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lonic liquids (ILs) have been proposed as suitable sorbents for CO, capture because of their
high CO, absorption capacity, thermal stability, negligible vapour pressure and physico-
chemical tunability. However, the environmental implications of ILs are currently largely
unknown because of a lack of data. The issue is further complicated by their complex
chemical structures and numerous precursors for which environmental data are scarce or
non-existent. In an attempt to address this issue, this paper presents a new methodology for
estimating life cycle environmental impacts of novel ILs, with the aim of aiding synthesis and
selection of more sustainable CO, sorbents. The methodology consists of four main steps:
(1) selection of an appropriate IL and synthesis route; (2) construction of a life cycle tree; (3)
life cycle assessment; and (4) recommendations for improvements. The application of the
methodology is illustrated using trihexyltetradecylphosphonium 1,2,4-triazolide ([Pegg14]
[124Triz]), a promising IL for CO, capture currently under development. Following the above
steps, the paper demonstrates how the data obtained from laboratory synthesis of the IL can
be scaled up to industrial production to estimate life cycle impacts and identify
environmental hotspots. In this particular case, the main hotspots are the precursors used in
the synthesis of the IL. Comparison of impacts with monoethanolamine (MEA), currently the
most widely-used CO, sorbent, suggests that [Pege14l[124Triz] has much higher impacts than
MEA, including global warming potential. However, human toxicity potential is significantly
higher for MEA. Therefore, the proposed methodology can be used to optimise the design
of ILs and to guide selection of more sustainable CO, sorbents. Although the focus is on ILs,
the methodology is generic and can be applied to other chemicals under development.

1. Introduction

Reducing greenhouse gas (GHG) emissions has become a major global challenge,
with many countries seeking to implement appropriate solutions to mitigate
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climate change. Carbon capture and storage (CCS) and carbon capture and uti-
lisation (CCU) are considered as promising options that could help towards
addressing this challenge."* However, they are both constrained by the efficiency
of CO, capture, which can significantly influence their economic and environ-
mental sustainability. Thus, further development of CO, capture processes aim-
ing to reduce costs and environmental impacts is important for successful
deployment of CCS and CCU at a large scale.

Currently, the most mature and widely-used method for CO, capture is post-
combustion absorption in monoethanolamine (MEA).** The advantages of MEA
are its high CO, absorption capacity and relatively low cost. However, MEA is
toxic, corrosive at elevated temperatures and expensive to regenerate because of
the large enthalpy of CO, absorption (—85 k] mol™" at 40 °C)” and heat losses
through vaporization.**® Therefore, development of more sustainable sorbents is
one of the main challenges for CCS and CCU.

In recent years, various alternatives to MEA have been suggested, including
KS-1 solvent, Econamine FG'™, amidoxime, metal-organic frameworks, micro-
porous organic polymers, zeolitic imidazolate frameworks and membranes, and
ionic liquids (ILs)." The latter are considered an attractive alternative to amine-
based solvents because of their high CO, solubility and related absorption
capacity, extremely low vapour pressure and low corrosivity.**'* Furthermore, the
vast number of possible combinations of cations and anions allow the solvent to
be custom-made for specific applications.' A recent study which tested tetraal-
kylphosphonium superbase ILs reported that, at room temperature and atmo-
spheric pressure, trihexyltetradecylphosphonium 1,2,4-triazolide ([Pggp14]
[124Triz]) (C34H;1PN;) had equimolar CO, uptake under dry conditions and
slightly below that under wet conditions.” Thus, these results suggest that [Peee14]
[124Triz] is a promising sorbent for CO, capture.

However, before novel ILs such as [Pgge14][124Triz] can be used as alternatives
to conventional sorbents, it is necessary to understand their environmental
implications, to avoid solving one environmental problem - climate change - at
the expense of other impacts. It is also important that the environmental evalu-
ation be carried out on a life cycle basis, to ensure that the impacts are not shifted
from one life cycle stage to another, a problem known as ‘leakage’ of environ-
mental impacts. This is not a trivial task, as life cycle impacts of novel ILs are as
yet unknown because they are still being developed, and data for their manu-
facture and use at an industrial scale are limited. This is further complicated by
their complex synthesis routes involving numerous precursors for which life cycle
data are scarce or non-existent.

In an attempt to address this issue, this paper presents a novel method-
ology for estimating life cycle environmental impacts of ILs under develop-
ment, with the aim of identifying hotspots and aiding synthesis and selection
of more sustainable sorbents. Although the focus here is on ILs, the meth-
odology is generic enough to be applicable to other chemicals. The example of
[Pess14][124Triz] is used to illustrate the application of the methodology by
estimating its life cycle environmental impacts in comparison to MEA. The
next section describes the proposed methodology, followed by its application
in Section 3. The conclusions and recommendations for future work are given
in Section 4.
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2. Methodology

The proposed methodology for estimating the life cycle environmental impacts of
novel ILs, outlined in Fig. 1, comprises four main steps:

(1) selection of an IL and its preparation method;

(2) construction of a life cycle tree for the selected IL;

(3) life cycle assessment (LCA); and

(4) recommendations for improvements.

These steps are described in more detail in the following sections.

2.1. Step 1: selection of ionic liquid and synthesis route

As shown in Fig. 1, the first step involves selecting an IL and identifying the
synthesis route(s) available for its production. In the case of commercially avail-
able ILs, it is possible that more than one route will exist. In that case, the most
prevalent commercial process should be selected to ensure representative results.
For ILs under development, i.e. synthesised only at a laboratory scale, the prep-
aration method known or used at the time of the assessment should be
considered.

2.2. Step 2: construction of a life cycle tree

ILs usually have a complex structure involving numerous precursors for which life
cycle data are scarce or not available. To address this issue, a life cycle tree of the
IL under study is constructed in the second step (Fig. 1), tracing back to the basic
precursors for which life cycle data are available (e.g. hydrogen, ammonia,
benzene, methanol, etc.).

r>‘ 1. Selection of ionic liquid and synthesis route |

[

r---—->‘ 2. Construction of a life cycle tree |

{

3. Life cycle assessment

3.1i) Goal and -

! scope definition

e 3. ii) Inventory 3.1v)

f analysis | Interpretation
3. iii) Impact

: assessment

mmeee 4 4. Recommendations

Fig.1 Proposed methodology for assessing life cycle environmental sustainability of ionic
liquids.
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Similarly to ILs, it is likely that more than one synthesis route will be available
for the precursors, so the most prevalent commercial route should be selected
whenever possible. This information can be sourced from scientific journals,
patents, chemical handbooks, technology encyclopedias and industry.

Following the completion of the life cycle tree, an LCA of the selected IL can be
carried out as outlined below.

2.3. Step 3: life cycle assessment

As indicated in Fig. 1, LCA involves four phases:*>**

(i) goal and scope of the study: definition of the goal of the study, system
boundaries, functional unit (unit of analysis) and assumptions;

(ii) inventory analysis: collection of data on materials and energy used in the
system and emissions to air, water and soil;

(iii) environmental impact assessment: estimation of environmental impacts
based on the inventory data; and

(iv) interpretation: analysis of the results and comparison of impacts with
alternative sorbents to identify hotspots and opportunities for improvements.

For LCA of ILs, the most challenging phase will be the inventory analysis,
because of a lack of life cycle inventory data for most novel ILs and their
precursors. Furthermore, the data that are available for IL synthesis will be at the
laboratory scale, so scaling up to a possible industrial production will be neces-
sary to reflect the actual manufacturing conditions as closely as possible.
Different methods can be used for filling data gaps, including stoichiometric,
thermodynamics, empirical scale-up and other relevant relationships. The
robustness of the results should be tested through sensitivity and uncertainty
analyses.

2.4. Step 4: recommendations for improvement

In the fourth and final step of the proposed methodology, recommendations for
improvements are made based on the findings of the LCA study. For example,
these could include a change of the synthesis route, substitution of raw materials,
improvements in the energy and atom efficiency or selection of a different ionic
liquid. As shown in Fig. 1, this process is iterative, with the recommendations fed
back to the preceding steps, as needed.

The next section illustrates how the proposed methodology can be applied,
using the IL [Pgge14][124Triz] as an example.

3. Application of the methodology: the case of
[P66614] [124TI’IZ]

3.1. Step 1: selection of ionic liquid and synthesis route

As mentioned earlier, [Pgge14|[124Triz] represents a promising sorbent for CO,
capture based on its high (equimolar) CO, uptake at room temperature and
atmospheric pressure, under both dry and wet conditions.” In comparison to
amino-acid based ILs, which can also achieve equimolar absorption, superbase
ILs are not subject to large viscosity increases after CO, absorption and are thus
more suitable for practical applications.” Phosphonium-based ILs are also much
cheaper than other classes of ILs. Moreover, [Pgge14][124Triz] has recently been
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Fig. 2 Synthesis of [Pege14][124Triz] (adapted from Taylor et al.”).

| Pewali24Trizl |

| [Peg1al[OH] | ’ 1,2,4-Triazole |

I [ ] 1
Anion Ethanol Hydrazine Formamide

exchange resin hydrate

Methyl ethyl
| [Pées14ICl | ketone

l
| |

| Trihexylphosphine | | 1-Chlorotetradecane l

[ |
I 1-Hexene || Phosphine | Hydrochloric 1-Tetradecanol

acid

Phosgene

Fig.3 The life cycle tree for the production of [Pege14][124Triz] (the shaded boxes indicate
the compounds for which data are available in LCA databases. Data for the compounds
shown in clear boxes are not available).

used successfully for CO, conversion to formate via electrochemical reduction,**
which suggests that it could also be used for carbon utilisation, in addition to
capture.

[Pess14][124Triz] was synthesised by reacting trihexyl(tetradecyl)phosphonium
hydroxide ([Psss14][OH]) and 1,2,4-triazole in ethanol (Fig. 2). The reactants were
mixed in a 1 : 1 mol ratio and stirred for 16 hours at room temperature to produce
a solution containing [Peee14][124Triz], ethanol and water. Ethanol was removed
in a rotary evaporator at 50 °C for one hour. Finally, the IL solution was dried in
a rotary evaporator at 50 °C and under high-vacuum conditions for 48 hours. The
overall production yield was in excess of 90%. Further details on the production
process are provided in the next section.

3.2. Step 2: construction of the life cycle tree

Neither of the two compounds used in the synthesis of [Pggg14][124Triz] ([Pese14]
[OH] and 1,2,4-triazole) are available in LCA databases, so they had to be traced
back to their basic precursors through the construction of a life cycle tree, as
shown in Fig. 3. These precursors were identified based on the prevalent
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Table 1 Precursors for commercial production of [Pgeg14][124Triz]

Compound Precursors Source

[Pess14][OH] [Pes614]Cl Taylor et al.”

[Ps6614]Cl Trihexylphosphine Bradaric et al.™®
1-Chlorotetradecane

Trihexylphosphine Phosphine Rauhut et al.*®
1-Hexene

1-Chlorotetradecane Hydrochloric acid Demail et al."’
1-Tetradecanol
Phosgene

1,2,4-Triazole Formamide Petree et al.®

Hydrazine hydrate

Table 2 Chemical reactions involved in the production of [Pgeg14][124Triz] and its
precursors

Compound Chemical reactions®

[Psss14][124Triz] [P(CH,(CH,),CH,)3(CH,(CH,)1,CH;)]
[OH] + HNNCHNCH —
[P(CH,(CH,),CH;);(CH,(CH,),,CH;)[NNCHNCH]
+ H,0
[Psss14]OH [P(CH,(CH,),CH,)3(CH,(CH,)1,CH,)][Cl]
+ ROH — [P(CH,(CH,),CH,);(CH,(CH,);,CH,)]
[OH] + RCI]
[Ps6s14]Cl P(CH,(CH,),CHj;); + CH;(CH,),5Cl —
[P(CH,(CH,),CH3)3(CH,(CH,);,CH;)][CI] + HCI
Trihexylphosphine PH; + CH,CH(CH,);CH; — P(CH,(CH,),CHj3)3
+ PH; + CH,CH(CH,);CH,
1-Chlorotetradecane  Reaction (i) CH;(CH,),30H + HCl — CH;3(CH,),5Cl
+ CH,(CH,),30H + CH;(CH,),3;0(CH,),3CH; + H,0
Reaction (ii) = CHj3(CH,)30H + COCl, — CHj3(CH,);,Cl
+ CH;(CH,);30(CH,),3CH;
+ CH;(CH,);30C00(CH,),5CH; + HCI + COCl,
1,2,4-Triazole CH, NO + N,H,-H,0 — HNNCHNCH
+ CH,NO + N,H, + NH; + HCOOH + H,0
+ [NH,][HCO,]

“The bold font in the column “Chemical reactions” indicates the main compounds
produced, corresponding to the respective compounds in the column “Compound”.

commercial production routes found in the literature (see Table 1). A brief
description of the synthesis of each precursor is given below and summarised in
Table 2; for further details, see Section 1 in ESL ¥

3.2.1. Trihexyl(tetradecyl)phosphonium hydroxide ([Pses14][OH]). As shown
in Fig. 2, this IL can be synthesised from trihexyl(tetradecyl)phosphonium chloride
([Pe6614]Cl) using an anion exchange resin such as Amberlite IRN-78 (OH-form) and
ethanol at ambient temperature and atmospheric pressure.” As indicated in Fig. 3,
the latter two are available in LCA databases but [Peeg14]Cl is not, so its precursors
need to be identified to enable estimation of its life cycle impacts.

3.2.2. Trihexyl(tetradecyl)phosphonium chloride ([Psss14]Cl). Cytec, a leading
commercial manufacturer of ILs, synthesises this IL by reacting
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trihexylphosphine and 1-chlorotetradecane at 140 °C and atmospheric pressure,
followed by a separation step; the overall yield is 93.9%." Neither of these
chemicals is available in LCA databases; hence, it is necessary to identify their
precursors.

3.2.3. Trihexylphosphine. Tertiary organophosphines, such as trihexyl-
phosphine, are commonly synthesised from the free-radical addition of phos-
phine to unsaturated compounds such as 1-hexene in the presence of a free
radical promoter.’® Under specific temperature and pressure conditions (e.g.
70 °C and 3.4 bar), this reaction can produce tertiary organophosphines as the
predominant product with a yield of >80% with respect to the unsaturated
compound.*® As indicated in Fig. 3, life cycle inventory data for both phosphine
and hexane are available in LCA databases, which will allow estimation of the LCA
impacts of trihexylphosphine in the next step of the methodology.

3.2.4. 1-Chlorotetradecane. The second precursor for [Pges14]Cl can be syn-
thesised through a nucleophilic substitution reaction between an alcohol and
a halogen acid."” This is a two-step process, starting with a reaction between
1-tetradecanol and hydrochloric acid and followed by the addition of phosgene,
with separation steps between the reactions. The first step takes place at 140 °C and
4 bar and the second at 120 °C and atmospheric pressure. The two reactions can
achieve conversions of 60-95% on a mole basis. As shown in Fig. 3, life cycle
inventory data for 1-tetradecanol, hydrochloric acid and phosgene are available in
LCA databases, allowing estimation of the LCA impacts of 1-chlorotetradecane.
Together with the LCA estimates for trihexylphosphine, it is now possible to
determine the LCA impacts of [Pees14]Cl and ultimately, the impacts of [Pges14][OH].

3.2.5. 1,2,4-Triazole. This precursor for [Peee14][124Triz] can be synthesised
from hydrazine hydrate and formamide in a single-step reaction, followed by
multiple purification steps using organic solvents, such as methyl ethyl ketone.*®
The reaction takes place at 170 °C and atmospheric pressure with yields of
84-90%. Life cycle inventory data are available in LCA databases for all the
precursors.

With all the precursors traced back to the point where all the life cycle
inventory data are available, LCA of the target IL ([Peee14][124Triz]) can now be
performed in the next step.

3.3. Step 3: Life cycle assessment

As indicated in Fig. 1, the LCA methodology follows the guidelines in the ISO
14040/44 LCA standards.”™" The LCA modelling has been carried out in GaBi V6.4
(ref. 19) and the following impacts have been estimated applying the CML 2001
impact assessment method:** global warming potential (GWP), abiotic depletion
potentials for elements and fossil resources (ADP elements and ADP fossil),
acidification potential (AP), eutrophication potential (EP), human toxicity
potential (HTP), ozone layer depletion potential (ODP), photochemical oxidants
creation potential (POCP), fresh water and marine aquatic ecotoxicity potentials
(FAETP and MAETP) and terrestrial ecotoxicity potential (TETP).

3.3.1. Goal and scope definition. The goal of the study is to estimate the life
cycle environmental impacts of the target IL with the aim of identifying the
hotspots and improvement opportunities at an early stage of its development. The
functional unit is defined as the ‘production of 1 kg of [Pgee14][124Triz]" and the
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Fig. 4 The system boundary for the production of [Pggg14][124Triz].

system boundaries are from ‘cradle to gate’ (Fig. 4), including the production of
the target IL and all its precursors. In accordance with the goal of the study, the
impacts from the use and end-of-life of the IL are excluded from the system
boundary.

3.3.2. Inventory analysis. In this step of the methodology, material and
energy requirements for the production of [Pgee14][124Triz] and its precursors are
estimated, as described below.

3.3.2.1 Estimation of material requirements. The raw materials required for the
production of each precursor have been estimated using the stoichiometric
relationships for the chemical reactions shown in Table 2. The estimations take
into account the yields or conversions reported in the literature for each chemical
reaction (see Section 3.2 for details). These estimates are given in Table 3. For
example, the reaction for the production of [Pgge14][124Triz] shown in Table 2 has
been balanced for the production of 1 kg of the IL as follows:

1000 g [P66614][124T1‘iz]
552 g mol™!

= 1.81 moles[Pggs14][124Triz]

Thus:

1.81C5,HesOHP " 1.81C,H3N; N 1.81Cs3,H7 PN;
[P666I4] [OH} 17 27 4-triazole [P666I4] [124TI'IZ]

The mass of the reactants is then equal to (see Table S1 in ESI} for the
molecular weights):

1.81 moles [P66614][OH] x 500 g II'10171 =905 g [P66614][OH]

1.81 moles 1,2,4-triazole x 69 g mol~! = 125 g 1,2,4-triazole
Therefore, 905 g of [Peee14][OH] and 125 g of 1,2,4-triazole are required to
produce 1 kg of [Peee14][124Triz], also generating 30 g waste (OH ™~ from the anion

exchange resin); see Table 3. The calculations for the rest of the raw materials can
be found in Section 1 in ESL¥
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Table 4 Estimation of energy requirements of reactors for the production of 1 kg of
[Pes614][124Triz] and its precursors®

Theoretical energy ~ Scaled-up energy

consumption” consumption®
Compound MJ kg™ MJ kg™) Assumptions
[Pes614][124Triz] 0.36 1.16 Electricity for cooling
[Pes614]Cl 1.71 7.21 Natural gas for heating
Trihexylphosphine 0.31 1.30 Natural gas for heating
1-Chlorotetradecane  0.44 1.43 Electricity for cooling
(1% reactor)
1-Chlorotetradecane  0.042 0.175 Natural gas for heating
(29 reactor)
1,2,4-Triazole 1.57 6.59 Natural gas for heating
(1% reactor)
1,2,4-Triazole 0.03 0.12 Natural gas for heating
(29 reactor)
Total heat 15.40
(natural gas)
Total electricity 2.59

@ All energy values expressed per kg of [Pess14][124Triz].  Estimated using the heat of
formation of reactants and products. Negative values represent an exothermic reaction
and it has been assumed that the reactor is cooled using electricity. © Estimated using the
theoretical energy values and the empirical factors in Mehrkesh and Karunanithi:*
a factor of 4.2 has been applied for the heat assuming the use of natural gas and a factor
of 3.2 for electricity for cooling.

3.3.2.2 Estimation of energy requirements. As manufacturing data at the
industrial scale are not available, a series of assumptions had to be made to
estimate energy requirements. First, the theoretical energy consumption for the
production of [Pgge14][124Triz] and the precursors has been estimated using the
heat of formation of reactants and products based on the methods in Felder and
Rousseau® and described in Section 2 in ESLf{ Secondly, only the energy
requirements of reactors (heating and cooling) have been considered as it is not
known what other unit operations may be needed in a future commercial
production process and what their configuration and capacity might be. There-
fore, energy consumption for separation, pumping and other operations is
excluded from the estimation; however, the effect of this assumption is tested in
the sensitivity and uncertainty analyses later in the paper. Finally, the theoretical
energy consumption of reactors has been scaled-up to industrial scale using
empirical factors that take into account energy losses.”” Thus, the estimated
theoretical heat requirements for endothermic reactions have been multiplied by
a factor of 4.2, assuming the heat is supplied by natural gas. Similarly, the
theoretical amount of heat generated by exothermic reactions has been converted
to actual cooling electricity requirements using a factor of 3.2. The results are
summarised in Table 4; for further details, see Section 2 in ESL.}

3.3.2.3 Life cycle modelling. The material and energy data estimated in the
previous two steps and given in Tables 3 and 4 have then been used as the inputs
into the LCA model to estimate the impacts of [Pgee14][124Triz] production from
‘cradle to gate’. The background life cycle inventory data for the materials and
energy have largely been sourced from the Ecoinvent database.>® The exceptions
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are 1-hexene, 1-tetradecanol, formamide and hydrazine hydrate, for which
inventory data are not available and alternative chemicals have been assumed
instead. For 1-hexene and 1-tetradecanol, LCA data for n-olefins and fatty alcohols
have been used, respectively. This is a reasonable approximation because
1-hexene is an olefin or alkene compound* and 1-tetradecanol is a type of fatty
alcohol.”® Formamide data have been approximated with the data for formic acid
because the former is derived from the latter;*® however, this means that the
impacts from the conversion of formic acid to formamide are not considered.
Finally, data for generic inorganic chemicals have been used to represent
hydrazine hydrate as more specific data are not available.

All the raw materials are assumed to be transported to the respective
production plants over a distance of 100 km. For energy, it has been assumed that
the heat is supplied to the reactors by steam generated from UK natural gas and
that electricity is sourced from the UK electricity mix. The waste streams shown in
Table 3 are assumed to be treated as industrial wastewater. The system has also
been credited for producing the by-products (see Table 3) and so avoiding the
impacts which would have otherwise been generated if these products were
produced in dedicated commercial plants. The avoided impacts have been esti-
mated by subtracting the LCA impacts of the by-products produced in dedicated
facilities (sourced from Ecoinvent) from the total impacts of producing [Peee14]
[124Triz].

3.3.3. Impact assessment. The LCA impacts of [Peee14][124Triz], estimated
using the inventory data detailed in the previous section, are presented in Fig. 5.
For example, GWP is estimated at 6.3 kg CO, eq. per kg [Pegs14][124Triz], after the

@Raw materials ~ mTransport of raw materials @ Energy (production)  OWaste treatment ~ ©Avoided impact

6.3

Total impact

GWP ADPel.x10  ADP fossil AP x 0.01 EP x0.01 FAETP HTP ETP ODP POCP TETP x 0.1

[kgCO2  [mg Sbeq./kg] x 100 [MJ/kg]  [kg SO2 [kg PO4 [kg DCB [kgDCB  [tDCBeqJ/kg] [mgR11 [g C2H4 [kg DCB

eq./kg] eq./kg] eq./kg] eq./kg] eq./kg] eq./kg] eq./kg] eq./kg]
Fig. 5 Environmental impacts of [Pgge14l[124Triz] from cradle to gate (all impacts
expressed per kg of [Pgee14][124Triz]. The values shown on top of each bar represent the
total impact after the credits for by-products have been taken into account. The values for
some impacts have been scaled to fit on the scale. The original values can be obtained by
multiplying the value shown on the y-axis by the scaling factor given on the x-axis. Impact
categories: GWP: global warming potential; ADP elements: abiotic depletion potential of
elements; ADP fossil: abiotic depletion potential of fossil resources; AP: acidification
potential; EP: eutrophication potential; FAETP: fresh water aquatic ecotoxicity potential;
HTP: human toxicity potential; MAETP: marine aquatic ecotoxicity potential; ODP: ozone
depletion potential; POCP: photochemical oxidants creation potential; TETP: terrestrial
ecotoxicity potential. DCB: dichlorobenzene).
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te

Fig. 6 Contribution of different raw materials to the GWP of [Pege14l[124Trizl (GWP
expressed per kg of [Pgee14][124Triz]. MEK: methyl ethyl ketone; resin: anion exchange).

avoided impact from the by-products (—1.1 kg CO, eq. per kg) has been taken into
account. Thus, the by-products save 15% of GHG emissions from the production
of [Peee14][124Triz]. Similarly to GWP, the credits for the by-products lead to
a reduction in all other impacts, most significantly for HTP (28%), ADP elements
(25%), ADP fossil (20%) and POCP (16%). The main contributors to the impacts
and the opportunities for improvements are discussed in the next section.

3.3.4. Interpretation of results

3.3.4.1 Identification of hotspots and opportunities for improvements. As indi-
cated in Fig. 5, the raw materials used in the production of the precursors are the
main environmental hotspot. In the case of GWP, they contribute 77% to the total
impact, particularly phosphine, 1-hexene, methyl ethyl ketone, formamide and
1-tetradecanol (Fig. 6). The former two, used in the synthesis of trihexyl-
phosphine, the precursor for [Pggs14]Cl, contribute around 23% each to the GWP
of the raw materials. These, together with the other precursors used for [Pgee14]Cl
production, contribute 47% to the total GWP.

Although only 84 g of phosphine is required for the production of 1 kg of
[Pses14][124Triz] (see Table 3), its GWP is eight times higher than the average GWP
of inorganic chemicals (15.8 kg CO, eq. per kg phosphine vs. 1.86 kg CO, eq. per
kg inorganic chemical). This is due to the energy-intensive production of white
elemental phosphorus which is used to produce phosphine.””

By comparison, 1-hexene has a relatively low GWP (2 kg CO, eq. per kg) but,
since 605 g is needed to produce 1 kg of [Peee14][124Triz], its overall contribution
to the GWP is relatively high. Similarly, methyl ethyl ketone, formamide and
1-tetradecanol have a relatively low GWP (1.76, 2 and 1.4 kg CO, eq. per kg,
respectively), but are used in larger quantities (see Table 3), thus contributing 14-
17% to the GWP of the raw materials.

Energy consumption is the second largest contributor to the GWP of [Pege14]
[124Triz], causing 22% of this impact, mainly because of the highly endothermic
reactions in the synthesis of [Pees14]Cl and 1,2,4-triazole, as well as the cooling
requirements in the synthesis of 1-chlorotetradecane (see Section 2 in ESIT).

The raw materials are also the main contributors to the other impact cate-
gories (Fig. 5). However, their average contribution is higher than for GWP (93%,
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Fig. 7 Comparison of environmental impacts of [Pggg14][124Triz] and MEA per kg of
substance (data for MEA production sourced from Ecoinvent. The values for some impacts
have been scaled to fit on the scale. The original values can be obtained by multiplying the
value shown on the y-axis by the scaling factor given on the x-axis. For impacts
nomenclature, see Fig. 5).

with the highest single contribution from phosphine at 30%). The contribution of
energy is relatively small (6.7% on average) and that of transport and waste
treatment negligible.

Therefore, these results suggest that the main opportunities for improvements
lie in reducing the impacts associated with the raw materials, either through their
substitution or improvements in their respective production processes. Further-
more, energy integration and use of low-carbon options would help to reduce
GHG emissions from the production of [Pggg14][124Triz].

3.3.4.2 Comparison of impacts with MEA. To find out if [Pgge14][124Triz] is an
environmentally sustainable alternative to MEA, commercially the most-widely
used sorbent for CO, capture, their impacts are compared in Fig. 7. The results
suggest that [Pgge14][124Triz] has higher environmental impacts than MEA for 10
out of the 11 categories, ranging from 55% higher ADP fossil to 20 times higher
ODP, with GWP nearly twice as high. The reason for a particularly high ODP is the
trichloromethane used in preparation of the anionic resin, which contributes
90% to the total impact. As indicated in Fig. 7, the only impact for which MEA is
an environmentally worse option than [Peee14][124Triz] is HTP, which is 18 times
higher for MEA - this is due to its high toxicity.?®

Therefore, these results suggest that [Pgee14][124Triz] is environmentally less
sustainable than MEA and would not be a viable replacement alternative.
However, given the goal of the study, this comparison has been carried out per kg
of each substance produced, which may be misleading. Instead, they should be
compared on the basis of their performance in a CO, capture process. Since these
data are not available for either of the substances, we consider their respective
sorption capacities as the best proxy parameter available at present. The sorption
capacity of [Pege14][124Triz] is reportedly equal to 1.01 mol IL per mol CO,.” For
MEA, both the theoretical (estimated) and actual (pilot plant) absorption capac-
ities are considered, equal to 2 (ref. 29) and 2.44 mol MEA per mol CO,,*
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Fig. 8 Comparison of environmental impacts of [Pege14][124Triz] and MEA per kg of CO,
captured [The rate of reuse of 99.997% assumed for both [Pgge14][124Triz] and MEA. Data
for CO, absorption capacities sourced from literature: [Pgee14][124Triz]” and MEA.72°3° For
MEA, “"theoretical” represents an estimated (Xie et al. 2010) and "actual” an average
sorption capacity achieved in a pilot plant (Senderby et al. 2013). The values for some
impacts have been scaled to fit on the scale. The original values can be obtained by
multiplying the value shown on the y-axis by the scaling factor given on the x-axis. For
impacts nomenclature, see Fig. 5].

respectively. Therefore, on a mole-ratio basis, [Pgge14][124Triz] captures more CO,
than MEA. It has also been assumed that both sorbents are reused at a rate of
99.997%, based on the reported reuse of MEA.***

As shown in Fig. 8, the environmental impacts of the IL are now significantly
higher than those of MEA, ranging from two times higher ADP fossil to 23-28
higher ODP for both the theoretical and actual MEA absorption capacities; global
warming potential is eight times greater. The exception to this is HTP, which is on
average 13 times higher for MEA. This is due to much more IL being required than
MEA to capture the same amount of CO, (557.5 g vs. 122 g or 149 g of MEA per kg
of CO,). However, these results should be interpreted with care as they are based
purely on the sorption capacities and, owing to a lack of data, they do not take into
account other aspects, such as process operating conditions, regeneration and
degradation of the sorbents, etc. Furthermore, given the lack of real industrial
data, many assumptions had to be made to estimate the impacts of the IL, which
could lead to uncertainties. Therefore, to test the robustness of the results,
sensitivity and uncertainty analyses have been carried out as discussed next.

3.3.4.3 Sensitivity and uncertainty analyses

Sensitivity analysis. The LCA findings presented in Section 3.3.4.1 suggest that
the raw materials are the main hotspots in the production of [Pgee14][124Triz]
across all the impacts. Energy is also a hotspot for GWP and ADP fossil. Thus, the
assumptions for these two life cycle stages have been examined through the
sensitivity analysis to understand how they may affect the impacts. For the raw
materials for which proxy data were used (1-hexene, 1-tetradecanol, formamide
and hydrazine hydrate), the effect of using these data has been considered by
varying the impacts of these materials (arbitrarily) by +£50%. For energy, the
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Fig. 9 Sensitivity analysis for the assumptions on the raw materials and energy used in the
production of [Pgge14l[124Triz] and comparison of impacts with MEA (all impacts expressed
per kg of substance. IL energy SA: ionic liquid energy sensitivity analysis. IL raw materials
SA: ionic liquid raw materials sensitivity analysis. The values for some impacts have been
scaled to fit on the scale. The original values can be obtained by multiplying the value
shown on the y-axis by the scaling factor given on the x-axis. For impacts nomenclature,
see Fig. 5).

validity of the theoretical estimates has also been tested by changing the
consumption by +50%.

Fig. 9 shows that the results are much more sensitive to the assumptions for
the raw materials than for energy; this is to be expected since the former are the
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Fig. 10 Uncertainty analysis related to the estimates of energy used in the production of
[Ps6614l[124Triz] and comparison of impacts with MEA [all impacts expressed per kg of
substance. For the IL, the horizontal bars represent the expected (mean) values and the
error bars the range between the 10" and 90" percentile. The values for some impacts
have been scaled to fit on the scale. The original values can be obtained by multiplying the
value shown on the y-axis by the scaling factor given on the x-axis. For impacts
nomenclature, see Fig. 5].
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main hotspot. However, in both cases, the lowest values for the impacts of the IL
are still significantly higher than for MEA. For example, if energy consumption is
50% lower than estimated, GWP is still 80% higher than for MEA. If the impacts
of the above-mentioned four raw materials are 50% smaller than assumed orig-
inally, GWP is 50% higher than for MEA. Therefore, these findings suggest that
the estimates for energy consumption and the assumptions for the missing raw
materials data are robust.

Uncertainty analysis. To test the level of confidence in the results, a Monte Carlo
simulation with 10 000 iterations has been performed, generating the probabilistic
results for the impacts. The simulation has been carried out using GaBi which
enables the uncertainty to be estimated with respect to the quantities of materials
and energy used in the system. As the quantities of the raw materials are quite
robust, the focus of the uncertainty analysis has been on energy consumption,
since these values were estimated rather than measured. Both the consumption of
heat and electricity have been varied, again assuming an arbitrary range of +50%.

The results of the Monte Carlo simulation are given in Fig. 10, with the hori-
zontal lines representing the mean (expected) values and the error bars the spread
of results between the 10™ and 90™ percentiles, indicating that we can expect
impacts to fall between this range with a 90% confidence level. As can be seen,
there is little variation in the impacts, with all categories still being much higher
for the IL than MEA (except for HTP, as before). These results suggest a high
confidence in the original findings that [Pgee14][124Triz] has significantly higher
impacts than MEA. Therefore, in the next and final step of the methodology,
recommendations can be made on how its impacts could be reduced.

3.4. Step 4: Recommendations

As discussed in Section 3.3.4.1, the main hotspot in the life cycle of [Pggs14]
[124Triz] is the production of [Pges14]Cl, which is a precursor for [Pges14][OH],
which in turn is one of the main raw materials used in the synthesis of [Pgee14]
[124Triz] (see Fig. 3). The synthesis route for [Pgee14]Cl considered in this study is
based on Cytec's synthesis route for phosphonium-based ionic liquids, which
uses trihexylphosphine as the main reactant. Trihexylphosphine is commonly
synthesised from phosphine gas, which is highly toxic to humans when inhaled.
For example, acute exposure to phosphine can cause respiratory and cardiovas-
cular damage and liver or renal failure, which in some cases can lead to death.*
Furthermore, phosphine gas has a significantly higher GWP (15.8 kg CO, eq.
per kg) than the average inorganic chemical compound (1.86 kg CO, eq. per kg)
owing to the use of white phosphorus.

Alternatively, it is possible to synthesise [Pgee14]Cl from aluminium trialkyl and
phosphorus trichloride, as suggested by Hall et al.** and Umeno and Takita.** The
proposed synthesis route consists of a phosphine-free multi-step process for
preparing quaternary phosphonium salts. However, a full LCA study should be
conducted to evaluate the potential environmental advantages of producing
[Ps6614]Cl via this alternative route. Furthermore, a significant reduction in ODP
could be achieved by substituting trichloromethane, used for preparation of the
anionic resin, with another non-ozone depleting substance. However, care should
be taken in choosing the substance to avoid increasing other impacts, such as
GWP or HTP.
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4. Conclusions

This paper has proposed a novel methodology for estimating life cycle environ-
mental impacts of ILs under development, with the aim of identifying hotspots
and aiding synthesis and selection of more sustainable sorbents for CO, capture.
The example of [Pege14][124Triz] was used to illustrate the application of the
methodology by estimating the impacts of its production from cradle to gate and
comparing it to MEA, currently the most-widely used sorbent for CO, capture. The
case study also shows how to deal with real-life situations in the early develop-
ment stages of chemicals when scant data are available.

The results suggest that 10 out of 11 environmental impacts considered are
higher for [Pgge14][124Triz] than for MEA. This includes GWP, which is estimated
at 6.3 kg CO, eq. per kg of [Peee14][124Triz], compared to 3.4 kg CO, eq. per kg of
MEA. The only exception is human toxicity potential which is 18 times higher for
MEA than for [Pgge14][124Triz]. When the sorption capacities of the two
substances are taken into account, the difference in the impacts is even higher in
favour of MEA. This is largely due to the many precursors and energy used in the
synthesis of the IL.

Nevertheless, owing to a lack of data, it is not possible to determine at this
stage whether the use of this (or any other) IL would lead to a more sustainable
CO, capturing process overall, when operating conditions are taken into account,
including sorbent regeneration, reuse and degradation. For that reason, further
research will be required to examine fully the environmental sustainability of
using ILs as CO, sorbents. However, one of the main limitations is that, unlike
other established processes, the industrial production of ILs cannot be simulated
using simulation software such as Aspen Plus, because ILs are not supported in
the existing component databanks. This is a similar problem to that experienced
with LCA databases which will need to be addressed in the near future to ensure
more sustainable production of ILs.

It should also be noted that, although the focus here has been on ILs, the
proposed methodology is applicable to other chemicals. Further research is rec-
ommended to demonstrate how it can be used to help improve the environmental
sustainability of other chemicals at an early design stage.
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