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A series of dipeptide ionic liquids (ILs) with L-phenylalanine and L-alanine fragments in structure were
synthesized and their possible degradation pathways were analyzed. Based on this analysis, potential
transformation products (PTPs) were proposed and synthesized. All of these compounds (25 in total)
went through microbial toxicity screening and aerobic biodegradation testing. Obtained results demon-
strated that by investigating ILs and PTPs with a dipeptide fragment (in tandem with single amino acid
analogues), the design of ILs with high biodegradation values in closed bottle test can be accomplished.
One finding was that within the scope of the compounds studied, L-phenylalanine containing compounds
were more biodegradable than L-alanine derivatives. In addition to the choice of amino acid residue, its
position in the dipeptide IL structure also had a significant effect on biodegradability. PyCH2CO-Phe-Ala-
OEt IL, where L-phenylalanine was in close proximity to the positively charged pyridinium sub-unit, gave
higher biodegradation percentages compared to PyCH2CO-Ala-Phe-OEt IL, where alanine was closer to
pyridinium than the phenylalanine residue. Analysis of PTPs data showed that the presence of an alanine
residue resulted in undesirable (less green) PTPs more often compared to PTPs containing phenylalanine,
especially when alanine was in close proximity to the pyridinium headgroup. Based on both toxicity and
biodegradation testing results preferable and less preferable subunits can be chosen for the design of new
sustainable chemicals based on amino acids. Results from this study demonstrate a potential of designing
new sustainable chemicals using amino acid moieties as part of their structure.

� 2023 Elsevier B.V. All rights reserved.
1. Introduction

The history of ionic liquids (ILs) is usually considered to have
begun in 1914 when Paul Walden reported the synthesis of ethy-
lammonium nitrate [C2H5NH3]+[NO3]� – a salt which is liquid at
room temperature [1]. Over the next hundred years ILs have been
utilized in diverse applications as alternatives to traditional vola-
tile organic solvents [2]. More than 115,000 research papers on
„ionic liquids‘‘ were published by 2022 (SciFinder �) principally
due to their desirable properties, such as thermal and chemical sta-
bility, low vapour pressure and modularity [3]. In addition to
research, ILs are used in applied industrial processes [4,5]. For
example, the BASILTM process used for the production of photoini-
tiator precursor alkoxyphenylphosphines and the Dimersol process
for dimerisation of alkenes and butenes to more valuable branched
hexenes and octenes [5–10].

However, even though ILs with their low vapor pressure have
been proposed as green solvents, often a dearth of their toxicity
and biodegradability assessment is observed [11,12]. These are
key elements in the evaluation of the environmental effect of
chemicals [13–17]. Ideally, from an environmental point of view,
a green solvent should be non-toxic, biodegradable, use biore-
sources as starting materials and synthesized using effective envi-
ronmentally friendly synthesis procedures and be recyclable [18–
20]. Most ILs are designed to be robust and stable under the vari-
ous chemical and physical conditions of their target application
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[21]. Concerns have been raised that the design of inert ILs can lead
to examples which tend to show poor degradability in environ-
mental conditions [22–25]. Although progress has been made in
IL recyclability, reuse is limited to a certain number of cycles before
inevitable contamination and the need for ILs to be discarded at the
end of their use [18,26]. For that reason, it is extremely important
that ILs used in industrial applications result in a minimal impact
to the environment [11,27]. This would be best achieved by using
ILs which are mineralizable under wastewater treatment plant
conditions and in soil and surface water. If microbial communities
could metabolize ILs into inorganic CO2, O2, water and other
innocuous substances, IL persistency would be avoided, and toxic-
ity concerns mitigated. As there are claimed at least 1018 accessible
combinations of cations and anions to form various ILs, a system-
atic approach is required in order to find mineralizable building
blocks for ILs and to propose fragments for a benign-by-design syn-
thesis [18,28–32].

The idea of finding mineralizable IL cations made from renew-
able sources was the basis of our previously published work, in col-
laboration with the Kümmerer’s group, of a fully mineralizable IL 1
(see Fig. 1) with pyridinium headgroup and L-phenylalanine moi-
ety [33–35].

We concluded, surprisingly, that amide bond cleavage was tak-
ing place before esterolysis, resulting in biodegradable and miner-
alizable transformation products [33]. This was unexpected and
thus further studies to analyze the effect of amide bond nature in
such type of structures were essential. In essence, to establish
the specific influence of amino acid hydrophobicity on biodegrad-
ability, and if the presence of the sterically bulky CH2Ph (c.f. Me;
Ala) hydrophobic unit in IL 1 was critically required for effective
binding to the active sites of biodegrading enzymes.

To answer these questions L-alanine ionic liquid 2 and a series of

L-phenylalanine and L-alanine based dipeptide ILs 3–6 (see Fig. 1)
were synthesized, and biodegradability of compounds (1–6) was
investigated. The overall strategy of IL structure modifications
was consistent with our design of imidazolium salts with high
antimicrobial activity, but that time our focus was on identifying
biodegradable ILs with low toxicity [36].

These novel dipeptides 3–6 have an additional amide bond
(compared to amino acid ILs 1 and 2) and the structural variations
enable us to ascertain how the position of amide bond and amino
acid residue affects biodegradation. It is widely reported that pyri-
dinium ILs containing an amide not derived from an amino acid
generally have poor biodegradability [22,23,37,38]. By extending
the amino acid substructure from one residue (1 and 2) to two resi-
dues (3–6), we can determine the effect of an increase of peptide
sequence on biodegradation. To investigate the effect of the sterics,
p-p stacking and hydrophobicity of the -CH2Ph of mineralizable
Phe IL 1, the Ala derivative was studied. This CH3 analogue was
selected due to the reduced steric hindrance, absence of p-p inter-
actions and lower hydrophobicity.

Pyridinium ILs toxicity was reported to increase in antimicro-
bial activity as the substituting alkyl chain lengthened [39–43].
As the focus of this study was to determine the effect of the amino
acid residues, the ethyl ester group (e.g. 1) was selected to mini-
mize potential toxicity complications due to the alkyl ester tail.

We submit that the amino acid side chains of ILs 1–6 are consis-
tent with the concept of cation surfactants (‘Charged head group
substituted with hydrophobic tail’) and thus the results have broad
applicability to the synthesis of biodegradable cationic surfactants.

In addition, for each parent compound 1–6 possible breakdown
sites and degradation pathways were proposed and analyzed.
Based on this analysis potential transformation products (PTPs)
were suggested, then synthesized and studied for their biodegrad-
ability. Studying PTPs together with parent compounds is of critical
2

importance when complete mineralization of chemical compounds
(including ILs) is the desired outcome. IL parent compounds 1–6
and their PTPs represent the series of compounds selected to
enable biodegradation and toxicity SAR studies underpinning the
benign-by-design approach.
2. Materials and methods

Biodegradation of two L-amino acid based ILs, four L-phenylala-
nine and L-alanine based dipeptide ILs with pyridinium sub-unit
and their proposed transformation products were studied. 25 com-
pounds (1–25) in total were synthesized and underwent antimi-
crobial activity screening and biodegradation testing under
aerobic conditions.

2.1. Selection of target PTPs

Selection of target PTPs for synthesis and study (Fig. 1) was per-
formed from analysis of possible biodegradation pathways (see
Scheme 1; S1). The proposed first step of biodegradation for stud-
ied molecules is hydrolysis to lower molecular mass fragments
which will then be ultimately transformed to CO2, H2O and N2

[33,34].
Amino acid ILs 1 and 2 contain two hydrolysable bonds (one

ester and one amide bond), either of which could be hydrolyzed
first, and can therefore initiate two different biodegradation path-
ways (Schemes S1-1 and S1-2). Dipeptide ILs 3 – 6 contain three
hydrolysable bonds (one ester and two amide bonds) and, corre-
spondingly, can initiate three distinct biodegradation pathways
with different transformation products being formed in the break-
down process (Schemes S1-3, S1-4, S1-5, and S1-6). For all path-
ways the potential ultimate result is the same (full hydrolysis of
all ester/amide bonds), although somemetabolites will be different
due to a change in the order of the bonds hydrolysis. Analysis of
each pathway shows that all PTPs for amino acid ILs 1 and 2 can
be found also in PTPs for dipeptide ILs 3 – 6 (see Scheme 1 and
S1-7). Significant overlap also occurs when comparing the struc-
tures of PTPs for dipeptide ILs 3 – 6 which can be formed through
different pathways, and this considerably decreased the number of
target molecules. This reduces the resources and time required for
the synthesis and testing for their aerobic biodegradability, result-
ing in an efficient strategy for this type of study. The structures of
these target compounds are presented in Fig. 1.

2.2. Chemicals

Reagents and solvents were purchased from Sigma-Aldrich,
Acros Organics, Alfa Aesar, Honeywell and used without further
purification. Dipeptides (N-L-Phe-L-Phe-OH; N-L-Phe-L-Ala-OH; N-

L-Ala-L-Phe-OH; N-L-Ala-L-Ala-OH) were provided by Fluorochem
ltd. All other chemicals (amino acid ILs, dipeptide ILs and their
PTPs) were synthesized by methods similar to procedures from
[34,36,44,45] and are described in S2 (Appendix A1). Characteriza-
tion by NMR, HRMS spectra and melting points of studied com-
pounds is also collected in supporting information (see S2).

The general synthetic routes to prepare compounds 1–10, and
12–21 are shown in Scheme 2: corresponding L-amino acid (12
and 13) was transformed into ethyl ester hydrochloride (27, 28)
with SOCl2 in ethanol. The obtained product was then neutralized
with sodium carbonate and gave an ester (9 and 10) in free base
form. Next, the L-amino acid ethyl esters (9, 10) was used for the
synthesis of N-bromoacetyl derivatives (29 and 30) via acylation
with bromoacetyl bromide in dichloromethane in the presence of
sodium carbonate. The Boc-protected dipeptide ethyl esters (31–
34) were synthesized by coupling with corresponding Boc-



Fig. 1. Amino acid ILs (1, 2) and dipeptide ILs (3–6) with L-phenylalanine and L-alanine moiety in structure and target PTPs (7–26) selected for synthesis and study.
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protected L-amino acid). The alkylation of pyridine with N-
bromoacetyl derivative of L -amino acid ethyl ester (29 and 30)
resulted in target amino acid ILs 1 and 2, which could be hydro-
lyzed to corresponding acids 7 and 8 in mild conditions. The Boc-
protected dipeptide ethyl esters (31–34) were deprotected by
reflux with PTSA in ethanol and then transformed into free base
(35–38) with sodium carbonate. The dipeptide ethyl ester in free
base form (35–38) were used for synthesis of hydrochloride salts
18–21 (via neutralization of free base in diethyl ether with solution
of hydrochloric acid in diethyl ether). The N-bromoacetyl deriva-
tives (39–42) were also prepared from (35–38) by acylation with
bromoacetyl bromide in dichloromethane in presence of sodium
3

carbonate. The products of alkylation of pyridine with N-
bromoacetyl derivative of dipeptide ethyl ester (39–42) were tar-
get dipeptide ILs 3–6, which could also be hydrolyzed to corre-
sponding acids in mild conditions (14–17). Compound 11 was
prepared according to our previous paper [34].

Resource efficient synthesis of chemical compounds is an inte-
gral part of our strategy to design greener chemicals. Analysis of
the synthetic procedures according to Green Chemistry principles
were performed with J. Clark’s Green Chemistry metrics toolkit
[46]. The key parameters of reactions are collected in Table S3.
All reactions quantitatively analyzed by yield, conversion and
selectivity can be marked with green flag (>90 %), except one case



Scheme 1. Biodegradation pathway analysis and selection of possible transformation products – a synergistic approach.

Scheme 2. Synthesis of amino acid ILs, dipeptide ILs and their PTPs. General strategy.
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(AlaAlaOEt synthesis; yield and selectivity only 87 %; amber flag).
Atom economy (AE) for most reactions (32/35) is >70 %. For ILs for-
mation step (i.e. pyridine alkylation) the AE is 100 %. Reaction mass
efficiency (RME) parameter for reactions, which were analyzed was
4

in the range 40.8–99.4 %, however the majority of reactions have
RME > 70 %. Optimum efficiency (OE) was also high with > 80 %
determined in 31/35 cases. Analysis of process mass intensity
(PMI) parameters shows that PMI workup solvents parameter is
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the major contributor to the PMI total and reduced solvent usage in
the workup step is recommended in future studies to make the
synthesis greener. Several solvents which were used in the syn-
thetic procedures and workup are rated green (water, ethanol,
ethyl acetate, acetone), but in some steps problematic solvents
(e.g., DMF, DCM, diethyl ether and petroleum ether were used
[46]. To reduce the negative impact on the environment all prob-
lematic solvents were specifically targeted to be recovered, with
recovery yields > 80 % achieved). Evaluation of critical elements
used in the synthesis has been marked with green (>500 years sup-
ply remaining) or amber flag (50–500 years supply remaining).
Based on evaluation of energy parameters (see Table S3) none of
the reactions could be marked with red flag (reactions did not
run below –20 or above 140 �C). All reaction were done in batch
(amber flag), but potentially the hydrolysis step (synthesis of com-
pounds 7, 8, 14, 15, 16, 17) can be performed under flow conditions
in the presence of immobilized enzymes (green flag) [46]. The
health & safety parameters (by H-code) for used synthetic proce-
dures were also quantitatively assessed (see Green Chemistry Met-
rics files in Appendix A2).

2.3. Toxicity screening

Toxicity screening was performed with a similar method used
in the previous papers [34,36], however the panel of bacterial
and fungal strains involved more ATCC species: bacterial strains
SA, Staphylococcus aureus (ATCC 29213); MRSA, Staphylococcus aur-
eus (ATCC 43300); SE, Staphylococcus epidermis (clinical isolate); EF,
Enterococcus faecalis (ATCC 29212); EC, Escherichia coli (ATCC
25922); KP, Klebsiella pneumoniae (clinical isolate); SEMA, Serratia
marcescens (clinical isolate); PA, Pseudomonas aeruginosa (ATCC
27853); yeasts CA1, Candida albicans (ATCC 24433); CA2, Candida
albicans (ATCC 90028); CK, Candida krusei (ATCC 6258); CG, Can-
dida glabrata (ATCC 90030); CP, Candida parapsilosis (ATCC
22019); CT, Candida tropicalis (ATCC 750); PQ, Pichia quilliermondii
(ATCC 90877); SC, Saccharomyces cerevisiae (ATCC 9763); fungal
strains AF, Aspergillus fumigatus (ATCC 204305); AFla, Aspergillus
flavus (CCM 8363); AC, Absidia corymbifera (CCM 8077); MC,
Microsporum canis (CCM8353); TI, Trichophyton interdigitale (ATCC
9533). Minimum inhibitory concentration (MIC) values for evalu-
ating antibacterial activity were obtained with microdilution broth
method based on EUCAST (The European Committee on Antimicro-
bial Susceptibility Testing) instructions [47–49]. For experimental
method and results see Appendix A1 (S4, Table S4-1, S4-2).

2.4. Inoculum

Effluent from wastewater treatment plant was collected from a
municipal wastewater treatment plant in Tallinn, Estonia (Paljas-
saare wastewater treatment plant, 59�27055.500N 24�42008.800E).
WWTP effluent was filtered through a cellulose filter (membrane
ø 240 mm) before being used as inoculum for aerobic biodegrada-
tion testing.

2.5. Aerobic biodegradation according to modified OECD 301D

Aerobic biodegradation testing was performed using modified
closed bottle test (CBT) based on OECD 301D guidelines [50,51].
CBT setup with modification where biological oxygen consumption
is measured with an optode oxygen sensor system using PTFE-
lined PSt3 oxygen sensor spots (Fibox 3 PreSens, Regensburg, Ger-
many) allows measuring BOD without opening the flasks and
thereby reducing the number of parallels needed for each com-
pound and increasing test throughput. It has also shown to
improve reproducibility compared to the original OECD 301D
guideline [50]. Compared to other standard aerobic biodegradation
5

tests, CBT is better suited for testing compounds with various
physico-chemical properties. It is also one of the strictest tests as
the amount of inoculum added is very low and thereby compounds
passing CBT should show good biodegradation not only under arti-
ficial wastewater treatment conditions but also in soil and ground-
water systems. Description of experimental setup and detailed
results can be found in S5, Appendix A1 (Figures S5-1 _ S5-25).
3. Results and discussion

Six IL parent compounds (1–6) and their PTPs (7–25) were syn-
thesized, screened for antimicrobial activity and their biodegrad-
ability under aerobic conditions was determined using modified
CBT. Standard aerobic biodegradation tests enable us to have a
standardized test where the results can be used to intelligently
design chemicals with high biodegradability. However, they only
approximate to the conditions found in wastewater treatment
plants and/or surface water, soil. They suffer from two drawbacks.
Firstly, they do not consider the variability of physico-chemical
conditions and microbial communities which can be present in dif-
ferent parts of sewage lines before reaching treatment plants. Sec-
ondly, the CBT protocols do not require an evaluation and
identification of TPs formed during the test. The common unknown
in both these scenarios is the identification of the TPs, the addi-
tional chemical compounds present during the timeframe of the
test. When considering which are the most labile (or reactive)
groups in our ILs in an aqueous environment, the ester and amide
functional groups were proposed. It is assumed that the com-
pounds resulting from hydrolysis of the peptide ILs would also
be generated in the environment (after accidental release) or dur-
ing a CBT. For that reason, we included all possible hydrolysis
degradation pathways and all resulting PTPs in our study. This
strategy gave us more comprehensive information about the possi-
ble benign effect on the environment (or harm) of our designed
compounds. In addition to the dipeptide ILs, identifying biodegrad-
able PTPs with low toxicity is also a worthwhile endeavor, as they
are good candidates to support future green chemical design.
3.1. Microbial toxicity screening

All six IL parent compounds and their PTPs were screened for
antimicrobial activity against 4 Gram-positive bacteria strains, four
Gram-negative bacteria strains, 8 yeast strains and 4 fungal strains.
This was performed to ascertain their possible toxicity and to assist
our biodegradation testing strategy. In particular, if any of the com-
pounds showed high antimicrobial activity, it would be taken into
consideration that the compound may also inhibit biotransforma-
tions in CBT. Results from microbial toxicity screening are sum-
marised in Tables S4-1 and S4-2. Compounds 12 (L-
phenylalanine) and 13 (L-alanine) were insoluble in DMSO and
could not be screened for antimicrobial activity by the method
used but are known to be common metabolites in microbes and
other living organisms. Although PTP 26 (ethanol) is a widely used
antiseptic it is expected to show no toxic effects at the concentra-
tions used in CBT (<5 mg/L). This screening serves as a starting
point for a more thorough investigation of IL toxicity.

The main goal of the microbial toxicity screen was identifying
high-toxicity compounds which would be given a low priority in
the subsequent time-consuming biodegradability testing. High
antimicrobial activity is an undesirable property when designing
sustainable ILs with broad applicability and could also negatively
affect the microbes used as inoculum in CBT. From the results of
this preliminary screening (see Tables S4-1 and S4-2) it was
decided that all compounds would be studied in CBT as none
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showed high activity (MIC < 10 lM in 24 h) against the strains of
bacteria, yeast and fungi they were screened against.

Out of all studied compounds only 6 showed minor antibacte-
rial activity against Gram-positive SA (MIC 125 lM in 24 h), MRSA
(MIC 500 lM in 24 h), SE (MIC 1000 lM in 24 h), EF (MIC 2000 lM
in 24 h) and Gram-negative EC (MIC 1000 lM in 24 h) and KP (MIC
2000 lM in 24 h), see Table S4-1. The 6 did not show any activity
against yeast and fungi at the maximum concentration screened.
None of the other ILs and PTPs (compounds 1–5, 7–25) exhibited
antibacterial properties in the maximum concentrations used
against the strains chosen for screening. Screening results with
yeast and fungi showed minor antimicrobial activity for 9, 10
and 18, but no antibacterial properties were demonstrated. Overall,
only minor antimicrobial activity was found with compounds 1–
25. Concentrations used in this screening (up to 2000 lM)
exceeded the concentrations which were later used for CBT (5.2–
52.1 lM) and resulted in the decision that all 25 compounds were
the same priority for aerobic biodegradability testing. The toxicity
data was in accordance with previously published results where
pyridinium ILs showed low microbial toxicity [34]. Due to the sim-
ilarity of obtained MIC values no clear SAR comparison can be
made.

In addition to antimicrobial activity screening, toxicity was also
evaluated during CBT using „toxicity series” data recorded concur-
rently. If any of the bottles in this series showed<25 % biodegrada-
tion by day 14, this compound would be classified as toxic [50].
None of the studied 25 compounds were toxic to microbes in
wastewater treatment plant effluent used as inoculum. This is con-
sistent with our toxicity screening results which showed low
antimicrobial activity of studied compounds (Tables S4-1 and S4-
2).

Toxicity screening results complement our previously reported
findings of a mineralizable pyridinium substituted phenylalanine
derived IL (1) with low toxicity [33,34]. However, when Hou and
co-workers studied cholinium ILs with amino acids as anions, they
reported that the phenylalanine analogue had one of the highest
antibacterial activities (including SA (MIC 62.5 mM) and EC (MIC
31.3 mM)) among 20 standard amino acids [52]. Similar work with
cholinium-amino acid ILs was carried out by Yazdani who reported
EC50 values 251 _ 1120 mg/L (0.93–5.80 mM) for alanine and
phenylalanine anions against two Gram-positive and two Gram-
negative bacteria [53]. As the method used in our study was not
suitable for screening pure alanine and phenylalanine samples,
data cannot be compared directly. However, compounds in our
study containing these two amino acid residues did not show high
antimicrobial activity. Our aim was not to determine MIC values
but to check for high toxicity which could have negatively affected
the following biodegradability studies. The MIC values reported
previously for phenylalanine and alanine were higher than the
concentrations used in CBT (>2 mM) and based on this we con-
cluded that 12 and 13 should not show any inhibition in aerobic
biodegradation tests.

These examples demonstrate that the overall structure and
charge of a compound can play a big role in toxicity mechanism.
Minor changes in the chemical structure of a compound can still
have a significant effect when determining its ‘greenness’.

3.2. Aerobic biodegradation testing

Microbial toxicity screening results indicated that none of the
tested compounds would be expected to show inhibition towards
microbes in inoculum during CBT. Thus, based on results from
antimicrobial activity testing all six IL parent compounds (1–6)
and their PTPs (7–25) were given equal priorities for further stud-
ies and were tested for their aerobic biodegradability. Biodegrada-
tion testing was performed using modified CBT method and each
6

test ran for up to 33–42 days. Most of the tested compounds con-
tained a pyridinium sub-unit which had previously been reported
to have a long induction period after which fast biodegradation
occurs [33]. To better observe the effects of this phenomenon we
prolonged CBT from standard 28 days (suggested by OECD 301 D
protocol) to 33–42 days [51]. A general scheme for the proposed
breakdown pathways and resulting PTPs are shown in Scheme 1
and Fig. 1, respectively. For specific proposed breakdown pathways
for 1–6, see ESI-1. Biodegradation graphs for amino acid ILs (1 and
2) and their PTPs (7–13) and dipeptide ILs (3–6) and their PTPs (7–
25) are shown on Figs. 2 and 3. The results are summarized in
Table 1. Individual biodegradation curves for each compound
together with quality and toxicity controls are presented in S5 (Fig-
ures S5-1 _ S5-25). The minor antimicrobial activity demonstrated
by IL 6 and PTPs 9, 10 and 18 did not affect their biodegradability
as all of them passed the 60 % threshold in extended CBT with
42 days.

Phenylalanine IL 1 passed the 60 % biodegradation threshold on
day 25 and reached 66 % after the extended CBT of 42 days (Fig. 3).
These are similar results compared to biodegradation data of 1 pre-
viously obtained in our study with the Kümmerer group [33]. All of
the evaluated PTPs of 1 (i.e., 7, 9, 11 and 12) also showed high final
biodegradation values (61–93 %) (Table 1). Switching amino acid
moiety from phenylalanine to alanine, however, significantly
decreased biodegradability (Fig. 2) and 2 reached only 30 % in
42 days (25 % in 28 days which is the standard length of CBT)
(Table 1). We propose that hydrophobic phenylalanine residue in
close proximity to the positively charged pyridinium headgroup
makes the cation a more reactive substrate for enzymes responsi-
ble for observed biodegradation. A similar trend was shown by
PTPs 7 and 8, esterolysis products of phenylalanine and alanine
ILs (1 and 2, respectively). 7 passed the 60 % threshold in the CBT
standard 28 days (66 % in 42 days) while 8 reached only 43 % in
42 days (40 % in 28 days) (Table 1). Amidolysis products of ILs 1
and 2 are ethyl esters 9 and 10. Both of these amino esters can
be classified as biodegradable (after 28 days, 9 60 % and 10 73 %,
Table 1), suggesting that amino acid containing TPs resulting from
amidolysis of ILs 1 and 2 are more biodegradable compared to
amino acid containing TP formed via the alternative initial esterol-
ysis pathway. Amino esters 9 and 10 can also hydrolyse to the cor-
responding amino acids. These PTPs 12 and 13 were screened, and
the results showed a similar trend as seen with the carboxylic acids
7 and 8, esterolysis products of 1 and 2, respectively. L-
phenylalanine 12 was biodegradable in 28 days (65 %) while L-
alanine 13 biodegraded only 48 % in standard 28 days (Table 1).
However, while L-alanine pyridinium salt 8 did not further biode-
grade on extending the test from 28 to 42 days, L-alanine 13
increased from 48 % to 62 % biodegradation due to the extra
14 days. The pyridinium product of amidolysis of both 1 and 2,
PTP 11, had a long induction period before starting rapid biodegra-
dation reaching 93 % biodegradation after 42 days. This is in agree-
ment with our previous study of biodegradation of phenylalanine
IL 1 [33,34].

In case of monoamino acid ILs, 1 with phenylalanine residue
showed significantly improved biodegradability compared to less
hydrophobic salt 2. The Fig. 2 overall shows that high levels of
biodegradation for IL 1 and PTPs can be achieved. Although PTP
11 had a long induction period, high biodegradation was observed
with 42 days. By plotting the biodegradation data for the IL and
PTPs on the same graph, a more thorough analysis of whether
the IL has favourable biodegradable properties can be made. The
Fig. 2 illustrates a complimentary dataset where again additional
analysis of the biodegradation data is possible compared to a study
only reporting the CBT results for IL 2. Although 2 and ester hydrol-
ysis product 8 do not show high biodegradation (and thus applica-
tions using 2, or ILs which degrade to form 8, are not preferred), ILs



Fig. 2. Aerobic biodegradation curves of a) 1 and PTPs 7, 9, 11 and 12; b) 2 and PTPs 8, 10, 11 and 13 using modified CBT. More detailed biodegradation graphs for each
compound are presented in Appendix A1 (Figures S5-1 (1), S5-2 (2), S5-7 (7), S5-8 (8), S5-9 (9), S5-10 (10), S5-11 (11), S5-12 (12) and S5-13 (13)).
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which degrade to yield L-alanine ethyl ester 10 and L-alanine 13 are
preferred. Results for 2 and its PTPs also indicate that just combin-
ing biodegradable „building blocks” does not always guarantee
good biodegradability of the product: biodegradation values for
all PTPs of 2 showed higher D% compared to 2. This shows the
importance of a systematic study of breakdown pathways of par-
ent compounds and their transformation products if mineralizable
ILs are to be developed. While this is undoubtedly the ideal
approach, the resources required to complete this for a series of
compounds is considerable. We propose that the targeted
approach we describe herein, enables researchers to select the pre-
ferred compounds for further study.
7

Biodegradation was evaluated using the monoamino acid ILs (1
and 2) as well as dipeptide ILs (3–6) and their PTPs (7–25). In reg-
ular CBT conditions with 28 days, 3 and 4 passed the 60 % thresh-
old and could be classified as biodegradable (see Fig. 3). After
extending the test to 42 days dipeptide ILs 5 and 6 also reached
biodegradation values > 60 % (see Fig. 3). Out of the four dipeptide
IL parent compounds 4 (PyCH2CO-Phe-Ala-OEt IL) had highest
biodegradability: 91 % after 42 days. 3 (PyCH2CO-Phe-Phe-OEt IL)
(84 %) and 5 (PyCH2CO-Ala-Phe-OEt IL) (73 %) followed and 6
(PyCH2CO-Ala-Ala-OEt IL) had the lowest biodegradability with
61 % after 42 days, as shown in Table 1. Lower biodegradability
of 6 is in accordance with results from toxicity screening where
6 showed some antibacterial activity against tested bacterial



Fig. 3. Aerobic biodegradation curves of a) 3 and PTPs 7, 9, 11, 12, 14, 18 and 22; b) 4 and PTPs 7, 10, 11, 13, 15, 19 and 23; c) 5 and PTPs 8, 9, 11, 12, 16, 20 and 24; d) 6 and
PTPs 8, 10, 11, 13, 17, 21 and 25 using modified CBT. More detailed 21), biodegradation graphs for each compound are found in Appendix A1 (Figures S5-3 (3), S5-4 (4), S5-5
(5), S5-6 (6), S5-7 (7), S5-8 (8), S5-9 (9), S5-10 (10), SI5-11 (11), S5-12 (12), S5-13 (13), S5-14 (14), S5-15 (15), S5-16 (16), S5-17 (17), S5-18 (18), S5-19 (19), S5-20 (20), S5-21
(21), S5-22 (22), S5-23 (23), S5-24 (24), and S5-25 (25).
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strains, most notably SA, and therefore could exhibit similar inhi-
bition to some of the strains in CBT inoculum. These results further
prove that inclusion of the phenylalanine moiety into pyridinium
ILs leads to dipeptide compounds with high biodegradability under
our test conditions. The common structural unit of the three amino
acid derived ILs (1, 3 and 4) with the recorded highest values of
biodegradation is PyCH2COPhe-. Interestingly, it seems that the
position of the phenylalanine moiety in the structure of IL cation
is important. Significantly lower biodegradation was observed for
5 the PyCH2CO-Ala-Phe-OEt IL compared to PyCH2CO-Phe-Ala-
OEt IL 4. The lowest biodegradation (albeit a good result after
42 days, 61 %) was found when only alanine residues were present
in IL 6. This shows that both the amino acid moiety and its position
in IL structure are important factors when biodegradability is
considered.

There are three sites susceptible to hydrolysis in ILs 3–6, two
amide bonds and an ethyl ester. A reasonable assumption is that
the ethyl ester is more labile and accessible than the two amide
bonds and would be cleaved first. After hydrolysis of the ester
bond, PTPs 14–17 would be formed. However, all 4 dipeptide ILs
3, 4, 5 and 6 esterolysis products (compounds 14, 15, 16 and 17,
respectively) showed significantly lower biodegradation values –
49 % vs 84 %; 62 % vs 91 %; 45 % vs 73 %; and 48 % vs 61 %) (see
Table 1). 15, PTP of 4, showed the highest biodegradability out of
the four hydrolysis PTPs, reaching 56 % in 28 days and 62 % in
42 days. None of the other hydrolysis PTPs passed the 60 % thresh-
old in 42 days. This indicates that the hydrophilic carboxylic acid
residue, which is formed after esterolysis of 3–6, inhibits
biodegradation.

This effect is not apparent with monoamino acid ILs. Ethyl ester
1 and the carboxylic acid derivative 7 CBT results were almost
identical, ca. 65 % biodegradation after 28 and 42 days. After
42 days there was no significant difference in biodegradation val-
8

ues (30 % and 43 %) for the ethyl ester and carboxylic acid alanine
ILs, 2 and 8 respectively (see Table 1).

Considering ILs 3–6, if the amide bond connecting the two
amino acids hydrolyses first, then the PTPs are the carboxylic acids
7 and 8, and the amino ethyl esters 9 and 10. Biodegradation values
for 7, 9 and 10 are all above 60 % threshold after 28 days. However,
8 is only 43 %, even after 42 days. Therefore, hydrolysis between
the two amino acids of PyCH2COPhe- ILs 3 and 4, would yield PTPs
with biodegradation values>60 % (after 28 days). This result is con-
sistent with the high biodegradation values obtained for 3 and 4.
However, comparing the biodegradation data for PyCH2COAla- IL
5 and hydrolysed product 8, a different trend is observed. Although
5 attained 73 % degradation after 42 days, a significantly lower
value was recorded for its PTP 8 (43 %). One possibility is that
the degradation of 5 does not have a dominant breakdown path-
way via 8. To further support this claim, we also considered the
alternative scenario where the amide bond closest to the pyri-
dinium head group hydrolysed first. IL 5 would be converted into
PTPs 11 and 20. High biodegradation values 93 % and 75 % (after
42 days) were recorded for these PTPs and are consistent with
the high biodegradation observed for IL 5 (73 %, 42 days).

If, instead of esterolysis, breaking of the amide bond near the
pyridinium headgroup would be the first transformation during
biodegradation, PTPs 18–21 would be formed. These PTPs all
showed good biodegradability: 19–21 passed the 60 % threshold
in 28 days and 18 reached 59 %. Especially high values were
obtained with extended CBT: 60 % for 18; 67 % for 19; 75 % for
20 and 80 % for 21. If amidolysis and loss of pyridinium headgroup
is the first step in biodegradation of 3–6 good biodegradation is
still achieved. Interestingly, losing pyridinium headgroup would
also increase biodegradability of esterolysis products: PTPs 22–25
showed higher biodegradation values compared to PTPs 14–17
which had pyridinium headgroup attached to the molecule. 22;



Table 1
Biodegradation results for the periods of 14, 28, and 42 days.

# Structure Conc. in CBT, lM 10-day-window analysis D% 14 days D% 28 days D% 42 days

Start day Start D% End D% DD%

1 7.8 6 11 ± 2 45 ± 4 34 43 ± 6 64 ± 3 66a ± 3

2 12.0 2 13 ± 1 20 ± 1 7 22 ± 1 25 ± 2 30 ± 1

3 5.2 5 11 ± 2 55 ± 6 44 52 ± 4 76 ± 1 84 ± 1

4 6.8 2 16 ± 1 59 ± 14 38 61 ± 14 83 ± 8 91 ± 5

5 6.8 4 12 ± 4 26 ± 16 14 26 ± 16 52 ± 4 73 ± 4

6 9.8 13 10 ± 5 36 ± 11 26 13 ± 6 46 ± 7 61 ± 5

7 9.2 5 31 ± 1 46 ± 2 15 46 ± 2 65 ± 6 66a ± 6

8 15.6 19 16 ± 7 41 ± 5 25 7 ± 3 40 ± 6 43a ± 4

9 12.0 2 26 ± 2 48 ± 3 22 51 ± 3 60 ± 5 61 ± 3

10 26.0 4 42 ± 1 66 ± 1 24 66 ± 1 73 ± 1 74 ± 1

11 22.3 2 11 ± 1 16 ± 2 5 17 ± 2 61 ± 16 93 ± 3

12 15.6 5 50 ± 4 58 ± 1 8 54 ± 1 65 ± 2 74b ± 4

13 52.1 2 26 ± 9 36 ± 1 10 34 ± 1 48 ± 1 62b ± 3

14 5.8 4 22 ± 2 34 ± 1 12 34 ± 1 46 ± 2 49 ± 2

15 7.8 4 20 ± 1 39 ± 11 19 39 ± 11 56 ± 2 62 ± 3

(continued on next page)
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Table 1 (continued)

# Structure Conc. in CBT, lM 10-day-window analysis D% 14 days D% 28 days D% 42 days

Start day Start D% End D% DD%

16 7.8 4 17 ± 10 27 ± 11 10 27 ± 11 41 ± 9 45 ± 10

17 12.0 6 11 ± 1 19 ± 4 8 18 ± 4 40 ± 1 48 ± 1

18 6.8 3 11 ± 1 43 ± 1 32 45 ± 1 59 ± 4 60 ± 3

19 9.8 2 12 ± 4 49 ± 1 37 51 ± 1 66 ± 4 67 ± 7

20 9.8 4 17 ± 1 53 ± 1 36 53 ± 2 71 ± 2 75 ± 1

21 17.4 4 16 ± 1 52 ± 1 36 52 ± 1 73 ± 2 80 ± 1

22 7.8 2 12 ± 1 50 ± 1 38 52 ± 1 68 ± 1 68 ± 1

23 12.0 4 35 ± 1 62 ± 1 27 62 ± 1 71 ± 1 73 ± 1

24 12.0 4 35 ± 1 51 ± 2 16 51 ± 2 57 ± 2 59 ± 2

25 26.0 4 26 ± 1 35 ± 1 9 35 ± 1 57 ± 1 64 ± 1

a 33 days.
b 37 days.
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23 and 24 reached biodegradation plateaus in 28 days: 68 %, 71 %
and 57 % respectively. 22 and 23 could be classified as biodegrad-
able. 25 reached 57 % in 28 days but after extended CBT passed the
60 % threshold and reached 64 % in 42 days. Overall, analysis of
PTPs of 3–6 shows that, in general, hydrophobic phenylalanine
moiety improves biodegradability compared to alanine residue.
All PTPs of Phe-Ala dipeptide IL 4 passed the 60 % threshold in
extended CBT with 42 days.

All four studied dipeptide ILs contained a pyridinium head-
group. Pyridinium cations with short alkyl chains have previously
shown poor biodegradability [54,55]. Docherty and Neumann also
reported, however, very substantial improvement in biodegrad-
ability when pyridinium headgroup was substituted with a long
10
alkyl chain or if the alkyl chain contained hydrolysable groups.
Our results support these and other previously reported findings
about substituted pyridinium headgroup’s good biodegradability
and ability to be mineralizable [33,34,56–58]. However, we also
identified a long induction period in pyridinium sub-unit’s
biodegradation. This induction period, lasting up to � 20 days is
illustrated well in biodegradation curve of 11 (Figs. 2, 3, and S5-
11). Similar pyridinium-induced induction period was reported
by Zhang who studied effect of [EtPy][BF4] on P. fluorescens [59].
This long induction period was also the reason why CBT duration
was extended from standard 28 days to 33–42 days to allow better
observation of biodegradation and to gain more information which
could help with future studies of IL biodegradability.
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Alanine and phenylalanine biodegradability have been studied
using amino acids as anions to cholinium cation [52,53]. In both
studies alanine and phenylalanine ILs passed biodegradation test
and results are similar to the ones reported in this paper: alanine
biodegradation was 80 % (Yazdani. [53]); 64 % (Hou. [52]) and
62 % (current study) in these three studies while phenylalanine
biodegradation was 71 % (Yazdani. [53]); 74 % (Hou. [52]) and
74 % (current study). This is a promising result as amino acids, with
their possibility of sourcing from renewable materials, are good
candidates to prepare environmentally friendly and green
chemicals.

Standard biodegradation tests are usually considered passed
when a threshold representing degradation of 60 % is achieved.
In case of ready biodegradability this threshold has to be reached
fast, usually in a 10-day-window after degradation process has
begun [51]. This rapid degradation is good as it means less time
for the compound to have any effect on the environment, but it
also means that a compound passing standard biodegradation test
can leave up to 40 % persistent organic pollutants. Furthermore,
this type of evaluation gives little indication to what transforma-
tions take place with the compound. It is possible that the transfor-
mation product itself is recalcitrant or even toxic. For this reason,
we argue that it can also be beneficial to study compounds which
might go through slower biodegradation but eventually are com-
pletely mineralized: transformed into inorganic carbon dioxide,
water etc.

OECD 301D guidelines state that for a compound to be classified
as „readily biodegradable” it must achieve at least 60 % biodegra-
dation in the following 10 days after reaching 10 % degradation
[51]. This is not achieved by phenylalanine IL 1 (Table 1;
Figure S5-1) which has been previously studied and is known to
be completely mineralizable in 42 days, but was biodegraded
45 % at the end of its 10-day-window. Even lower biodegradation
was shown by alanine IL 2 which passed 10 % already at second
day of the test but was only degraded by 20 % 10 days later
(Table 1; Figure S5-2). Interestingly, PTP 11, which is also previ-
ously known to be completely mineralizable, showed a long induc-
tion period for the first 20 days, after which it started to rapidly
biodegrade. By OECD guidelines, PTP 11 could not be classified as
readily biodegradable, but after 42 days it showed 93 % biodegra-
dation, giving strong indication that PTP 11 is mineralizable in
used test conditions. PTP 11 was a key transformation product
forming from all our IL parent compounds through various possible
degradation pathways and this observed long induction period
(and following mineralization) was one of the reasons for prolong-
ing CBT tests to 33–42 days to allow seeing if other compounds
behaved similarly. Another compound with long ca 20-day induc-
tion period was PTP 8, the esterolysis product of IL 2. Unlike 11, 8
never passed the 60 % threshold during 42 days of CBT.

None of the dipeptide IL parent compounds were shown to be
readily biodegradable, however 3 and 4 were very close and
reached 55 % and 59 % respectively in the 10-day-window. In addi-
tion to giving the highest biodegradability, 3 and 4 were also
degraded rapidly, further confirming that changing the amino acid
residue to hydrophobic phenylalanine near the positively charged
pyridinium sub-unit helped improve the cation’s biodegradability.
Dipeptide ILs 5 and 6 showed much slower biodegradation and 6
had a long induction period for the first 13 days. Out of all tested
25 compounds only PTPs 10 and 23 can be classified as readily
biodegradable having met the criteria of being
biodegraded > 60 % in the first 10 days after they had been
degraded by 10 %. This shows the importance of studying both
the parent compounds and their PTPs, as it gives more information
about how the compounds could behave when disposed. Extending
the test for another two weeks (42 days in total) is another good
practice if mechanisms of biodegradation are studied as even more
11
information is gathered and biodegradability of test compounds
can be evaluated more objectively.

Based on results from toxicity screening and biodegradation
studies we propose preferable ILs and PTPs to be used in design
of benign and sustainable chemicals: phenylalanine IL 1, Phe-Phe
and Phe-Ala ILs 3 and 4, esterolysis product 7, amidolysis products
9, 10, 11, 19, 20, 21, transformation products 22, 23 and amino acid
phenylalanine (12) which all can be classified as biodegradable. A
little more problematic were Ala-Phe and Ala-Ala ILs 5 and 6,
esterolysis product 15, amidolysis products 18, PTP 25 and amino
acid alanine (13) which showed slower biodegradation but passed
the 60 % threshold in prolonged 42 days of CBT. Caution is advised
when integrating alanine IL 2, its esterolysis product 8 or dipeptide
esterolysis products 14, 16, 17 PTP 24 into the design of new chem-
icals as these compounds were shown to be poorly biodegradable.
4. Conclusions

To gain an improved understanding of pyridinium ILs biodegra-
dation a series of L-phenylalanine and L-alanine ILs were evaluated.
Their possible degradation pathways and resulting TPs were pro-
posed and all required ILs and TPs synthesized. These compounds
(25 in total) underwent microbial toxicity screening, aerobic
biodegradation testing and resulted in a valuable dataset which
enabled concurrent analysis of ILs and their PTPs.

One of the key findings was that addition of a second amino acid
resulted in dipeptide ILs with improved biodegradability. Specifi-
cally, the addition of a second alanine or phenylalanine residue
improved biodegradation percentages for all studied ILs. In addi-
tion to the amino acid residue present, its position in the dipeptide
IL structure also significantly affected the biodegradability of the
compound. For example, Phe-Ala IL (4), where phenylalanine is
in close proximity to the positively charged pyridinium sub-unit,
gave higher biodegradation percentages compared to Ala-Phe IL
(5). Overall, the best biodegradability was observed with Phe-Ala
IL (4) which was biodegraded 83 % in 28 days and reached up to
91 % in a prolonged CBT of 42 days.

Analysis of PTPs also showed that presence of an alanine resi-
due gave problematic (i.e. more persistent) PTPs compared to most
PTPs containing phenylalanine. This was especially the case when
alanine was in close proximity to the pyridinium headgroup. Based
on both toxicity and biodegradation testing results preferable and
less preferable fragments can be chosen for design of new sustain-
able chemicals based on amino acids.

The modified CBT allows for a measurement of biodegradability
with many datapoints (potentially daily) which together with
extension of the test period can provide valuable information for
future studies of biodegradability and TP investigations. Where
biodegradable TPs are found they could be incorporated into the
structure of ILs and released via known breakdown pathways.

Results from this study demonstrate a potential of designing
new sustainable ILs using amino acid moieties as part of their
structure. Combining these functional groups together can create
biodegradable ILs with low toxicity which can be used as model
compounds when studying biodegradation mechanisms.
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[19] A. Brzęczek-Szafran, P. Więcek, M. Guzik, A. Chrobok, Combining amino acids
and carbohydrates into readily biodegradable, task specific ionic liquids, RSC
Adv. 10 (31) (2020) 18355–18359.

[20] J.B. Zimmerman, P.T. Anastas, H.C. Erythropel, W. Leitner, Designing for a green
chemistry future, Science, 367 (6476) (2020) 397–400, https://doi.org/
10.1126/science.aay3060.

[21] E.M. Siedlecka, M. Czerwicka, J. Neumann, P. Stepnowski, J.F. Fernández, J.
Thöming, Ionic liquids: methods of degradation and recovery, in: A. Kokorin
(Ed.), Ionic Liquids: Theory, Properties, New Approaches, InTech, 2011, https://
doi.org/10.1016/j.colsurfa.2011.12.014.

[22] A. Jordan, N. Gathergood, Biodegradation of ionic liquids - a critical review,
Chem. Soc. Rev. 44 (22) (2015) 8200–8237, https://doi.org/10.1039/
C5CS00444F.

[23] D. Coleman, N. Gathergood, Biodegradation studies of ionic liquids, Chem. Soc.
Rev. 39 (2) (2010) 600–637, https://doi.org/10.1039/B817717C.

[24] J. Ranke, S. Stolte, R. Störmann, J. Arning, B. Jastorff, Design of sustainable
chemical products - the example of ionic liquids, Chem. Rev. 107 (6) (2007)
2183–2206.

[25] L. Ferrazzano, M. Catani, A. Cavazzini, G. Martelli, D. Corbisiero, P. Cantelmi, T.
Fantoni, A. Mattellone, C. de Luca, S. Felletti, W. Cabri, A. Tolomelli,
Sustainability in peptide chemistry: current synthesis and purification
technologies and future challenges, Green Chem. 24 (3) (2022) 975–1020,
https://doi.org/10.1039/D1GC04387K.

[26] S.I. Abu-Eishah, Ionic liquids recycling for reuse, in: S. Handy (Ed.), Ionic
Liquids - Classes and Properties, InTech, 2011, https://doi.org/10.1016/
j.colsurfa.2011.12.014.
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