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Environmental risk-based ranking of solvents using
the combination of a multimedia model and
multi-criteria decision analysis¥

Marek Tobiszewski,*® Jacek Namiesnik? and Francisco Pena-Pereira®

A novel procedure for assessing the environmental risk related to solvent emissions has been developed.
The assessment of risk was based on detailed hazard and exposure investigations. The potential exposure
related to different environmental phases was calculated using a basic multimedia model, which gives the
percentage distribution of solvent in environmental compartments as a result. Specific hazards — toxico-
logical, environmental persistence or photochemical ozone creation data have been assigned to each
compartment. The environmental distribution of solvents gives the weights applied in the multicriteria
decision analysis, which was applied to obtain the full ranking of solvents. The results show that alcohols
and esters can be considered as low environmental risk solvents, whereas chlorinated solvents or aro-
matic hydrocarbons are the most problematic. The assessment procedure holds promise for solvent
selection during process design as well as in finding alternatives to hazardous solvents used in existing

rsc.li/greenchem processes.

Introduction

The introduction of the green chemistry concept' has changed
the perception of chemical-related risks from exposure man-
agement to hazard management. Risk management in chemi-
cal practice can be performed in two ways as can be seen from
the eqn (1):

Risk = Hazard x Exposure (1)

In this sense, the risk assessment of chemical application
or emission should take into account both factors - hazard, as
well as exposure.

There are several different approaches used to assess the
“greenness” of solvents applied in chemical practice. Solvent
selection guides, mainly developed in the pharmaceutical
industry, allow one to obtain the first view on a solvents’
environmental, health and process safety issues.” There are
“greenness” screening procedures, based on the environ-
mental, health and safety (EHS) aspects of solvents.® Life-cycle
assessment (LCA) allows one to perform a comprehensive
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assessment from the stage of solvent production to disposal
practices.” The combination of EHS and LCA approaches allow
one to assess the environmental impact of solvents and find
which ones should be incinerated or treated via distillation.®
However, as far as we are aware, a procedure for purely asses-
sing the environmental risks associated to solvent emissions
has not been reported before. In fact, certain aspects associ-
ated to the use of organic solvents (and not only their effect in
environmental compartments) are commonly considered to
classify solvents in terms of their greenness and, as a result,
solvents that show non-negligible environmental and hazard
issues have been assigned with the “green label” due to their
convenient handling or disposal. An environmental risk evalu-
ation approach is particularly applicable when the use of a
solvent involves their intentional environmental release (e.g:,
metal surfaces degreasing and application as cleaning agents
or paints constituents). Currently, industrial applications of
solvents include their recovery and recycling. However, acci-
dental solvent releases of different scales cannot be neglected,
even if the solvents are applied in closed systems.
Multi-criteria decision analysis (MCDA) is an approach that
supports the decision making process when complex problems
need to be solved. It is particularly useful when several poss-
ible alternatives are considered, described by contradictory
assessment criteria. MCDA has been intensively used in
environmental sciences,” including to support the choice of
processes that fit the principles of green chemistry in the best
way.'? It has been used to select sustainable route for biodiesel
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Table 1 The input criteria for multicriteria decision analysis together with the assignment of their weight category
Criterion Description Weight category
Inhalation LCs, The concentration of the solvent vapour in the air that kills half of the rodent population when Air
exposed for 4 h. The data for rats were selected over the data obtained for other rodents
POCP The potential to form a tropospheric ozone in relation to ethane (POCP for ethane = 100) Air
Fish LCs, The concentration of solvent in water that kills half of the fish population over a period Water
of 96 h. Data for fathead minnow was selected when available
log BCF The logarithm of the bioconcentration factor Water
Biodegradability ¢;/, The time needed for the initial solvent concentration to drop by half because of Water, soil and
microorganism activity sediment
Oral LDs, The amount of solvent that kills half of the rodent population when administered orally. Water, soil and
Expressed as the mass of solvent per kg of rodent body mass. Data for rats was selected sediment

when available
IARC cancer class

The IARC cancer class was translated into numerical values in the following way: Group 1
(human carcinogen) - 10; Group 2A (probable human carcinogen) - 8; Group 2B

Air, water, soil and
sediment

(possible human carcinogen) - 7; Groups 3 and 4 (not classifiable and probable

human non-carcinogen, respectively) - 0
Other specific effects
or other chronic effects is given one point

production,'’ find safe alternatives for personal care pro-
ducts" or evaluate the sustainability of chemical syntheses."
From the several MCDA tools, the technique for order of pre-
ference by similarity to ideal solution (TOPSIS)'* was selected
as one of the simplest in its algorithm. The result of TOPSIS
analysis is the ranking of alternatives and each alternative is
described with a numerical value, commonly known as simi-
larity to ideal solution. The TOPSIS algorithm indicates the
best alternative; however, as it is only a decision support tool,
the final decision is always made by the decision maker. Apart
from being a decision making support tool, TOPSIS is used for
the assessment of products'® or processes."® It also allows one
to implement other than the strictly “greenness” criteria to the
decision making or assessment procedure.'” As the application
of weights may be considered a weak point of MCDA analysis,
it is strongly required to find a systematic approach for reason-
able weights application.

Based on the fugacity concept,'® there have been four
different levels of calculations developed, which can be
applied for the description of environmental fate of chemi-
cals.” Level 1 mass balance model calculations include the
assumptions of steady state conditions, closed system and no
degradation of the chemical as well as its equilibrium distri-
bution in the environment. Level II calculations are performed
for steady-state conditions and equilibrium distribution of
chemical in the environment with the assumption that the
chemical undergoes degradation processes. Both Level IIT and
Level IV calculations are performed for non-equilibrium con-
ditions with degradation and intermediate transfer. The differ-
ence lies in steady state and unsteady state assumption for
Level III and Level 1V, respectively.”® These models have been
successfully applied to assess the environmental fate of chemi-
cals in the evaluative environments of various types,”" includ-
ing the assessment of a solvents’ environmental fate for the
selection of more benign ones.>>

The aim of the study is to perform the ranking of com-
monly applied solvents in terms of the risks related with their
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Each of the effects - mutagenicity, teratogenicity, reproductive effects, neurotoxicity

Air, water, soil and
sediment

emission to the environment. In the presented approach, only
environmental risks were considered, and risks related to
solvent handling (i.e. flammability), occupational exposure or
disposal practices (i.e. formation of azeotropes that disturb dis-
tillation) were neglected. Moreover, the environmental impact
during the solvent production stage was neglected. The other
aim was to present a general view on the solvents’ distribution
in the evaluative environment.

Experimental
Dataset

The dataset consists of 78 organic solvents described by
physicochemical, toxicological and environmental persistence
data. The solvents from a previous study* that could be fully
characterized in terms of these criteria (see Table 1) were
included in the dataset. These solvents originate from
different chemical classes, namely hydrocarbons (n = 16), alco-
hols (n = 20), ethers (n = 4), aldehydes (n = 4), ketones (n = 8),
organic acids (n = 6), esters (n = 7), chlorinated solvents (n = 8),
terpenes (n = 4) and acetonitrile. They were described by their
physicochemical properties obtained mainly from the
Handbook of Physical-Chemical Properties and Environmental
Fate for Organic Chemicals®* and Material Safety Data Sheets
(MSDS). The physicochemical properties data were needed to
calculate the distribution of the solvents in the environment.
The second dataset consisted of toxicological and environ-
mental persistence data as described in Table 1. All the toxico-
logical and biodegradability data were extracted from MSDS,
whereas the photochemical ozone creation potentials (POCPs)
were extracted from the literature.”>*” The cancer class of each
solvent was taken from the International Agency for Research
on Cancer website.?® These criteria reflect the term “hazard”
in eqn (1).

The availability of the data used for the sustainability
assessment was one of the procedural problems. In our pre-
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vious study we applied assessments within confidence levels.*?
This means that a high confidence level assessment involved
fewer solvents, but they were comprehensively characterized.
Lower confidence level assessments included large amounts of
solvents, but they were characterized with fewer criteria.
Another approach was to substitute the missing values with
estimates. Herein, the data for a nearest neighbour - solvent
that is present in the same chemical class and is nearest
homologue, mean value for chemical class or missing value
calculation with usually simple model are applied to replace
missing values. The assessment result for the solvents that
were characterized with the estimated data should be treated
with a lower level of confidence.*”

Assigning the inhalation LC5, and POCP to air weight cat-
egory and fish LCs,, oral LDs,, biodegradability together with
the log BCF to water weight category seems to be evident;
however, it is necessary to clarify why the biodegradability
half-life and oral LDs, criteria were assigned to the soil weight
category. Biodegradation of the chemicals takes place much
faster in soil and sediments than in water. Connection of the
oral LDs, with soils and sediments was also justified - chemi-
cals that sorb in soil and sediments can be taken up by plants
and can potentially sorb on food. In addition, the risks of soil
digestion itself are described in the literature.>* The IARC
cancer class and other specific effects are assigned to all cat-
egories of weight as the risk of cancer, mutagenic, teratogenic
and neurotoxic effects may be connected with the occurrence
of solvent in all environmental compartments. Only solvents
that could be entirely characterized (there was no missing
data) were included in the study. The full raw dataset is in pre-
sented in the ESL.{

As it will be stated in the “Modified TOPSIS analysis”
section below, all criteria should fit the preference function
“the lower, the better”. The inhalation LCs;,, fish LC5, and oral
LDs, are characterized by “the higher, the better” preference
function because less toxic chemicals have high numerical
values for these criteria. Therefore, the data transformation
was performed by dividing 1000 by the original values. In this
way the required preference function was fulfilled.

Level I mass balance model

Level 1 was selected as it is the simplest of the models. The
model should only be as complex as it is required to give
answers to the asked questions. The Level II-IV models give
information that is not needed for the application of appropri-
ate weights in the TOPSIS ranking.

The equilibrium distribution of a fixed quantity of non-
degrading chemical in a closed environment was calculated in
a Level I simulation. It was assumed that no degradation pro-
cesses occur that can lead to a decrease in the emitted chemi-
cal concentration. The environmental compartment that
receives the emission was not important since the chemical is
instantaneously distributed until the system reaches equili-
brium.?! This assumption appears to be very important, as sol-
vents can be emitted to soil, water and air. The input data to
the Level I simulation were the compound’s molar mass, water
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solubility, vapour pressure, log KOW and melting point and
the temperature for which the data are valid. As a result of the
Level I simulation, the partition coefficients, system fugacity
and concentrations together with the percentage distribution
in each environmental compartment were obtained. The per-
centage of solvent distribution in the environment reflects the
term “exposure” in eqn (1).

Apart from the physicochemical parameters of an investi-
gated chemical, it is important to define the volumes of the
environmental compartments. Different evaluative environ-
ments have been defined to model the real environment. The
evaluative environments consist of homogenous phases of con-
stant composition and simplify the real environment; however,
the chemicals are expected to behave very similarly in both the
real and evaluative environments. To perform this study, a
regional 100000 km® evaluative environment was selected
because it was of relatively large dimensions and has been suc-
cessfully applied before.>* The volumes of the respective com-
partments are presented in Fig. 1. For simplification of the
model, no suspended sediments and fish were considered as
compartments; their volumes were set to zero. These two pro-
cesses are expected to be marginal as solvents do not sorb on
suspended matter®® and do not bioaccumulate to an extent as
persistent organic pollutants.®*

Modified TOPSIS analysis

TOPSIS was developed by Hwang and Yoon in 1981.>° The
general scheme of TOPSIS application can be summarized in a
few steps. Firstly, the problem to be solved should be stated. In
this case it was the assessment of environmental risk con-
nected with the emission of solvents into the environment or
the selection of an environmentally benign one. The next steps
are finding the alternatives (here 78 solvents) and criteria
(herein, they are described in Table 1) that allow the selection
of the best alternative. Then, it is needed to define the prefer-
ence functions for each of the criteria, usually as “the lower,

Air
Volume = 1014 m?

Soil
L~ Volume =9 x 10°m?

‘Water
Volume =2 x 10 m?

—  Sediments
Volume = 108 m?

Fig.1 The
environment.

volumes of the compartments in the evaluated
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the better” or “the higher, the better”. Weights are then
assigned to set the relative importance of the criteria. This
point is usually very tricky, as it is user-dependent and the
final ranking strongly depends on the numerical values of the
weights (the relative importance of the criteria). Herein, the
weights are the result of the Level I multimedia model, and
therefore they are not user-dependent and they are methodo-
logically well justified. Then, the TOPSIS algorithm was
applied, which is relatively straightforward and may be pre-
sented in a few simple eqn (2)-(8) as follows:

First, the normalized decision matrix was determined. The
normalized value r,, was calculated as follows:

m
Iy = Xoy + szxyz x=1,2,...,mandy=1,2,....n (2)
x—1

where x,, and r,, are original and normalized score of the
decision matrix, respectively.

Next, determination of the weighted normalized decision
matrix was carried out. The weighted normalized values v,, are
calculated as follows:

Uy =Ty X Wy x=1,2,...,mandy=1,2,..,n (3)

n
where w,, is the weight of the criterion and Z Wy = 1. In this
y=1
place, a modification of the original TOPSIS algorithm was
introduced. In the original TOPSIS, weights w, are applied to
each criterion. The introduced modification to apply different
weights w, was methodologically justified, and is described as
the “Level I mass balance model” section. The solvent distri-
bution in the environment results from the application of the
Level T model. However, the introduced TOPSIS modification
requires the preference functions to be none other than “the
lower, the better” function.
In the next step, determination of the positive ideal solu-
tion (A*) and negative ideal solution (A7) was performed.

A*:{(mfxvmyeCb),(mxinvxylyecc>} ()

Positive ideal solution

A = i eEa), € C.
Y S N
={yly=12,...,m}

Negative ideal solution

Then, the separation measures using the m-dimensional
Euclidean distance were determined. The separation measures
of each alternative from the positive ideal solution and the
negative ideal solution, respectively, were calculated as follows:
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c,m (7)

In the last step, determination of the relative closeness to
the ideal solution was carried out. The relative closeness of the
alternative A, with respect to A* is defined as follows:

* Sy~ *
= x=1,2,....m&0<C, <1 (8)
S+ Sem
The alternative with C;, closest to 1 indicates the best prefer-
ence and can be selected.

Results and discussion
Multimedia model results

The results obtained from applying the Level I model to tert-
butyl alcohol, as an example, are presented in Fig. 2. This com-
pound partitions to all four compartments of the evaluative
environment, with the majority being present in water (72.5%)
and a significant amount is present in air (27.4%). This result
appears to be reasonable due to the following reasons: (1) tert-
butyl alcohol is polar, and therefore it should be present in
water; (2) it is volatile, and hence it is expected to occur in the
atmospheric air. An output of the Level I analysis, needed in
the further step of the presented approach, is the possible
exposure to this chemical in 72.5% coming from the water
compartment; 27.4% of the exposure is related to the air com-
partment and the remaining fraction with the soil and sedi-
ment compartments.

Such results were obtained for all the solvents investigated
and are presented in Table 2. According to the model, hydro-
carbons partition mainly to air, with the heavier aliphatic ones
being present in soil and aromatic ones being noticeable in

LEVEL I Chemical: tert-butyl alcohol

Nir LEGEND
274 ng/m
(27.3619 %) -

.
R ot

72491 kg
362 ng/L
(24912 %)

!

Sediment

3.19kg
0,0133 ng/g
[0,0032 %)

Soil
144 kg
B,65E-03 ng/g
[0,1437 %)

Fig. 2 The simplified distribution diagram for tert-butyl alcohol in a
four-compartment environment. The amount of emission was assumed
to be 100 000 kg.
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Table 2 The results of the Level | model application expressed as the percentage of solvent distributed in every environmental compartment

Group Solvent CAS number Air [%] Water [%] Soil [%] Sediment [%]
Hydrocarbons Pentane 109-66-0 99.99 0.00 0.01 0.00
Hexane 110-54-3 99.97 0.00 0.03 0.00
Cyclohexane 110-82-7 99.89 0.03 0.08 0.00
Heptane 142-82-5 99.95 0.00 0.05 0.00
Octane 111-65-9 99.73 0.00 0.26 0.01
Isooctane 540-84-1 99.96 0.00 0.04 0.00
Nonane 111-84-2 99.61 0.00 0.38 0.01
Decane 124-18-5 74.11 0.03 25.30 0.56
Undecane 1120-21-4 73.64 0.00 25.78 0.58
Dodecane 112-40-3 40.44 0.00 58.26 1.30
Benzene 71-43-2 98.67 0.85 0.47 0.01
Toluene 108-88-3 98.99 0.74 0.26 0.01
o-Xylene 95-47-6 96.99 1.37 1.60 0.04
m-Xylene 108-38-3 97.72 0.94 1.31 0.03
p-Xylene 106-42-3 97.97 0.91 1.10 0.02
Styrene 100-42-5 96.99 1.58 1.40 0.03
Alcohols Methanol 67-56-1 9.83 90.15 0.02 0.00
Ethanol 64-17-5 6.59 93.37 0.04 0.00
1-Propanol 71-23-8 10.73 89.13 0.14 0.00
Isopropanol 67-63-0 14.62 85.29 0.09 0.00
1-Butanol 71-36-3 15.25 84.17 0.57 0.01
Isobutanol 67-63-0 46.97 52.97 0.06 0.00
sec-Butyl alcohol 78-92-2 14.06 85.61 0.32 0.01
tert-Butyl alcohol 76-65-0 27.36 72.49 0.14 0.01
1-Pentanol 71-41-0 20.00 77.77 2.18 0.05
1-Hexanol 111-27-3 21.57 71.49 6.79 0.15
1-Heptanol 111-70-6 18.65 59.80 21.08 0.47
1-Octanol 111-87-5 21.58 41.16 36.45 0.81
1-Nonanol 143-08-8 7.67 5.28 85.15 1.90
Allyl alcohol 107-18-6 9.94 89.94 0.12 0.00
Benzyl alcohol 100-51-6 0.84 98.04 1.09 0.03
Glycerol 56-81-5 0.00 100.00 0.00 0.00
Phenol 108-95-2 2.97 94.33 2.64 0.06
o-Cresol 95-45-7 4.37 88.02 7.44 0.17
m-Cresol 108-39-4 2.14 90.40 7.30 0.16
p-Cresol 106-44-5 2.24 90.61 6.99 0.16
Ethers Diethyl ether 60-29-7 93.66 6.30 0.04 0.00
Methyl - tert butyl ether 1634-04-4 91.99 7.95 0.06 0.00
Furan 110-00-9 99.08 0.90 0.02 0.00
Tetrahydrofuran 109-99-9 35.83 64.00 0.17 0.00
Aldehydes Ethanal 75-07-0 80.53 19.42 0.05 0.00
1-Propanal 123-38-6 62.18 37.69 0.13 0.00
1-Butanal 123-72-8 85.14 14.76 0.10 0.00
Furfural 98-08-1 6.05 93.74 0.21 0.00
Ketones Acetone 67-64-1 61.54 38.44 0.02 0.00
2-Butanone 78-93-3 42.02 57.88 0.10 0.00
2-Pentanone 107-87-9 43.92 55.70 0.37 0.01
3-Pentanone 96-22-0 48.84 50.79 0.36 0.01
Methyl isobutyl ketone 108-10-1 73.06 26.37 0.56 0.01
2-Hexanone 591-78-6 37.57 61.10 1.30 0.03
2-Heptanone 110-43-0 68.89 28.63 2.42 0.06
Cyclohexanone 108-94-1 11.89 87.60 0.50 0.01
Terpenes p-Limonene 5989-27-5 97.82 0.08 2.05 0.05
p-Cymene 99-87-6 95.41 0.44 4.06 0.09
a-Pinene 80-56-8 99.31 0.03 0.65 0.01
f-Pinene 127-91-3 98.25 0.08 1.63 0.04
Organic acids Formic acid 64-18-6 0.48 99.49 0.03 0.00
Acetic acid 64-19-7 5.07 94.89 0.04 0.00
Butyric acid 107-92-6 2.70 96.76 0.53 0.01
Isobutyric acid 79-31-2 6.21 93.05 0.72 0.02
Valeric acid 109-52-4 1.65 96.21 2.09 0.05
Hexanoic acid 142-62-1 0.95 92.11 6.79 0.15
Esters Ethyl acetate 141-78-6 73.51 26.36 0.13 0.00
Ethyl acrylate 140-88-5 91.10 8.74 0.16 0.00
Butyl lactate 138-22-7 1.47 97.86 0.66 0.01
Ethyl lactate 97-64-3 1.27 98.67 0.06 0.00
Methyl formate 107-31-3 90.11 9.89 0.00 0.00
Methyl acetate 79-20-9 88.60 11.38 0.02 0.00
Methyl laurate 111-82-0 0.00 0.36 97.48 2.16
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Group Solvent CAS number Air [%] Water [%] Soil [%] Sediment [%]

Chlorinated Dichloromethane 75-09-2 97.51 2.45 0.04 0.00
Chloroform 67-66-3 98.66 1.25 0.09 0.00
Carbon tetrachloride 56-23-5 99.76 0.17 0.07 0.00
Trichloroethene 79-01-6 99.32 0.56 0.12 0.00
Tetrachloroethene 127-18-4 99.58 0.31 0.11 0.00
1,2-Dichloroethane 107-06-2 96.03 3.87 0.10 0.00
1,3-Dichloropropene 542-75-6 97.16 2.65 0.19 0.00
Hexachlorobutadiene 87-68-3 90.46 0.17 9.17 0.20

Other Acetonitrile 75-05-8 41.02 58.96 0.02 0.00

water and soil. Alcohols are present mainly in water, but a dis-
cernible fraction is present in the air and in the soil in case of
heavy aliphatic alcohols. Ethers, terpenes and chlorinated sol-
vents are mainly present in the atmospheric air, as are alde-
hydes; however, in this case a significant fraction partitions to
the water compartment. Organic acids and esters partition
mainly to water and the environmental behaviour of ketones is
variable. Thus it can be concluded that they partition between
air and water in the approximate proportion of half by half.

Ranking of solvents

Based on the weights (the percentage of distribution)
described in Table 2, an environmental risk ranking of the sol-
vents was created using the TOPSIS procedure. By introducing
these weights, a very strong relative importance to the hazard
criteria was given. As an example, water-related hazards for
hexane are ignored as it does not partition to water, and the
significant hazards connected with the emission of this com-
pound are related with the air compartment. The full ranking
obtained in this way is presented in Table 3.

Some of the solvents present in the ranking are recognised
as green in numerous references. Those solvents that have been
reported as being green are highlighted in grey in Table 3.3%°”
Remarkably, 1-propanol was ranked first even though it has not
been considered as a green solvent, presumably due to its high
impact during the stage of petrochemical production.*® The
results of this study show that 1-propanol can be considered as
a green solvent concerning its environmental risks after emis-
sion. Thus, finding more sustainable synthetic pathways for the
production of 1-propanol would make this solvent ideal as a
replacement for conventional hazardous solvents. The second
most preferable organic solvent was ethanol, being assessed as
a green solvent by the pharmaceutical solvent selection
guides.*® Ethanol partitions mainly to water, and therefore the
hazards related to this environmental compartment are relevant
in its case. It has a very low log BCEF, it is non-toxic to fish and is
readily biodegradable. It has been used as a green alternative in
extraction processes’® and as a mobile phase in liquid chrom-
atography.”’ The third rank was gained by 1-butanol, another
green, acceptable solvent. The fourth rank was obtained by tert-
butyl alcohol, a solvent widely accepted as green. It was ranked
lower than ethanol because of its higher toxicity towards fish
and higher inhalation toxicity; in the case of this solvent, the
partitioning to air compartment plays a more important role

This journal is © The Royal Society of Chemistry 2017

(27.4%) when compared to ethanol (6.6%). Acetone, placed at
five in the ranking, is referred as a green alternative, along with
ethanol, and is used as a green mobile phase constituent in
liquid chromatography.*> The next two ranking locations are
scored by acetic and formic acids. Their parameters do not
differ much since formic acid is more toxic, but more readily
biodegradable and is characterized by a lower POCP. Acetic acid
and formic acid are ranked high as relatively green solvents.
The pharmaceutical solvent selection guide states that the utiliz-
ation of these solvents was acceptable in terms of their environ-
mental aspects.>® However, their poor assessment score in the
“health” criteria makes their overall score as “problematic”.
Another solvent widely recognized as green is glycerol. It is
obtained from plant oils with its price depending on the purity
grade and is considered to be a renewable resource.*® In fact,
it is a by-product of biodiesel production from triglycerides as

a raw material,**

but this process yield is not high. It possesses
a series of desired properties as a solvent and its main draw-
back is its high viscosity.*> It is relatively non-toxic via oral
exposure.’® Application of Level I fugacity model shows that it
partitions to water only. The important factors are toxicity
towards fish, bioconcentration factor, biodegradability and
oral LDs,. For all of these criteria, glycerol performs well even
though there are solvents that are characterized with better
values for all of the assessment criteria. This is the reason for
glycerol being present at the 14™ position in the ranking
among other green solvents.

In general terms, methyl and ethyl esters are ranked high.
They undergo fast biodegradation, do not undergo bioconcen-
tration, and show low or moderate toxicity towards fish and
rodents when administered orally or via inhalation. However,
ethyl acrylate (rank 69) is marked as a potential carcinogen. It
is also characterized by a relatively high inhalation toxicity.
Ethyl lactate (rank 29) was investigated in more detail as a
potential green solvent due to its favourable properties, apart
from previously mentioned ones, such as low price and being
approved to be used in food products.”” The application of
this solvent in industry can be challenging due to its high vis-
cosity and resulting poor mass transfer parameters.*®

Avery interesting result is the low position of all terpenes in
the rankings. p-Pinene, a-pinene, p-cymene and p-limonene
are ranked 53, 57, 60 and 72, respectively. The results of the
Level I model show that terpenes partition mainly to atmos-
pheric air. Their POCP values are particularly high and their

Green Chem., 2017, 19, 1034-1042 | 1039
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Table 3 Environmental risk ranking of solvents. High rank solvents are characterized by low environmental risk. Solvents commonly recognized as

green are highlighted in grey

Rank Chemical group Solvent Molar mass [g] CAS number Similarity to ideal solution score
1 Alcohol 1-Propanol 60 71-23-8 0.9545
2 Alcohol 46 64-17-5 0.9300
4 Alcohol 74 76-65-0 0.9183
5 Ketone _ 58 67-64-1 0.9166
6 Organic acid Aceticacid 60 64-19-7 0.9118
7 Organic acid Formic acid 46 64-18-6 0.9118
8 Ester Methyl laurate 214 111-82-0 0.9112
9 Ester Methyl formate 60 107-31-3 0.9083
10 Ester Methyl acetate | 74 79-20-9 0.9054
11 Hydrocarbon Dodecane 170 112-40-3 0.8919
12 Ester Ethyl acetate | 88 141-78-6 0.8868
13 Organic acid Isobutyric acid 88 79-31-2 0.8867
14 Alcohol Glycerol 92 56-81-5 0.8861
15 Ether Methyl tert-butyl ether 88 1634-04-4 0.8855
16 Alcohol 1-Pentanol | 88 71-41-0 0.8836
17 Alcohol Benzyl alcohol 108 100-51-6 0.8812
18 Alcohol 1-Hexanol 102 111-27-3 0.8788
19 Ether Tetrahydrofuran 72 109-99-9 0.8779
20 Alcohol 1-Heptanol 116 111-70-6 0.8721
21 Ketone 3-Pentanone 86 96-22-0 0.8714
22 Organic acid Hexanoic acid 116 142-62-1 0.8705
23 Hydrocarbon Decane 142 124-18-5 0.8703
24 Organic acid Butyric acid 88 107-92-6 0.8702
25 Ketone Cyclohexanone | 98 108-94-1 0.8702
26 Organic acid Valeric acid 102 109-52-4 0.8700
27 Alcohol Isopropanol 60 67-63-0 0.8698
28 Ester Butyl lactate 146 138-22-7 0.8697
29 Ester Ethylllactatc i 188 97-64-3 0.8694
30 Alcohol 1-Octanol 130 111-87-5 0.8689
31 Other Acetonitrile a1 75-05-8 0.8687
32 Hydrocarbon Undecane 156 1120-21-4 0.8677
33 Alcohol Methanol 32 67-56-1 0.8644
34 Aldehyde 1-Propanal 58 123-38-6 0.8636
35 Aldehyde 1-Butanal 72 123-72-8 0.8608
36 Aldehyde Furfural 96 98-08-1 0.8586
37 Alcohol 1-Nonanol 144 143-08-8 0.8583
38 Alcohol Isobutanol 74 67-63-0 0.8525
39 Hydrocarbon Pentane 72 109-66-0 0.8475
40 Ketone 2-Hexanone 100 591-78-6 0.8456
41 Hydrocarbon Nonane 128 111-84-2 0.8427
42 Ketone 2-Heptanone 114 110-43-0 0.8400
43 Hydrocarbon Isooctane 114 540-84-1 0.8342
44 Hydrocarbon Octane 114 111-65-9 0.8330
45 Alcohol sec-Butyl alcohol 74 78-92-2 0.8285
46 Ketone 2-Butanone | 72 78-93-3 0.8208
47 Ether Diethyl ether 74 60-29-7 0.8168
48 Alcohol p-Cresol 108 106-44-5 0.8090
49 Alcohol o-Cresol 108 95-45-7 0.8081
50 Alcohol Allyl alcohol 58 107-18-6 0.8073
51 Hydrocarbon Heptane 100 142-82-5 0.8021
52 Hydrocarbon Cyclohexane 84 110-82-7 0.7892
53 Terpene p-Pinene 136 127-91-3 0.7815
54 Alcohol Phenol 94 108-95-2 0.7789
55 Hydrocarbon m-Xylene 106 108-38-3 0.7594
56 Alcohol m-Cresol 108 108-39-4 0.7558
57 Terpene o-Pinene 136 80-56-8 0.7475
58 Ketone 2-Pentanone 86 107-87-9 0.7362
59 Hydrocarbon Toluene 92 108-88-3 0.7344
60 Terpene p-Cymene 134 99-87-6 0.7252
61 Chlorinated Dichloromethane 85 75-09-2 0.7150
62 Hydrocarbon p-Xylene 106 106-42-3 0.7072
63 Hydrocarbon Hexane 86 110-54-3 0.7057
64 Chlorinated 1,2-Dichloroethane 99 107-06-2 0.6954
65 Ketone Methyl isobutyl ketone | 100 108-10-1 0.6939
66 Chlorinated 1,3-Dichloropropene 111 542-75-6 0.6922
67 Chlorinated Dichloroform 119 67-66-3 0.6862
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Rank Chemical group Solvent Molar mass [g] CAS number Similarity to ideal solution score
68 Chlorinated Tetrachloroethene 166 127-18-4 0.6841
69 Ester Ethyl acrylate 100 140-88-5 0.6787
70 Hydrocarbon Styrene 104 100-42-5 0.6786
71 Hydrocarbon 0-Xylene 106 95-47-6 0.6715
72 Terpene 136 5989-27-5 0.6641
73 Aldehyde Ethanal 44 75-07-0 0.6572
74 Chlorinated Carbon tetrachloride 154 56-23-5 0.6424
75 Chlorinated Trichloroethene 131 79-01-6 0.6291
76 Hydrocarbon Benzene 78 71-43-2 0.6098
77 Ether Furan 68 110-00-9 0.4755
78 Chlorinated Hexachlorobutadiene 261 87-68-3 0.4044

inhalation toxicities are at moderate levels. The POCP value for
p-limonene even defines the anti-ideal solution; it indicates
that it is the highest in the entire dataset. However, terpenes
are considered to be green solvents as stated in numerous
reports and there is reasoning behind this statement. For
example, p-limonene can be obtained from citrus oils, and
therefore it is a bio-based solvent, obtained often from food
industry waste, and it is biodegradable.” It is characterized by
low oral toxicity and it performs well when it substitutes tra-
ditionally used organic solvents such as hexane® or toluene.>"
Similarly, a-pinene is a solvent obtained from a bio-based and
renewable resource, conifer waste.>” The results of the present
study show that the environmental risk associated with the
emission of terpenes is considerable in relation to the other
solvents, and thus it has to be taken into consideration when
selecting terpenes as the solvent in various processes.

Solvents that are carcinogens, potential or possible carcino-
gens, toxic or causing other effects are located in the lower
part of the ranking. Without any discussion, hexachloro-
butadiene, trichloroethene and other chlorinated solvents,
benzene, styrene and xylenes have to be treated as undesirable
solvents.

It is worth noting that the present assessment methodology
does not include the data used for full LCA methodology, does
not include safety data and partially covers health data used in
EHS based approach. Despite these facts, the obtained results
are generally in good agreement with the results reported by
other solvent assessment tools.>” Some deviations are related
to the environmental risk assessment of terpenes, although
these discrepancies are methodologically well justified by our
approach.

As our assessment methodology does not include any infor-
mation that influences the sustainability of solvents during
pre-emission stages, application of an additional assessment
tool is required. It might be detailed in the LCA that includes
origin of feedstock used to solvent production, manufacturing
purposes and safety issues in assessment protocol.

Conclusions

The presented study provides a novel approach to assess the
environmental risk related to solvent emissions. The results of

This journal is © The Royal Society of Chemistry 2017

Level I modelling give an overview of solvent distribution in
the environmental compartments and can be used at the
initial stage of solvent assessment. This model also supplies
methodologically justified weights to the MCDA. Ranking with
the MCDA analysis results shows the relative environmental
risks of the emitted solvents. The least environmentally proble-
matic are short chain alcohols, esters, and some carboxylic
acids. The solvents that pose some serious threats to the
environment are chlorinated solvents, aromatic hydrocarbons
and, quite surprisingly, terpenes.

The proposed assessment procedure can give some other
results if a different evaluative environment is considered. The
proposed approach may be applied for case studies, when sol-
vents are selected for application in specific locations. To fit
the case study, different criteria reflecting the hazards can be
applied as input data in the assessment procedure and
different results can be obtained.

The assessment procedure is focused on the environmental
risks related to solvent emissions. Therefore, this tool is
favourable when the application of the solvent is related to its
release to the environment. On the other hand, as only the
environmental aspect is considered, the procedure can be
treated as a screening tool and when used for full assessment
it has to be supported by LCA.
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