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"GREEN" DIRECTIONS MICROWAVE EXTRACTION
IN CHEMISTRY OF NATURAL COMPOUNDS
Report 1. Methods for assessing the environmental
performance of analytical procedures

Abstract. Over the past decades, areas related to the improvement of complex
processing of vegetable raw materials and the creation of highly efficient methods for the
isolation of biologically active substances (BAS), one of the approaches of which is
microwave extraction (microwave-assisted extraction (MAE)), have received intensive
development. At present, microwave extraction is one of the areas of analytical "green"
chemistry, which quickly gained the position of one of the most effective methods for
isolating compounds. The tendency of its development is the development and intro-
duction of innovative approaches to reduce or eliminate the use of hazardous and toxic
chemicals that comply with the principles of "green chemistry". To properly measure the
effects of chemical processes on the environment, their special assessment is necessary.
The review examines a variety of methods used to assess environmental friendliness,
developed metrics of green analytical chemistry, including the NEMI labeling and Eco-
Scale analytical. The question of assessing the environmental performance of analytical
procedures for the microwave extraction of natural compounds is considered.

Keywords: natural compounds, microwave extraction, environmental assessment
methods.

Introduction. Microwave extraction is currently one of the areas of analy-
tical chemistry, which quickly gained the position of one of the most effective and
modern methods to increase the efficiency of extraction of biologically active
compounds from vegetable raw materials. Over the past decades, MAE methods
have been investigated and implemented that allow to carry out the process with
power, pressure, temperature control, as well as new modified microwave extrac-
tion methods that combine extraction with ultrasonic treatment, allow MAE
without the use of organic solvents and other technologies. The tendency of its
development is the development and introduction of innovative approaches to
reduce or eliminate the use of hazardous and toxic chemicals that comply with the
principles of "green chemistry" [1-5].

Green chemistry approaches are based on using cleaner and less polluting
processes, reducing or completely eliminating the use of hazardous chemicals,
preventing pollution at the initial stages of process planning and responsibility for
the products produced [6]. Most efforts to make chemical processes more envi-
ronmentally friendly emphasize the need for safer, less toxic, and more benign
solvents, or the elimination of solvents, as well as a reduction in the use of
reagents and auxiliaries. Other actions include reducing energy consumption
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through the use of milder conditions, preference for substrates based on rene-
wable sources.

One of the problems in "green" chemistry is the assessment of environmental
friendliness of chemical processes. It is well known that processes that cannot be
measured cannot be controlled. Control in "green" chemistry should be under-
stood as the ability to choose the most "green" option. Currently, when assessing
the impact of chemical processes on the environment, various factors are used.
The purpose of this article is to examine the various approaches to assessing the
environmental performance of analytical procedures at MAE.

Green Analytical Chemistry has its own achievements in measuring environ-
mental impact. The analytical process differs from industrial processes mainly in
scale. Unlike industrial emissions, analytical processes cause diffuse pollution.
On the one hand, emissions from analytical laboratories are low, but on the other
hand, they are more dispersed than industrial emissions, which makes them more
difficult to control.

There are only a few published and universal methods for assessing the envi-
ronmental performance of analytical procedures [7]. To assess the environmental
profile of the analytical methodology, various environmental impact assessment
systems have been developed, for example, the National Environment Methods
Index (NEMI) [8], Eco-Scale [9,10], Rayne and Driver profile [11]. In the case of
microwave extraction, the environmental assessment can be considered on the
basis of the use of hazardous reagents, the amount of waste, safety, energy
consumption and environmental impact.

The first of these is the National Environment Methods Index (NEMI) [7, 8].
First released in 2002, the National Environmental Method Index (NEMI)
(www.nemi.gov/) is a searchable database of environmental methods, protocols,
statistical and analytical methods and procedures that allows scientists and
managers to find and compare at all stages of the monitoring process, which
results in a very easy-to-read pictograph showing whether hazardous and corro-
sive reagents are used or the procedure generates a significant amount of waste.

Pictograms NEMI is a circle consisting of four fields. Each field reflects
different aspects of the analytical methodology and is filled with green if certain
requirements are met. The first requirement is that none of the chemicals are on
the list of persistent, bioaccumulative and toxic chemicals. The second of the
requirements is that none of the chemicals in the applicable procedure are listed in
the D, F, P or U hazardous waste lists (Resource Conservation and Recovery Act
(RCRAS)) (https://www.epa.gov/). The third requirement is that the pH of the
sample is in the range of 2-12 to avoid severe corrosion during the entire ana-
Iytical process. The fourth and final requirement is that less than 50 g of waste is
produced during the procedure.

If the above requirements are met, the corresponding part of the NEMI icon
is colored green. An example of the NEMI icon is shown in figure 1.

Evaluation of an analytical procedure using NEMI is problematic, as it invol-
ves an excessive search for each reagent used, which must be present in lists with
toxic, dangerous or persistent chemicals.
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PBT Hazardous

Corrosive Waste

Figure 1 — The example of the assessment score with the NEMI procedure

Thus, table 1 presents some examples of the use of the NEMI icon in MAE.
The main advantage of NEMI as an environmental assessment tool is that it is
easy to read and obtain general information about the environmental impact of the
procedure. The two main disadvantages of NEMI marking are that the infor-
mation obtained is fairly general, and filling in the NEMI character is time con-
suming. The symbol indicates that each threat is below or above a certain value
and cannot be considered to be semiquantitative. The second drawback is asso-
ciated with the tedious preparation of the symbol, especially if the procedure uses
a lot of non-standard chemicals. Improvement of the NEMI icon has been
proposed by De la Guardia M. and Armenta S. [24]. These authors proposed that
each of the fields be colored using a three-color scale — red for a non-environ-
mentally friendly analysis, yellow for a moderate, and green for an environmen-
tally friendly analysis. This modification makes the assessment of the NEMI
procedure more visual.

The second assessment procedure is an analytical eco-scale [9,10]. It inclu-
des more environmental impact assessment parameters than in the case of the
NEMI exhibition sites. The eco-scale assessment procedure is based on penalty
points deducted from 100 points. Penalty points are given for each type of reagent
and the amount that can cause environmental problems, hazards associated with
the use of chemicals, high energy consumption, occupational hazards and the way
in which analytical waste is treated (and, more importantly, their absence). A
summary of the procedural penalties is presented in table 2. The final result of the
analytical eco-scale is a number that differs from 100 (“perfect green analysis”) in
the number of penalty points. The closer the value is to 100, the “greener” the
analysis will be [25].

Penalty points for each reagent are calculated by multiplying the hazard
quantity of the pictogram by the degree of danger (‘warning’ multiplying by 1 and
‘danger’ multiplying by 2). Since hazard pictograms are placed on reagent con-
tainers, the hazards associated with their use are easily calculated.

Examples of the calculation of penalty points for used reagents are presented
in table 3.
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for more environmentally friendly extraction and its NEMI profile

Table 1 — Examples of the use of microwaves

Ana-
Extractions Solvent Raw lyzed Extraction NEMI | Ref.
method material | deri- profile
vatives
1 2 3 4 5 6 7
MAE Water Medi- |Meta- |0.5 g of sample 12
cinal bolites |20 mL ultra-pure water
Herb T=100 °C,
t=20 min,
600 W
MWE, Water Green |Poly- |6.0 g of sample 13
Microwave tea phenols | 120 mL water
assisted water T=80-100 °C,
extraction t=60 min,
600 W
MAAEE, Enzyme Isatis Oil 140 mL of water at pH 5 14
Microwave mixture: indigo- (adjusted with citric acid)
assisted cellulose, |tica Enzyme concentration
aqueous proteinase, |seeds 1.82% wiw
enzymatic pectinase 20 g of sample,
extraction (1:1:1 T=43 °C,
w/w/w) t=83 min,
375 W
Microwave Nonionic Medi- |Alka- |2 g of sample 15
assisted surfactant | cinal loids 40 mL of 5 % v/v acidified
micellar plants Genapol X-080
extraction (Oligoethylene glycol
monoalky! ether)
T=100 °C,
t=10 min
lonic liquid-based | lonic liquid | Rhubarb | Anthra- |1 g of sample, 16
ultrasonic (IL) quino- |15 mL 80 % v/v ethanol
/microwave- nes 2.0 M [C4MIM][BTr]

assisted extraction

T=120 °C,
t=6 min,
1200 W
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Continuation table 1

1 2 3 4 5 6 7
lonic liquids- IL Medi- |Alka- |1 g ofsample, 12 mL 17
based microwave- cinal loids IL 0.8 M [CgMIM][Br]
assisted plants MAE at atmospheric
environmentally pressure
friendly extraction T=2 h soaking time,
t=8 min,
385 W
Microwave- IL Medi- |Poly- |1 g of sample 18
assisted ionic cinal phenolic| 20 mL of ILs
liquid extraction plants |com- ([C4MIM],[SO,] and other
pounds |ILs)
T=70 °C,
t=10 min
MAE IL Ligus- |Lacto- |0.5gsample 19
ticum nes 5mL ILs,
chuan- N,N-dimethyl-N-(2-hydro-
xiong xyethoxyethyl)ammonium
Hort propionate) (DMHEEAP)
and N,N-dimethyl(cyano-
ethyl)ammonium
propionate (DMCEAP)
T=160 °C, t=1-5 min
MAE Deep Camel- |Cate- |1 gsample 20
eutectic lia chins |35 mL of Choline chloride
solvents sinensis and lactic acid
leaves T=66 °C, t=8 min
MAE Deep Grape |Plant |0.1 g of sample 21
eutectic skin pheno- |DES: Choline chloride:
solvents lics oxalic acid
(ChOa, 1:1) T=50-90 °C,
t=5-90 min
MAE Deep Radix |Flavo- |2 gsample 22
eutectic Scutel- |noids |30 mL of solvents (60%
solvents lariae ethanol and NADESS)
T=55 °C, t=10 min, 500 W
MAE Polyols- Pyrola |Phenolic|1 g sample 23
based incar- | compou | 30% of water in
deep nata nds ChCl/1,4-Butanediol (1/4)
eutectic Fisch. T=70 °C, t= 20 min
solvents and lig./solid ratio 10 mL/g
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Table 2 — Penalty points applied for the calculation of final analytical Eco-Scale score [25]

Sub-Total Panalty Points

Total Panalty Points

Reagents
<10 mL (<10 g) 1
Amount 10-100 mL (10-100 g) 2
> 100 mL (>100 g) 3
None 0
Hazard Less severe hasard 1
More severe hasard 2
Instruments
< 0.1 kWh per sample
Energy < 1.5 kWh per sample

> 1.5 kWh per sample

Occupational
hazard

Hermetization of analytical process

Emission of vapors to the atmosphere

Waste

None
<1lmL(<19)
1-10 mL (1-10 g)
>10 mL (>10 g)
Recycling
Degradation
Passivation

No treatment

Amount Panalty Points
x Hazard Panalty Points
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The advantages of the analytical eco-scale include the ease of calculating
points, the ease of comparing analytical procedures and the inclusion of various
aspects of environmental impact. On the other hand, there is no information on
the structure of hazards. The result of the Eco-Scale calculation does not indicate
the reasons for the environmental impact of the used solvents and other reagents,
production risk or generation of waste. Compared to the NEMI label, the analy-
tical eco-scale provides information on the environmental impact in more
guantitative terms.

Raynie D., Driver J.L. [9] proposed a new tool for evaluating chemical
methods related to green chemistry. The assessment classifies potential risks in
five categories — health, safety, energy, environment, and waste — depending on
toxicity, bioaccumulation, reactivity, waste generation, corrosivity, safety, energy
consumption, and related factors. This is shown schematically in figure 2.

Solvents, Equipment,
. . Procedure
reagents instrumentation
\ P
. - Toxicity;
Risk - Carcinogenicity;
Potential - Persistence; - Safety; - Waste;
in - Bioaccumulation; - Energy. - Energy.
Chemical - Reactivity;
Methods - Flammability;
) - Waste.

Assessment
criteria

VAVAV

Figure 2 — Classification of potential risks and evaluation criteria
in model Raynie D., Driver J.L. [9]

Chemical methods receive 1-3 points for each attribute, using readily avai-
lable chemical data. A visual representation of the assessment tool allows indivi-
dual researchers to independently evaluate conflicting green criteria.

For example, if a method produces little waste, but the waste is very toxic,
individual flexibility allows you to compare the method with another, which
generates large quantities of less hazardous waste. Therefore, this assessment tool
is most valuable when comparing procedures.

The resulting assessment criteria icon in the Raynie D. model, Driver J.L.
presented in figure 3 [9].
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Figure 3 — Evaluation Criteria in the model of Raynie D. and Driver J.L. [9]
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Pesome
T. B. Xapnamosa

TABUFU KOCBIJIBICTAP XUMUSCBIHIAFBI
MUKPOTOJIKBIH/bI DKCTPAKIUAJIAY JIbIH,
«KACBII» FAFBITTOPBI
1-uri xabapiama. AHATHTUKAIBIK, POLIEAYPIapABIH
9KOJIOTHSUIBIFBIH Oaranay aficrepi

[Momyna KOXMAHBUIBI KYPreH SKoNOrusuteiFbiH Oaranay, NEMI mapxuprey xone
Eco-Scale ananurrey omictepi Kapacrappuiral. TaOuru KOCHUIBICTAPAbI MUKPOTOJIKBIHBI
OKCTPAKLMUIAYABIFBl AHAJUTHKAIBIK IMPOLEXYPIapablH JKOJOTHIBIFBIH Oaranay Moce-

JIepi KapacThIPBUIFaH
Tyiiin ce3mep: TaOUFU KOCBUIBICTAP, MHKPOTOJIKBIHIBI SKCTPAKIIHS, SKOIOTHSIIBIFBIH

Oarasay opicrepi.
Pesrome
T. B. Xapnamosa

«3EJIEHBIE» HAITPABJIEHI A
MUKPOBOJIHOBOM DKCTPAKLIMN
B XUMWU ITPUPOJIHBIX COEJMHEHUIM
Coob6menne 1. MeToab! OLIEHKN 3KOJIOTUIHOCTH aHATUTHYECKUX IPOLEAYP

B 0030pe paccmMaTpuBalOTCS METOBI, HUCIOIb3YEMBbIC JUIS OLEHKU SKOJIOTHYHOCTH,
Biutouas MapkupoBky NEMI u ananmutiueckyto Eco-Scale. Paccmotpen Bompoc oreHkH
SKOJIOTMYHOCTH aHAJIMTUYECKUX NPOLELYP TP MUKPOBOJIHOBON 3KCTPaKLUU IPUPOJHBIX

COCIUHEHHIA.
KuioueBble cji0Ba: npupoaHble COEAUHEHUS, MUKPOBOJIHOBAS SKCTPAKIIUS, METO b

OLCHKH 3KOJIOTUYHOCTH.
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