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Abstract

This work is focused on the correlation between several physical properties (kinematic viscosity, viscosity
index, refractive index, density and water solubility) and biodegradability and bacteria toxicity of a family
of ionic liquids synthesized from fatty acids as anion precursor (FAILs): methyltrioctylammonium
hexanoate [Nggg][Ce.0], methyltrioctylammonium octanoate [Nggg1][Cs.o], methyltrioctylammonium laurate
[Ngss11[Ci2:0], methyltrioctylammonium palmitate [Nggg][Cie:0], methyltrioctylammonium  stearate
[Ngss1][Cis:0] and methyltrioctylammonium oleate [Nggg;][Cis.1]. To that end, new values of these physical
properties, biodegradability and bacteria toxicity were determined, although literature data for the
[Ngss11[Cs.0], [Ngssi][Cioo] and [Nggsi[[Ci0] FAILs were also needed. It was found a good linear
relationship (2 > 0.90) between the biodegradability index (BODs/COD) and the logarithm of kinematic
viscosity, refractive index and water solubility for the saturated FAILs. Besides, the toxicity on both Vibrio
fischeri and Escherichia Coli can be successfully predicted using the logarithm of kinematic viscosity and
viscosity index. Therefore, kinematic viscosity, which is an essential parameter for a lubricant, is the most
promising physical property to estimate both biodegradability and bacteria toxicity of a family of ionic
liquids. The double bond in the structure of the unsaturated FAIL ([Nggs1][Cis.1]) is responsible for the
worsening of the linear dependence between physical and environmental properties.
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1. Introduction

Room temperature ionic liquids (ILs) are salts mainly composed of ions, which show melting points
below 100 °C. Generally, the cationic part consists of organic substances, whereas the anionic one is made
up of organic or inorganic compounds [1-3]. These materials exhibit negligible vapour pressure, non-
flammability, good conductivity, inherent polarity and excellent oxidative and thermal stability [4]. For this
reason, their use is gaining increasing attention in several applications, such as organic synthesis, catalysis,
surface science and electrochemistry, among others [5-8]. These properties also make ILs highly attractive
for potential applications in the lubrication field. In this sense, ILs can be used as neat lubricant or lubricant
additive in order to decrease friction and wear in various tribological pairs, such as steel-steel, copper-steel,
aluminum-steel and steel-composite, among others [1, 9-16). This is due to the fact that ILs can form
tribofilms on the surface of these materials improving their tribological behaviour [17-19]. Nevertheless,
the ILs commonly used in lubrication present in their composition halogen anions ([PFs]-, [BF,]-, [NTf;]-

and [FAP], among others), aromatic cations (imidazolium) and metals (zinc), which can cause negative
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effects in the environment. It should be noted that some ILs are soluble in water, which can cause surface
water and groundwater pollution [20]. Taking into account that an important amount of lubricants can come
in contact with the environment, especially in watercourses and soils, due to accidental spill or effluent
discharges, and the continuous toughening of the EU regulation, it is increasing necessary to develop
sustainable ILs [21]. For these reasons, new ionic liquids are being synthesized using various renewable
sources including proteins, polysaccharides (cellulose, chitin), lignin, fatty acids and cholinium [22-25]. In
order to evaluate the environmental friendliness of the ILs, toxicity assays using different types of
(micro)organisms, such as bacteria, fungi, algae, cladoceran and fish, among others were performed [26].
Besides, biodegradability tests were also carried out, since biodegradation is the main route employed by
microorganisms to degrade this type of substances from water compartments and soil [27]. The
environmental hazard assessment is highly dependent on the species used in the study and requires a great
deal of effort to gain an in-depth knowledge. Moreover, physical properties, such as density and viscosity
are crucial in the lubrication field to define the thermal operating window. This makes essential the
correlation of the physical and environmental properties of the ILs. As far as we know, few works studied
the correlation of these characteristics, and the existing ones only considered their influence on
biodegradability [28-30]. Because of the measurement of the environmental properties can be a complex
task, correlating them with physicochemical properties of easy determination can be interesting from the
point of view of lubrication. Therefore, the aim of this work is to correlate several physical properties, such
as kinematic viscosity, viscosity index, refractive index, density and water solubility with biodegradability
and bacteria toxicity of fatty-acid based ionic liquids. For this purpose, kinematic viscosity, water solubility
and refractive index were measured for the [Ngsgi][Cs.0l, [Ngsgi][Csol, [Nsssil[Ciz:0l, [Nsssi][Cieols
[Ngss11[Cis:0] and [Nggsi1[Cis:1] FAILs at 30°C. Besides, density was also measured for the [Nggsi][Ce.ol,
[Nssgs1][Ciso] and [Nggsi][Cis.1] FAILs at 30°C and kinematic viscosity at 40°C and 100°C in order to
calculate viscosity index for the same FAILs. Regarding biodegradability, this parameter was determined
for the [Nggs11[Ce.0], [Ngss1][Cis:o] and [Nggg][Cis.1] FAILs. Considering bacteria toxicity, the values of
ECsy and TU for Escherichia coli were measured for all of the FAILs here studied: [Ngsgi][Ce.0l,
[Nsss11[Cs:ol, [Nsss11[Ciz:0], [Nsssi][Cis:0ls [Nsssi11[Cis:o] and [Ngss1][Cis:1], while the ECso and TU for Vibrio

fischeri were only determined for the [Ngggi][Ce.0], [Ngss11[Cis.0] and [Nggsi][Cis.1] FAILS.



2. Materials and Methods
2.1. Fatty acid-based ionic liquids

The fatty acid-based ionic liquids (FAILs) were synthesized by means of a salt metathesis reaction
according to Battez et al. [31]. The details related to their identification through 'H and '3C NMR and FTIR
analyses can also be found in Battez et al. [31] and Blanco ez a/. [32]. Methyltrioctylammonium bromide
ionic liquid (= 97%) was employed as cation precursor and natural fatty acids: hexanoic (= 98%), octanoic
(= 98%), lauric (= 98%), palmitic (= 98%), stearic (= 98%) and oleic (= 95%) acids were used as anion
precursors. Fig. 1 shows their chemical structure and abbreviation. Each of the precursors were supplied by

Sigma-Aldrich and employed without any further purification.
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Methyltrioctylammonium stearate, [Nggs; [[Cis:0] Methyltrioctylammonium oleate, [Nggs; ][Cis:1]

Fig. 1 Chemical structures and abbreviations of the FAILs analysed.

2.2 Determination of physical properties

Density and dynamic viscosity of the fatty acid-based ionic liquids were determined according to ASTM
D7042 from 30 to 100 °C at atmospheric pressure using a Stabinger Viscometer SVM3001. From these
data, the equipment directly calculates the kinematic viscosity and the viscosity index according to the
ASTM D2270-04.

Refractive index was determined at 30 °C by the critical angle method using a monochromatic source

(sodium lamp) with an Abbe refractometer WY A-15.



Water solubility data were obtained mixing 2 g of each of the FAILs with 4 g of distilled water and the
resulting mixtures were then stirred for 2 min in a vortex mixer and centrifuged (10000 rpm, 10 min). The
main phase (FAIL-poor phase) corresponds to the aqueous one. Since the FAILs are less dense than water,
the FAIL-poor aqueous phases were below the FAIL-rich phases. The concentration of the FAILs in the
aqueous phase was determined by measuring total organic carbon (TOC) with a Shimadzu TOC-V gy

analyser. The following equation (eq. 1) was used to calculate the FAIL concentrations [33]:

- - IL
_ gC 1mol-gC 1mol-gFAIL Mw
CONCrajy, (g/L) - ConCTOC( /L X 12.011gC g nmol-gC X 1mol - g FAIL (1)

where: concgay 1S the FAIL concentration, concroc is the TOC concentration, n is the number of carbon

atoms of the FAIL and ILy;y is the molecular weight of the IL.

2.3. Environmental properties of FAILs

2.3.1. Preparation of the aqueous solutions of the FAILs

The aqueous solutions were prepared following the procedure indicated for the determination of water
solubility. These solutions were employed to prepare the stock ones used in the determination of toxicity
and biodegradability. The FAIL concentrations were determined in the same manner as with water
solubility.

2.3.2 Biodegradability: chemical and biochemical oxygen demand

The biochemical oxygen demand (BODs) were measured by means of a Lovibond BOD respirometric
system. Aqueous solutions of 0.1 g/L were prepared for each of the FAILs and the pH was adjusted to 7.0
+0.2 with 0.5 M NaOH using a Crison Basic 20 pH-meter. A solution of 0.1 g/L of sodium acetate was
employed as a control sample. It was necessary to inoculate each FAIL solution (94 mL) with an aerobic
bioreactor effluent (1 mL). Then, the samples were incubated for 5 days in dark conditions at 20 °C.
Chemical oxygen demand (COD) concentrations were measured using the dichromate method at 600 nm
with a Hach DR/2500 spectrophotometer. All analyses were carried out in triplicate.

2.3.3. Bacterial Toxicity: Vibrio fischeri tests

The assessment of the bacterial toxicity was performed using a commercial test, Biofix® Lumi-10,
which employs a lyophilized strain of Vibrio fischeri (NRRL B-11177), in accordance with the standard
protocol of ISO 11348-3 [33]. To that end, 0.5 g/L of FAIL solutions were diluted in serial dilutions between
1:2 and 1:1024. It was needed to adjust the salinity of the samples to 2% and the pH to neutrality. Besides,

it was also necessary to keep the temperature at 15 °C using a water bath. Toxicity data were expressed in



line with that of the ISO 11348-3 [34]. The inhibition percentage was determined by comparison of the
drop in light emission with a control sample (2% NaCl solution) after 15 min of contact with the bacteria.
Considering that bacterial luminescence, that is to say, light emission, is directly linked to cellular
respiration, a fall in light emission is provoked by a reduction in their respiration due to the toxicity of these
substances to the bacteria. In this sense, ECsq i.e., the FAIL concentration that reduces 50% the
luminescence of bacteria after 15 min of contact time, was determined [27]. Furthermore, the toxic units
(TU) were calculated after 15 min of exposure. This unitless parameter is obtained dividing the FAIL
concentration (100%), by lethal end-point (ECs), as indicated in the equation 2 [35]. This parameter makes
easier the understanding of toxicity assessment because a rise in the TU value is associated with a rise in

the toxicity.
1
TU = By ¥ 100 2)

Based on TU values, the compounds can be classified into four categories: i) non-toxic: TU values < 1, ii)
toxic: TU values from 1 to 10, iii) very toxic: TU values between 10 and 100, and iv) extremely toxic: TU
values > 100 [27; 36]. All analytical measurements were performed in triplicate.

2.3.4. Bacterial Toxicity: Escherichia coli tests

A commercial assay, Toxi-ChromoTest (epbi - version 3.6), was used to complete the bacterial toxicity
assessment of the FAILs. This is a colorimetric test based on the capacity of the various compounds to
inhibit the B-galactosidase enzyme in a highly sensitive Escherichia coli strain. These tests were also
performed with FAIL solutions of 0.5 g/L diluted serially in 2-fold steps from 1:2 to 1:1024. The contact
time of the bacteria to the FAIL samples was 90 min. After this incubation period, blue chromogen
(chromogenic substance) was added. It should be noted that blue colour rapidly appears in non-toxic
substances, whereas no colour is observed in the toxic ones. This colour was quantified measuring the
optical density with a Cary Uv/Vis spectrophotometer at 615 nm. The toxicity (degree of inhibition) was
calculated by comparison with the optical density of a toxic-free control sample. A solution of 4 g/L of
mercury chloride was employed as a standard toxic substance in order to verify the viability of the E. coli
strain. Both the values of ECs, that is to say the concentration that inhibits enzymatic activity by 50%, and

TU units were calculated after 90 min of incubation.



3. Results and discussion

3.1. Correlation between physical and environmental properties

Tables 1 and 2 show the main physical properties, the biodegradability indices (BODs/COD) and the values
of ECspand TU for Vibrio fischeri (V. fischeri) and Escherichia coli (E. coli) of the fatty-acid based ionic
liquids here studied. It should be noted that these tables contained both new experimental data and literature
values for the [Nggsi[[Ce.0l, [Nsss1][Ci2:0] and [Nggsi][Cie.0] FAILs from a previous work [31]. In this sense,
the new experimental values determined were: 1) water solubility, kinematic viscosity and refractory index
for the [Nsssi][Ceol, [Nsss1][Csol, [Nsssi][Cial, [Nsssil[Cisols [Nsssil[Ciso] and [Nggsi][Cis:] FAILs at
30°C, ii) density for the [Nggsi [[Ce.0], [Nssgs11[Cis:o] and [Nggg1][Cig.1] FAILs at 30°C, iii) kinematic viscosity
at 40°C and 100°C in order to calculate viscosity index for the same FAILs like in the case of density
measurement, iv) biodegradability for the [Nggsi][Ce.0l, [Nsss1][Ciso]l and [Nggsi][Cis.1] FAILs, v) E. coli
toxicity (ECso and TU values) for the [Nsssi11[Ce:0l, [Nsssi1][Cs:ol, [Nsss1][Ci2:0], [Nsss1][Cieol, [Nsssi][Cis:o]
and [Nggs1][Cis.1] FAILs and vi) V. fischeri toxicity (ECsoand TU values) for the [Ngggi1[Ce.0], [Nsss11[Cis:0]
and [Ngggi|[[Cig.1]. Only in the case of [Nggg1][Ce.0] IL, the value of BODs/COD was higher than 0.2, thus
indicating that this IL is readily biodegradable [37]. In terms of toxicity, all of the FAILs can be considered
toxic compounds since ECs, values fell within the range from 10 to 100 mg/L and TU showed values

between 1 and 10.



Table 1 Physical properties of the FAILs studied.

Tonic Solubility at 30 °C Density at Kinematic viscosity (mm?/s) Viscosity index Refractive
liquids (gran/mL of H;0)  30°C (g/cm?) 30 °C 40 °C 100 °C ASTM D2270 index at 30°C
[Nsss1][Ce:0] 2.80-103+ 8.5-1073 0.9233 2752.9 1284.9 56.5 92 1.4750 = 0.0001
[Nsss1][Cs.0l* 2.37-103£ 8.9-1073 0.8934 2410.3 1121.2 48.6 85 1.4660 £ 0.0002
[Nsss11[Cia0]* 1.53-103£9.1-1073 0.8768 1475.8 715.7 36.9 85 1.4654 + 0.0001
[Nsss11[Cis0]* 1.40-103 £ 3.4-1073 0.8784 1188.3 596.3 37.4 99 1.4647 £ 0.0003
[Nsss1][Cis:o] 1.34-103£2.3-1073 0.8778 1033.2 524.2 35.1 102 1.4620 + 0.0001
[Nsss1][Cis:] 1.30-103£ 6.-1073 0.9155 1234.7 627.2 39.3 101 1.4683+ 0.0007

*Values of density, kinematic viscosity (40°C and 100°C) and viscosity index obtained from a previous work [31].

Table 2 Environmental properties of the FAILs studied.

Tonic liquids K{Eig:,erl V. fis citeri E]ég;fl E. Czli COD BOD; BOD./COD
(mg/L)y Tu (mg/Lys TU (mg Oy/L) (mg Oy/L)

[Ngssil[Cool 668405  1.50£0.01 613+09 1.63+£0.02  416+3 89.0+1  0.22+0.02
[Nggsi[Cgol*  59.3£0.7  1.69£0.02 551+£0.8 1.81+0.03  424+1  83.5+£0.7 0.20+0.01
[Nggsi[[Crol*  53.9£0.1  1.86+£0.01 49.9+£0.1 2.00+0.01  430+2 750+1  0.17+0.02
[Ngssi[Crool* 454404  220+0.02 381+02 2.63+0.02 42742 69.5£2  0.16+0.03
[Negsil[Cigo] ~ 41.6+£03  240+0.03 38.1+02 263+0.02 424+2 620+1  0.15+0.02
[Ngggi][Cig]  11.6£05  87+04  104+05  9.6+05  431+5 565+ 0.7 0.13+0.02

*Values of V. fischeri ECs, V. fischeri TU, COD, BOD and BODs/COD obtained from a previous work [31].

2 ECs classification for aquatic life: non-toxic: ECsy > 100 mg/L; harmful (acute 3): ECsy: 10 - 100 mg/L; toxic (acute 2):
ECs0: 1 - 10 mg/L; and very toxic (acute 1): ECso < 1 mg/L.

b TU classification: non-toxic: TU < [; toxic: TU: 1 - 10; very toxic: TU: 10 - 100 and extremely toxic: TU > 100



3.1.1. Kinematic viscosity

The FAILSs here studied exhibited a wide range of kinematic viscosity values, ranging from around 627 to
1285 mm?-s! at 40 °C. In this case, the biodegradability index of the FAILs increased with a rise in
kinematic viscosity values, whereas the value of TU for both V. fischeri and E. coli slightly decreased.
These results are interesting since viscosity is a lubricant fundamental parameter for the film formation
properties. Besides, the relationships between biodegradability index and TU for both V. fischeri and E.
coli and the logarithm of kinematic viscosity have been found to be linear. The value of r> was 0.92, 0.93
and 0.91, for biodegradability index, TU for V. fischeri and TU for E. coli, respectively, excluding the
[Ngss1][Cis:1] FAIL and 0.81, 0.15 and 0.15 including it (Fig. 2). This can be explained considering that the
properties of [Nggg1][Cis:1] can be slightly different from those of the other FAILs, since the former was
synthesized from an unsaturated fatty acid (oleic acid) and the rest of them from saturated fatty acids.
Besides, the purity of the oleic acid was lower than that of the other fatty acid precursors, which can

negatively affect the toxicity of the [Nggg;][Cys.1] IL.
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Fig. 2 Biodegradability index (a), TU for V. fischeri (b) and TU for E. coli (c) of the FAILs as a function

of their kinematic viscosity (KV). Saturated FAILs (x) and the unsaturated FAIL (®). Fitting lines: solid,
including only saturated FAILs; dashed line, including all FAILs.



The relation between biodegradability and kinematic viscosity differ from that reported by Haus et al. [29],
in which the biodegradability of commercial mineral paraffinic base oils decreased with the kinematic
viscosity. Besides, the viscosity of molecular liquids tends to increase with the number of methylene groups
and this behavior is also expected with ionic liquids. Using FAILs, Van der Waals interactions between the
methylene units causes an increase in the interactive forces and, therefore, the viscosity of these ionic
liquids should grow with increasing chain length [22]. However, the opposite trend was found in this
research (Table 1), with viscosity rising when the chain length of the anion decreases. Although it is difficult
to explain this change in the viscosity trend, at least another research study [38] found similar results

working with a different family of ionic liquids (phosphonium phosphinate).

3.1.2. Viscosity index

Regarding the viscosity index, the values varied from 85 to 102 and it seems that the biodegradability index
was a decreasing function of this parameter (Tables 1 and 2). The viscosity index indicates the dependence
of viscosity on temperature. Thus, high values of viscosity index are desirable since the higher the value,
the less the viscosity is influenced by temperature. Fig. 3a shows a quasi linear tendency (r> = 0.76) between
the biodegradability index and the logarithm of viscosity index, excluding the [Nggg;][Cs.0] FAIL. This can
be explained considering that the viscosity index of this FAIL is higher than that expected due to the

existence of some impurities because these FAILs are synthesized from natural fatty acids.



Regarding TU, this parameter increased as the logarithm of viscosity index increased for both bacteria

studies. It was found a linear relationship between them, the value of r? being 0.94 for V. fischeri and 0.90

for E. coli excluding the [Nggg][Cis.1] FAIL and 0.25 in both cases including it (Fig. 3b and c). This can be

explained taking into account the presence of impurities (arsenic, cadmium, mercury) in the unsaturated

FAIL due to the lower purity of its precursor.
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of their ViSCOSity index (VI) [Ngggl][C&()] FAIL (.),[Ngggl][clgzl] FAIL (.) and the rest of the FAILs (+)
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3.1.3. Refractive index

The refractive indices of the FAILs varied from 1.4620 to 1.4750 and decreased with the increase of the

alkyl length of the anion in the case of the saturated FAILs (Table 1). It was observed that the

biodegradability index of the FAILs increased with an increase in the refractive index, whereas the values

of TU decreased. Besides, a good linear relationship (r2= 0.96) between the biodegradability and refractive

index was obtained for the saturated FAILs (Fig. 4a). On the contrary, such correlation became significantly

worse when the unsaturated FAIL ([Nggg;][Cis.1]) was included (1= 0.47). This can be due to the presence

of the double bond in this compound, which makes it less prone to be degraded biologically. This is in

contrast with the results reported by Haus et al. [28], who found out that the biodegradability of commercial

mineral paraffinic base oils decreased with the refractive index. This can be due to the differences in the

composition of the FAILs and the commercial base oils.
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The relationship between TU units and refractive index proved to be quasi linear for the saturated FAILs
on both V. fischeri and E.coli (1= 0.79 and r>= 0.77, respectively). Conversely, linearity was negligible (12
= 0.0005) when considering the unsaturated FAIL (Figure 4b and c). These results can be explained based
on: i) the existence of a double bond in its structure, which caused a significant increase in the toxicity and
ii) the presence of impurities due to the lower purity of the fatty acid precursor. These results revealed that
the biodegradability behavior can be successfully predicted by the refractive index. However, it only serves

as an indicator of the toxicity inherent to the studied FAILs.
3.1.4. Density

Regarding the values of density, it seemed that the biodegradability index increased with a rise in density.
However, the tendency in the case of TU was the contrary. A fairly linear function of biodegradability and

density (12= 0.90) was also found with the saturated FAILs, being non-linear (r>= 0.11) for the unsaturated

one ([Ngss1][Cis.1]) (Fig. 5a).

0.25 10
(®) )
0.2 - 8 1
- B
8 0.15 1 560 TU=-14614- D +14.936
S 0.1 N 4
a % 5 1]
2 = _
0.05 1 BODs/COD =1.323- D -1.003 2 1 "—‘t‘—‘—__.
0 L] L] L} 0 L] Ll L}
0.86 0.88 0.9 0.92 0.94 0.86 0.88 0.9 0.92 0.94
Density (g/cm?) Density (g/cm?)
10
© °
8 -

TU. E coli
=

2 - ’\;q——h__i_’

I I T
0.86 0.88 0.9 0.92 0.94
Density (g/cm?)

Fig. 5 Biodegradability index(a), TU for V. fischeri (b) and TU for E. coli (c) of the FAILs as a function
of their density (D). Saturated FAILs (®) and the unsaturated FAIL (®). Fitting lines: solid, including
only saturated FAILs; dashed line, including all FAILs.
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For TU, the linearity with density for the saturated FAILs was poor on both bacteria, the 2 values being
0.62 for V. fischeri and 0.60 for E. coli (Fig. 5b and c). In the same way as with biodegradability, the
tendency was non-linear when the unsaturated FAIL was included (r2 = 0.18). Hence, the presence of a
double bond led to a weak linear tendency of the biodegradability index and the physical properties. On
viewing the goodness of the linear fitting, density can be adequately used to estimate biodegradability but

not toxicity.

3.1.5. Water solubility

Considering the water solubility of the FAILs, the biodegradability index increased as water solubility
increased, whereas the TU values decreased. It should be noted that a decrease in the alkyl chain length of
the anion caused a rise in the hydrophilicity. These experimental results are in agreement with the values
found in the literature, especially for the imidazolium-based ionic liquids in which the longer the alkyl
chain is, the smaller is the solubility of ILs in water [39, 40]. This is the responsible for both the increase
in water solubility and biodegradability and reduction in toxicity. It was found a linear relationship between
the biodegradability index and water solubility, the 12 value being 0.95 excluding the [Nggg;][Cis.1] FAIL
and 0.89 including it (Fig. 6a). For the TU units, the relationship was quasi linear (r>= 0.8 1) on both bacteria
for the saturated FAILSs, this being non-linear (1= 0.22) when the [Nggg;][C1s.1] FAIL was considered (Fig.
6b and c¢). Again, the existence of a double bond modifies the characteristics of this FAIL, which worsens

or even removes the linear correlation trend.

0.25 10
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Fig. 6 Biodegradability index (a), TU for V. fischeri (b) and TU for E. coli (c) of the FAILs as a function
of their solubility (S). Saturated FAILs (i) and the unsaturated FAIL (®). Fitting lines: solid, including

only saturated FAILs; dashed line, including all FAILs.

4. Conclusions

Several physical properties were correlated with the environmental performance (biodegradability and

bacteria toxicity) on a series of ionic liquids synthesized from natural fatty acids as anion precursors. From

the results obtained, the following conclusions can be drawn:

A good linear relationship between the biodegradability index of the saturated FAILs
([Nsss1][Co0ls [Nsss1][Csol, [Nsss1][Cizol, [Nsssi][Cieo] and [Ngssi][Ciso]) and the following
physical properties were obtained: 1) the logarithm of kinematic viscosity, ii) refraction index and
iii) water solubility. It was also found that the biodegradability index of the saturated FAILs
increased with an increase in the kinematic viscosity, refractive index and water solubility.
Regarding TU, for both Vibrio fischeri and Escherichia Coli, the best linear relationships (2 >
0.90) for the saturated FAILs were achieved with the logarithm of kinematic viscosity and
viscosity index. Considering that kinematic viscosity is an important parameter for a lubricant,
this physical property is promising in evaluating both biodegradability and toxicity.

Other physical properties, including refractive index, density and water solubility can only serve
as indicators to estimate the toxicity.

The presence of a double bond in the structure of the [Nggg1][Cis.1] FAIL modifies its properties,
which caused a significant worsening in the linear dependence between environmental and

physical properties.
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