procedures are achieved 
by exploiting the highly reproducible timing and 
sample processing conditions.

Development of flow analysis and GAC 
are closed related as previously demonstrated 
(Melchert et al. 2012). Several flow modalities have 

been proposed to minimize reagent consumption 
and waste generation without hindering the 
analytical performance and some approaches are 
shown in Fig. 2. This is usually achieved by adding 
the reagent only in the sample zone instead of the 
continuous introduction, characteristic of single line 
and confluent streams flow injection analysis. This 
is achieved in the merging zones (Bergamin-Filho 
1978, Fig. 2a) and intermittent flow (Zagatto et al. 
1980, Fig. 2b) approaches by inserting the reagent 
simultaneously to the sample aliquot, whereas 
recirculation of solutions occurs at the alternative 
resting position of the injector. This characteristic 
is also typically observed in monosegmented flow 
analysis (Pasquini and Oliveira 1985, Fig. 2c) but 
reagent saving can be higher because of the limited 
sample dispersion provided by segmentation by air 
bubbles. Intermittent addition of reagents is also 
inherent to multicommutation (Reis et al. 1994) 
and multi-pumping (Lapa et al. 2002) approaches, 
as well as flow-batch analysis (Diniz et al. 2012), 
but with higher versatility provided by independent 
solution management with discrete commuters. 
These approaches are schematically illustrated 
in Fig. 2d. Other alternative are the micro-flow 
analyzers, such as those build up with polymeric 
materials (Fonseca et al. 2007, Fig. 2e) and the 
micro-flow batch analyzers (Monte-Filho et al. 
2011). Sequential injection analysis - SIA (Ruzicka 
and Marshall 1990, Fig. 2f) also stands out by 
increased versatility and low reagent consumption, 
as the sample and reagent aliquots can be aspirated 
only when needed, based on a multiport valve. 
Then, different chemistries can be exploited 
without changing the manifold hardware. A further 
reduction in reagent consumption is provided 
by the lab-on-valve (LOV) approach (Wang and 
Hansen 2003, Fig. 2g), which integrates detection 
at the head of the multiport valve, thus consuming 
reagents in the scale of micro and submicroliters. 

Development of flow-based reagentless 
procedures can be exemplified by the determination 
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of ethanol in beverages by exploiting the effect 
of the analyte on the surface tension of aqueous 
solutions (Borges et al. 2006) or the Schlieren effect 
(Costa et al. 2004). In the former, sample drops 
were reproductively generated between an infrared 
LED and a phototransistor. Attenuation of the 
radiation beam according to the size of the droplet, 
which depends on the ethanol concentration, 
was the measurement basis. A linear regression 
was achieved within 0.17 and 5.14 mol L-1 of 
ethanol and CV was estimated at 2.5%. The other 
alternative involved the refractive index gradients 
reproductively formed when an aliquot of alcoholic 
beverage was processed in a single line manifold 
under limited mixing conditions (Costa et al. 2004). 
Data treatment by Soft Independent Modelling 
of Class Analogy (SIMCA) allowed detection 
of adulterations in brandies, cachaças, rums, 
whiskies, and vodkas. Unlike the chromatographic 
procedures generally used for the determination of 
ethanol, the proposed procedures did not use any 
chemical reagent and a low amount of a non-toxic 
residue is generated.

Other ingenious strategy was exploited 
for reagentless determination of free glycerol in 
biodiesel involving sonoluminescent detection 
in a flow-batch system (Diniz et al. 2013). Water 
was used for analyte extraction instead of the 
usual mixture of organic solvents (e.g. ethanol 
and hexane) with water. The sonoluminescence 
yielded by excited hydroxyl radicals was quenched 
by glycerol, because the thermal energy yielded 
by cavitation (induced by a piezoelectric device) 
was partially consumed for the rupture of 
chemical bonds of the analyte. The LOD and the 
sampling rate were estimated at 4.0 ng kg-1 and 14 
determinations per hour, respectively. Reagents 
used for spectrophotometric or fluorimetric 
determination of glycerol such as acetylacetone, 
acetic and hydrochloric acids, and ammonium 
acetate were then avoided.

Replacement of toxic reagents without 
hindering the analytical performance is another 
alternative aiming at GAC and the characteristics 
of flow systems are attractive for this task. In this 
sense, hydrophilic solvents composed by medium-

Figure 2 – Schematic representation of some environmental friendly flow modalities presented by Brazilian authors: (a) merging 
zones; (b) intermittent flows; (c) monosegmented flow analysis; (d) multicommutation and multi-pumping (with dispersion in Rc) 
and flow-batch analysis (mixing in FBC); (e) micro-flow analyzers; (f) sequential injection analysis and (g) lab-on-valve. C, Ci-
carriers; S-sample; R-reagent solution; Rc-coiled reactor; Hc-holding coil; FBC-flow-batch chamber; D-detector; LS-light source; 
W-waste vessel.
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chain saturated fatty acids were proposed for in-
line extraction of ofloxacin in human urine samples 
(Vakh et al. 2016). Initially, a homogeneous phase 
is formed from a diluted urine sample, hexanoic 
acid and sodium carbonate solution into a mixing 
chamber. The injection of sulfuric acid promoted 
the formation of hydrophobic microdroplets of the 
fatty acid assisted by the effervescence provided 
by CO2 evolution, which provided microextraction 
of ofloxacin and phase separation. The extraction 
process required only 50 µL of hexanoic acid and 2 
min for analyte extraction. 

The selective determination of nitrate in natural 
waters was based on direct UV measurements, after 
analyte separation from interfering species using 
an anion-exchange column in a flow injection 
system (Melchert and Rocha 2005). Thus, the use 
of toxic (cadmium filings) and carcinogenic (N-(1-
Naphthyl)ethylenediamine) reagents were avoided 
and the only reagent was dilute perchloric acid, 
equivalent to 18 µL of the concentrated acid (or 
300 µmol) per determination . The strategy was 
effective for separation of nitrate from organic 
and inorganic interfering species, including humic 
acid, thus avoiding errors between 14 and 60% 
when samples were analyzed without separation. 
The same mini-column containing 180 mg of 
the anion-exchanger could be used in up to 500 
measurements, also avoiding waste generation. 

The use of natural materials as biosorbents is 
also a trend for separation, preconcentration, and 
even chemical speciation. These materials can also 
be classified as greener because the consumption 
of reagents and solvents in the preparation of the 
synthetic adsorbents is avoided. Advantages of 
flow-based biosorption include higher sample 
throughputs, feasibility of kinetic discrimination, 
and applicability of the sorbent in several retention/
elution cycles. The latter characteristic also 
minimizes waste generation. In this context, peat 
was used as adsorbent for copper separation and 
preconcentration in a multicommuted flow system 

directly coupled to FAAS (Gonzáles et al. 2009). 
The mini-column was used for up to 100 sampling 
cycles, with a CV estimated at 3.3% and an 
enrichment factor of 16. As copper was adsorbed 
in its ionic form, complexation was not required, 
thus eliminating the use of (often toxic) chelating 
agents such as ammonium diethyldithiophosphate 
or ammonium pyrrolidine dithiocarbamate. 

Another greener alternative refers to the 
use of natural materials as enzymatic sources, as 
demonstrated by the use of jack bean as source of 
urease in the determination of urea in human serum 
(De Faria et al. 1991). A greener strategy involving 
conductometric measurements was also exploited 
for detection of the ammonium ions produced in 
the enzymatic reaction. The use of a crude extract 
of sweet potato root as a source for polyphenol 
oxidase was further investigated aiming at flow-
injection spectrophotometric determination of e.g. 
sulfite (Fatibello-Filho and Vieira 1997) and total 
phenols (Vieira and Fatibello-Filho 1998). The 
carrier solution of the crude extract in phosphate 
buffer was the only reagent needed and sample 
pretreatments were not required. Storage at low 
temperature (4 °C) to maintain enzyme activity, 
variability of the activity for different vegetables, 
and the need for elimination of ascorbic acid 
interference are critical aspects of these procedures.

Organic solvents are replaced by surfactants in 
cloud point extractions, which can also be carried out 
in flow systems (Melchert and Rocha 2016). Most 
of the approaches involve dilution of the surfactant-
rich phase (e.g. to decrease viscosity), which 
requires organic solvents and causes undesirable 
analyte dilution. An alternative approach exploited 
a flow system with solenoid micropumps for 
retention of the surfactant-rich phase directly 
at the optical path of the spectrophotometric 
cell (Frizzarin and Rocha 2014). An on-line 
neutralization reaction induced the cloud point, thus 
avoiding the need for an external heating device. 
The potential was demonstrated by determination 
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of iron as a 1-(2-pyridylazo)-2-naphthol complex. 
The sampling rate and CV were estimated at 26 
determinations per hour and 2.3%, respectively. The 
low consumptive index (0.022 mL-1) indicated that 
the sample (200 µL) was efficiently used, yielding 
an enrichment factor of 8.9. Another advantage 
was the elution of the surfactant-rich phase by 
the aqueous carrier, avoiding the use of organic 
solvents. The main limitation refers to the use of 
higher sample volumes aiming at improvement in 
sensitivity because the amount of the surfactant-
rich phase to be retained at the flow cell is limited.

As previously discussed, liquid-liquid 
microextractions are an alternative to minimize 
the consumption of organic solvents. This 
characteristic is emphasized in flow-based 
microextractions and different approaches have 
been successfully adopted (Alexovic et al. 2016, 
Kocurova et al. 2013, and Miró and Hansen 2013). 
For example, a liquid-liquid microextraction with 
only 40 µL of chloroform was performed for the 
determination of anionic surfactants in natural 
waters by the methylene blue method (Pereira 
and Rocha 2013). Formation and extraction of 
the ion-pair was carried out in a multicommuted 
flow system with spectrophotometric detection in a 
glass tube without phase isolation. To this aim, the 
aqueous phase formed by sample and the dye was 
sandwiched between two CHCl3 aliquots aiming at 
extraction at the interfaces and through the film of 
the solvent formed at the wall of the hydrophobic 
tube. The approach decreased by 2200-fold the 
amount of CHCl3 in comparison to the batch official 
procedure with a CV as low as 1.5%. 

Advantages provided by miniaturization, 
automation, and integration of sample pretreatment 
have been achieved in SIA. As an example, SIA was 
exploited for determination of melamine in milk 
samples, exploring the effect of the analyte on the 
formation of a fluorescent species in the reaction 
of hydrogen peroxide with sesamol catalyzed by 
peroxidase (Faustino et al. 2017). An extraction 

unit composed by two polytetrafluorethylene 
blocks separated by a microporous hydrophobic 
membrane was coupled to a rotary valve and an 
ionic liquid solution was used as acceptor. About 
200 s was spent for the extraction, thus limiting the 
sampling rate, but recoveries from 93 and 105% 
were achieved.

Also focusing on a milk adulterant, melamine 
determination was carried out in SIC by replacing 
the organic solvents by a surfactant (sodium dodecyl 
sulphate, SDS) in the chromatographic separation 
(Batista et al. 2014). The micellar-medium was 
suitable for separation of melamine, which is not 
efficient in reversed-phase chromatography and the 
procedure also included on-line sample preparation 
by simple dilution of the sample with the SDS 
solution aiming to extract fat to the micelles of 
the surfactant. A linear response was observed 
from 2.0 to 6.0 mg L-1 of melamine with a CV of 
2.9%. In other SIC application, a green analyte 
extraction (water instead of organic solvents) and 
a significant reduction of solvent consumption in 
chromatographic separation (up to 100-fold lower 
consumption of acetonitrile) were combined for 
determination of the phytohormone salicylic acid 
in plant materials (Barrientos et al. 2016). 

A greener preconcentration and determination 
of carbamate pesticide residues was also the focus 
of a flow-based procedure by exploiting an hollow 
fiber filled with dodecanol for analyte extraction 
(Fu et al. 2009). Enrichment factor of carbaryl was 
estimated at 300, but analytical routine took 22 
min. The hollow fiber could be operated for 150 h 
and 50 µL of dodecanol was used for regeneration. 

Reduction of reagent consumption and the 
consequent decrease in waste generation can be 
also achieved by solid phase spectrophotometry 
(optosensing), especially when reversible analyte 
retention (i.e. elution of the analyte without 
removing the immobilized reagent) is viable. In 
this sense, an environmental friendly procedure 
involved iron(II) retention on 1-(2-thiazolylazo)-2-
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naphthol (TAN) immobilized on C18-bonded silica 
as a brown complex (Teixeira and Rocha 2007). 
After the spectrophotometric measurement, the 
elution was carried out with dilute hydrochloric 
acid without removal of the complexing agent 
and the solid-support was used for at least 100 
measurement cycles. The sampling rate and CV 
were estimated at 25 measurements per hour 
and 4.0%, respectively. In comparison with the 
conventional spectrophotometric procedure, there 
was a reduction of 1000-fold in the consumption 
of TAN. 

Several approaches have been proposed 
for miniaturization of flow injection analyzers, 
which present the intrinsic advantage of reducing 
drastically the consumption of samples and 
reagents (Trojanowicz and Kolacinska 2016). 
For example, urethane acrylate microfluidic 
devices were designed for determination of 
hypochlorite and nitrite ions based on the luminol 
chemiluminescence (Sampaio and Fonseca 2015). 
These inexpensive devices can be built quickly by 
the photolithographic process, supporting flow rates 
of up to 2.0 mL min-1 without leakage. Repeatability 
and sampling rate were estimated at 0.4-0.6% and 
90-60 h-1 for hypochlorite and nitrite, respectively, 
with a consumption of 7.9 µL of sample and 1.60 
µg luminol per determination, generating 24 mL of 
waste per hour.

CHEMOMETRICS

One of the goals of GAC is to reduce the number 
of experiments involved in chemical analysis, thus 
also reducing the waste amount and time spent in 
the analytical process. In this sense, chemometrics 
may help in the selection of variables, experimental 
design, classification, and quantification of analytes, 
including screening methods with minimized 
consumption (or even without using) of chemicals. 
The number of samples to be analyzed by more 

time-consuming and less environmental friendly 
procedures is then minimized.

Because of the instrumental evolution and 
novel analytical strategies, chemical analysis is 
tending to direct measurements of solid, liquid, 
and gaseous samples. This is intrinsically a greener 
approach and mathematical models and algorithms 
to extract reliable quantitative or qualitative 
information from these chemical systems take a 
decisive role in this context. This strategy can be 
exemplified by applications of chemical sensors, 
as those based on electronic tongues and noses. 
These analytical instruments comprises an array of 
stable, sensitive, and low-selective sensors coupled 
to a suitable approach of pattern recognition and/or 
multivariate calibration for data processing (Vlasov 
et al. 2005). Vibrational spectrometric techniques 
such as near and mir infrared and Raman, as well 
as fluorescence, UV-vis spectrophotometry, and 
LIBS allow obtaining a direct chemical fingerprint 
of samples without (or with minimal) sample 
preparation.

One interesting approach refers to an electronic 
tongue based on an array of four electrochemical 
sensors modified with a polymeric layer, which 
was developed to classify soil samples in function 
of nutrient levels. Based on Interactive Document 
Map (IDMAP), Sammon’s Mapping (SAMMON), 
and PCA, suitable discrimination of soil samples 
was achieved by using raw data, i.e. without any 
sample pretreatment.

Also exploiting chemometric tools, elemental 
concentrations (Al, B, Ca, Mg, Zn, Cu, Mn, Fe, Na, 
and Si) obtained by LIBS allowed comparison of 
four wood species (Cedrela fissilis, Ocotea porosa, 
Hymenolobium petraeum, and Aspidosperma 
subincanum). The emission signals were used 
as input of a PCA and because of the fast in situ 
analysis, the obtained results could be a powerful 
tool to protect endangered wood species. Also using 
PCA, direct voltammetric measurements were 
exploited to classify carbamate pesticides (aldicarb, 
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carbaryl, carbofuran, methomyl, and propoxur) in 
water for environmental control purposes (Selva 
and Paixão 2016b).

The use of smartphones to extract analytical 
information is an interesting trend in Analytical 
Chemistry (Roda et al. 2016) because each citizen 
could have your pocket (analytical) instrument. 
Free application softwares devoted to image 
capture and data treatment are available (Helfer 
et al. 2016) making feasible the wide application. 
Digital images acquired directly from the sample 
or after a selective colorimetric chemical reaction 
have been used for analytical purposes (Yang 
et al. 2016, Zhang and Liu 2016). Thus, simple, 
rapid, inexpensive, and sometimes non-destructive 
procedures can be attained, often coupled to 
chemometrics analysis. In this sense, a paper-based 
spot-test was proposed to discriminate explosives 
(triacetone triperoxide, hexamethylene triperoxide 
diamine, 4-amino-2-nitrophenol, nitrobenzene, and 
picric acid) by using less than 5 µL of reagents. 
R, G, and B values extracted using a smartphone 
after the colorimetric reaction were submitted to 
PCA analysis. A similar approach was used to 
discriminate quality of meat samples using 5 spots 
fabricated in cellulose acetate for detection of 
bacteria (Bueno et al. 2015a) and amines (Bueno 
et al. 2015b). PCA with digital images acquired 
from 5.0 mL of biodiesel samples in a Petri plate 
were exploited to classify the samples in relation 
to the feedstocks (cottonseed, sunflower, corn, or 
soybean) (Costa et al. 2015). One of the limitations 
about image detection is the necessity to control 
the ambient light using a chamber or using 
mathematical approach (Jia et al. 2015), as well as, 
the focus distance and other parameters to avoid 
errors in the analysis (Morbioli et al. 2017). 

The works previously discussed aimed 
at discrimination or classification of samples. 
Additionally, different strategies for multivariate 
calibration in accordance with GAC have been 
proposed. For instance, X-ray fluorescence (Da-

Col et al. 2015) was used to quantify directly Na 
and K in table, marine and low-sodium salts using 
the entire spectra instead of peak values as in the 
univariate approach.

Spectroscopy and chemometrics have been 
exploited for a diversity of applications, including 
the evaluation of distribution of lignin and cellulose 
at wood surfaces (Colares et al. 2015), detection 
of adulteration in gasoline samples (Paulo et al. 
2012), estimation of octane number (Mendes et al. 
2012) or quality of frozen guava and passion fruit 
pulps (Alamar et al. 2016), as well as to evaluate 
waste frying oil blends (Hocevar et al. 2012). 
In agreement with the principles of GAC, the 
direct analysis avoids consumption of chemicals 
for sample preparation resulting in low waste 
generation.

CONCLUSIONS

The main Brazilian contributions to GAC were 
critically revised and clearly demonstrate that this 
is a well-established research field in Brazil in 
adherence with the trends toward more sustainable 
analytical approaches observed worldwide. 
Highly relevant innovations have been proposed, 
such as novel flow modalities which consume 
lower reagent amounts, sample decomposition 
procedures under mild experimental conditions 
and consuming lower amounts or even avoiding the 
use of corrosive acids, novel electrode materials 
and electrochemical approaches, and alternative 
reagentless procedures. Several successful 
approaches towards miniaturization have also been 
presented, including flow analysis and capillary 
electrophoresis in microchips, as well as paper-
based analytical devices. In this regard, combination 
of conventional and modern analytical methods 
and techniques has yielded interesting analytical 
devices for process control and monitoring of 
pollutants with minimized wasting of chemicals. 
Additionally, GAC has also been achieved by 
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exploiting chemometrics with relevant applications 
such as detection of food adulterations and quality 
control of biofuels. On the other hand, multivariate 
tools can assist optimization of analytical methods 
with lower consumption of chemicals. 

Whereas Brazil is recognized as a main 
player in GAC in some subareas, such as sample 
preparation and flow analysis, contributions in 
other fields could be improved, such as in green 
chromatography. Further developments are also 
needed to make the approaches reliable for routine 
analysis. With a diversity of analytical problems to 
be solved in a more environmental friendly way, 
GAC can be pointed out as a very fertile research 
area.
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