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1 Introduction

Environmental sustainability of cellulose-
supported solid ionic liquids for CO, capturet

Pelayo Garcia-Gutiérrez,® Rosa M. Cuéllar-Franca,® Dan Reed,” George Dowson,”©
Peter Styring® and Adisa Azapagic & *

Solid ionic liquids (SolLs) with cellulose as a support have been demonstrated recently to be effective and
low-cost sorbents for CO, capture. However, at present it is not clear whether they remove more CO,
than is released in the rest of the life cycle, including their manufacture, regeneration and disposal. It is
also unknown what other impacts they may have over the whole life cycle while attempting to mitigate
climate change. Therefore, this study evaluates for the first time the life cycle environmental sustainability
of cellulose-supported SolLs in comparison with unsupported SolLs and some other sorbents. Four SolLs
are assessed for 11 life cycle impacts, including global warming potential (GWP), with and without the
cellulose support: ([N1gggl[AcC]),
(IN4444][AC]), tetra-octylammonium bromide ([NgggglBr) and 1-butyl-4-methylimidazolium bromide

methyltrioctyl ammonium acetate tetraethyl ammonium acetate
([Bmim]Br). They are compared with one of the ILs in the liquid state (trihexyltetradecylphosphonium
1,2,4-triazolide ([Pgeg14l[124Triz])) and with three conventional sorbents: monoethanolamine (MEA),
zeolite powder and activated carbon. The results show that SolLs with cellulose loading in the range of
70%—-80 wt% have better environmental performance per unit mass of CO, captured than the unsup-
ported SolLs. The net removal of CO, eq. over the life cycle ranges from 20% for pure [Bmim]Br to 83%
for [Niggsl[Ac] with 75% cellulose and for [N444][Ac] with both 75% and 80% loadings. However, pure
[NgggslBr generates three times more CO, eq. over the life cycle than it removes. Among the SolLs,
[N4444][Ac] with 80% cellulose has the lowest life cycle impacts for eight out of 11 categories. When com-
pared to the conventional sorbents, it has significantly higher impacts, including GWP. However, it is more
sustainable than [Pgge14l[124Triz]. The results of this study can be used to target the hotspots and improve
the environmental performance of cellulose-supported SollLs through sustainable design.

CO, capture and its net removal on a life cycle basis, which
can in turn influence significantly their economic and environ-

Reducing greenhouse gas (GHG) emissions and improving the
security of energy supply within the context of an ever-growing
energy demand have become major global challenges. Carbon
capture and storage (CCS) along with carbon capture and
utilisation (CCU) are seen as potentially viable techno-
logical options that can contribute towards reducing CO,
emissions.' ™ However, their successful commercial imple-
mentation depends, among other factors, on the efficiency of
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mental sustainability. Currently, the most advanced large-scale
CO,, capture technologies rely on amine-based aqueous solu-
tions, such as monoethanolamine (MEA).*”® This is due to a
range of advantages they provide, including high absorption
capacity and high selectivity towards other gases.” However,
they are liable to evaporation losses, corrosive at elevated
temperatures and their regeneration is energy intensive owing
to the stability of the carbamate salt formed in the reaction
between CO, and MEA.*%°

Over the last few years, alternative sorbents have been
suggested for CO, capture.'® Among these, ionic liquids (ILs),
which are defined as organic salts with melting points below
120-140 °C,"" have shown high CO, affinity and hence have
attracted significant attention.’®'* In contrast to amine-based
solvents, ILs have negligible vapour pressure and low
corrosivity.""® In addition, many of them are chemically
stable at elevated temperatures."* Furthermore, the large
number of possible combinations of cations and anions in the

This journal is © The Royal Society of Chemistry 2019
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IL synthesis enable the design of task-specific ILs."” However,
two key factors hinder their successful implementation for
CO, capture at a commercial scale. Firstly, the high viscosity of
ILs which are in the liquid state at room-temperatures (RTILs)
results in extremely low CO, diffusion rates through the bulk
liquid."® Even for low-viscosity RTILs, the diffusion rate is
19 orders of magnitude below that of MEA.” Secondly, the
costs of RTILs remain high compared to other solvents. This is
crucial since the low CO, diffusion rate means that very large
quantities of ionic liquids are required in a capture plant,
which in turn has negative implications for costs and the
environmental footprint of the plant.

Organic salts with melting points significantly higher than
room temperature have been proposed as an alternative to
RTILs for applications such as CO, capture and energy
storage.”” ' These compounds have a somewhat contradictory
name - ‘solid ionic liquids’ (SoILs) - as they are in the solid
state at room temperature. In particular, methyltrioctyl
ammonium acetate ([N;ggg][Ac]), tetraethyl ammonium acetate
([N4444][Ac]), tetra-octylammonium bromide ([Ngggg]Br) and
1-butyl-4-methylimidazolium bromide ([Bmim|Br) have been
investigated for CO, capture.'” The rationale for the selection of
these compounds relies on their high CO, uptake, ease of prepa-
ration and low cost of synthesis.” The aim of using such com-
pounds is to alleviate the low CO, diffusion issues by the pres-
ence of large ionic surface areas. In contrast to the CO, capture
methods of RTILs, SolLs are used in pressure swing adsorption
(PSA) systems, which rely on a drop in pressure to release the
more weakly-bound CO,. PSA is an established process used in
industry for gas or liquid separations.”*** Here, it is used to
counteract the fact that, typically, crystalline and impermeable
SolLs will not allow full gas-solid contact;'” therefore, by apply-
ing a high pressure swing process, uptake capacities can be
boosted by increasing gas-solid surface interactions.

Recently, cellulose has been suggested as a support for a
range of SolLs. The motivation for this is the efficiency
improvement through an increased ionic-surface area by cell-
ulose coating, which in turn reduces the overall sorbent
costs.'” However, it is not clear if this also leads to a net CO,
removal and an improved overall environmental performance
of SoILs when taking into account the whole life cycle of the
process. It is also unknown how they compare environmentally
to RTILs and conventional CO, sorbents. Therefore, this paper
evaluates the life cycle environmental sustainability of
different SolLs, considering their production and use for CO,
capture. A life cycle assessment (LCA) methodology has been
used for these purposes, developed specifically to guide the
sustainable development of novel ILs.>* This is described in
the next section, followed by the results in section 3 and the
conclusions and recommendations for future work in section 4.

2 Methods

Life cycle data for ILs are scarce or non-existent owing to their
limited use in industry or being available only at the laboratory

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Methodology for assessing the life cycle environmental sustain-
ability of ionic liquids (adapted from Cuéllar-Franca et al.?%).

iv) Interpretation
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scale. Furthermore, most ILs have complex chemical structures
and numerous precursors are used in their production, for
which environmental data are often lacking. To address this
issue, a new LCA methodology was developed by Cuéllar-
Franca et al.>* which is applied in this study. This method-
ology helps to fill in data gaps and scale up laboratory data
to industrial production, thus aiding the design of ILs
under development and identification of more sustainable
CO, sorbents.

As shown in Fig. 1, the methodology comprises four main
steps which, when applied to SoILs, involve the following:

1. selection of SolLs and the synthesis route to be con-
sidered in the study;

2. construction of a life cycle tree showing the precursors
used in the synthesis of the selected SoILs to enable the identi-
fication of data gaps and tracing back to the basic precursors
for which life cycle data are available;

3. LCA of SolLs to estimate the environmental impacts of
interest, identify hotspots and compare SoILs with other sor-
bents; and

4. recommendations for improvements, which can 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.

This process is iterative, with the recommendations fed
back to the preceding steps, as needed. The following sections
describe each of the above steps in more detail.

2.1 Selection of SolILs and synthesis route

The following four SoILs proposed previously for CO, capture”'”
are assessed in this study with and without the cellulose
support:

+ methyltrioctyl ammonium acetate ([Nyggg][Ac]);

« tetraethyl ammonium acetate ([Ny444][Ac]);

« tetra-octylammonium bromide ([Ngggg|Br); and

+ 1-butyl-4-methylimidazolium bromide ([Bmim|Br).

Green Chem., 2019, 21, 4100-4114 | 4101
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Fig. 2 Synthesis routes for the four SOILs considered in the study.

[Niggs][Ac] is synthesised in three steps: production of
quaternary tetraalkylammonium (amine quarterisation), anion
exchange and reaction with acetic acid.”® The synthesis process
is depicted in Fig. 2a. In the first step, trioctylamine is mixed
with methyl iodide in stoichiometric amounts at room tempera-
ture to yield methyltrioctylammonium iodide [Niggs]l.>> The
reaction is carried out using Schlenk-line techniques under an
inert (N,) atmosphere. Aluminium foil protection on the
exterior of the reaction vessel and low lighting are used to
prevent the decomposition of methyl iodine. In the second step,
the anion exchange resin (Amberlite IRA resin) is regenerated
with 1 M NaOH and rinsed with isopropanol. Then, [N;ggg]l pre-
pared as in the previous step is dissolved in isopropanol and
passed slowly through the resin, dropping directly into a flask.
The product containing isopropanol and [N;g45][OH] is passed
through the column several times to exchange completely the
iodide for the hydroxide anion.>® Finally, [N;gs][OH] is reacted
with excess acetic acid and stirred for 16 hours at room tem-
perature to yield [N;ggg][Ac], which is then dried in a rotary evap-
orator at 50 °C and under high vacuum (10 mbar) for 48 hours.

Similar to [Nyggg][Ac], [Naaaa][Ac] is also synthesised in three
steps involving amine quarterisation, anion exchange and
reaction with acetic acid®® (Fig. 2b). In the first step, tributyl-
amine is mixed stoichiometrically at room temperature with
1-bromobutane to yield tetrabutylammonium bromide, [Ny444]Br.
The second and third steps are equivalent to the synthesis of
[N;ggs][Ac], i.e. anion exchange followed by reaction with acetic

4102 | Green Chem., 2019, 21, 4100-4114

d) [Bmim]Br (based on Dharaskar et al.?)

acid. The only difference between these two is that distilled
water is used to dissolve [N,444]Br instead of isopropanol used
for [Nyggs]L.

[Ngggg|Br is synthesised by mixing trioctylamine with
1-bromooctane in the stoichiometric ratio at room temperature
to obtain bromide salt>® (Fig. 2c). Finally, [Bmim]Br is syn-
thesised by mixing 1-methylimidazole with 1-bromobutane in
stoichiometric amounts at 70 °C over 48 hours.>® The synthesis
process is shown in Fig. 2d.

The cellulose support for the ionic liquids is produced
using wet coating techniques.'”” In this process, the ionic
liquids are first dissolved in equal parts of methanol and
isopropanol (5 litres of solvent per kg IL) before adding the
required amount of cellulose. The alcohol solvents are
removed by vacuum evaporation. Different cellulose loadings
are considered, ranging from 70-80 wt% (i.e. 30% SoIL/70%
cellulose to 20% SoIL/80% cellulose). This particular range of
cellulose loadings has been chosen owing to the enhanced
CO, adsorption capacity compared to lower or higher
loadings."”

2.2 Life cycle tree of SolILs

Some of the compounds used in the synthesis of the SolLs
considered in this study are not available in LCA databases. To
overcome this issue, these compounds have been traced back
to their main precursors through the construction of a life
cycle tree for each SoIL, as shown in Fig. 3. As can be seen

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The life cycle tree for the production of SolLs considered in the study. (The dark-shaded boxes indicate the compounds for which data are

available in LCA databases.)

from the figures, only the precursors for [Bmim]|Br (C ;HgN,
and C¢HsBr) are available in LCA databases (indicated as the
dark-shaded boxes). For all others, there are significant data
gaps, in most cases requiring tracing back to the basic pre-
cursors and their production processes. For example, the
amines needed to synthesise both [Nyggs]I (used as a precursor
in Nyggg[Ac]) and [N,444]Br (a precursor for Ny,44[Ac]) are traced
back to ammonia and the alcohols used in their respective
syntheses.””*

2.3 Life cycle assessment of SoILs

The LCA has been carried out in accordance with the guide-
lines of the ISO 14040/14044 standards,**?° following the
steps in Fig. 1. These are detailed in the next sections.

2.3.1 Goal and scope definition. The goals of the study are:

(i) to estimate the life cycle environmental impacts associ-
ated with the production of four selected SoILs, both with and
without the cellulose support;

(i) to identify environmental hotspots and opportunities
for improvements and guide sustainable development of these
sorbents at an early stage of development; and

(iif) to compare their impacts to other CO, sorbents
and identify environmentally the most sustainable options;
they are: a room-temperature ionic liquid trihexyl-
tetradecylphosphonium  1,2,4-triazolide  ([Peee14][124Triz]),
monoethanolamine (MEA), zeolite powder and activated
carbon.

This journal is © The Royal Society of Chemistry 2019

For the first two goals, the system boundary is from
“cradle to gate”, which includes the extraction and manufac-
ture of the raw materials used in the production of the precur-
sors and SolLs, energy generation, transport and process waste
management (Fig. 4). The unit of analysis (functional unit) is
defined as the ‘production of 1 kg of SoIL’.

For the third goal of the study, the use stage of the sorbents
is also considered taking into account their adsorption
capacities (Fig. 4). The functional unit in this case is ‘adsorp-
tion of 1 kg of CO,’. The impacts associated with the re-gen-
eration of the sorbents are excluded due to lack of specific
data on PSA-SoIL systems. However, the effect of this assump-
tion on the environmental impacts is assessed in the sensi-
tivity analysis in section 3.2.2.4.

2.3.2 Inventory analysis. The primary data for the materials
have been obtained from laboratory experiments."” These are
detailed in Tables 2 and 3; for further details, see section S1 in
the ESI.{ The energy required for the production of SOILs has
been estimated as detailed in section 2.3.2.2. The background
life cycle inventory data for the materials and energy have been
sourced from ecoinvent database v3.1.%"

2.3.2.1 Materials. For some of the precursors, the life cycle
inventory data were not available in the LCA databases; in such
cases, data for alternative chemicals have been used as proxies.
Specifically, data for methyl chloride have been used as a proxy
for methyl iodide, 1-bromooctane and 1-bromobutane. This is
a valid approximation since all these haloalkanes are syn-

Green Chem., 2019, 21, 4100-4114 | 4103
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Fig. 4 System boundary for the production and use of SolLs. (All other
sorbents considered in this study — zeolite, activated carbon, MEA and
[Pse6141[124Triz] — have the same system boundary.)

thesised by thermal halogenation of the corresponding alkane
by radical chain reaction at 300 °C.*? In addition, fatty alcohols
have been used instead of 1-octanol since the latter is a type of
fatty alcohol. Finally, benzimidazole has been used for
1-methylimidazole since both are derived from imidazole. The

Table 1 CO, sorption capacities of SolLs and cellulose’

Capacity” (g CO, per kg sorbent)

Sorbent [Niggs][Ac]  [Naaaa][Ac]  [Ngggg|Br  [Bmim]|Br
Pure SoIL 28.6 14.9 1.7 12.3
70 wt% cellulose 16.7 21.2 19.8 16.1
75 wt% cellulose 30.0 31.6 19.2 28.8
80 wt% cellulose  14.9 25.7 15.8 24.9
Pure cellulose 4.8 4.8 4.8 4.8

%298 K and 30 bar.

View Article Online
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effect of these assumptions is tested through a sensitivity ana-
lysis in section 3.2.2.

The CO, adsorption capacities per unit mass of SolLs and
pure cellulose are shown in Table 1.

In the absence of real operating data, it is assumed that
the sorbent retains its adsorption capacity over 500 cycles,
which is in line with a range of novel sorbents for CO,
capture.”?* The effect of this assumption on the environ-
mental impacts is also assessed in the sensitivity analysis in
section 3.2.2.

All raw materials are assumed to be transported over a dis-
tance of 100 km to the corresponding production plant. The
wastewater generated in the reaction between acetic acid and
the quaternary ammonium hydroxide is assumed to be treated
as industrial wastewater. The end-of-life disposal of SolLs
is not considered due to lack of data. To gauge the effect
of this assumption on the environmental impacts, end-of-life
disposal is considered in the sensitivity analysis in section
3.2.2.5.

2.3.2.2 Energy. Given that the SolLs are still under develop-
ment, data on energy consumption are not available and have
been estimated as follows:

(i) the heat of formation of reactants and products has been
used to estimate the theoretical energy requirements for the
production of the SoILs and their precursors;

(ii) only the heat duty of the reactors (heating or cooling)
has been considered. This means that the energy for separ-
ation, pumping and other operations is excluded from the cal-
culations; the robustness of this assumption is tested in the
sensitivity analysis in section 3.2.2; and

(iii) the theoretical duty of the reactors has been scaled up
to an industrial scale using the empirical factors found in the
literature®® to account for energy efficiencies and losses; the
theoretical duties have been multiplied by a factor of 4.2 in the
case of exothermic reactions, assuming that natural gas is
used as the source of heat, and multiplied by a factor of 3.2 in
the case of endothermic reactions, assuming that electricity is
used for cooling.*

Table 4 shows the estimated energy requirements by the
reactors for the production of 1 kg of SolILs. Details on the cal-

Table 2 Chemical reactions involved in the synthesis of SolLs and their precursors

SolIL Compound Chemical reactions” T (°C) P (bar)
Methyltrioctyl ammonium acetate ([N, gg5][Ac])” [N1ggs][Ac] C,5H;5,NOH + CH;COOH — C,,H;5,NO, + H,O 25 1
[less][OH C,5Hs4IN + ROH™ — C,5;H5,NOH + RI™ 25 1
[less]l (C8H17)3N + CH3I — Cy5H54IN 75 1
(CsHy7);N 3CgH,;,0H + NH; — (CgHy);N + 3H,0 230 100
Tetraethyl ammonium acetate ([N4444][Ac])b [Nag44][Ac] C16H36NOH + CH3;COOH — C,3H;oNO, + H,O 25 1
[N4444][OH] C16H36BrN + ROH™ — C;6H36NOH + RBr~ 25 1
[Nyssq]Br (C4Ho)3N + CyHoBr — C16H36BIN 75 1
(C4Ho);N 3C,HyOH + NH; — (C4Ho);N + 3H,0 230 100
Tetra-octylammonium bromide ([N8888]Br)” [Ngsss][Br] (CsHy7)sN + CgHy7Br — C3,HggBrN 75 1
1-Butyl-4-methylimidazolium bromide ([Bmim|Br) [Bmim]Br C4HgN, + C4HoBr — CgH;sBIN, 70 1

“Bold font in the “Chemical reactions” column represents the chemical formula of the corresponding compound in the “Compound” column.

b Adapted from Sauer et al.*® ° Adapted from Dharaskar et al.>®

4104 | Green Chem., 2019, 21, 4100-4114
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Table 3 Materials used in the production of 1 kg of pure and cellulose-supported SolLs

Amount (kg kg™ SoIL)

SoIL Compound Pure 70% cellulose 75% cellulose 80% cellulose
Methyltrioctyl ammonium acetate ([Nggg][Ac]) Acetic acid 0.146 0.044 0.037 0.029
Methyl iodide” 0.333 0.100 0.083 0.067
1-Octanol” 0.913 0.274 0.228 0.183
Ammonia 0.040 0.012 0.010 0.008
Anion exchange resin 0.034 0.010 0.009 0.007
Isoproapanolc 0.242 0.667 0.556 0.444
Water 0.197 0.059 0.049 0.039
Cellulose — 0.700 0.750 0.800
Methanol” — 0.594 0.495 0.396
Tetraethyl ammonium acetate ([N,444][Ac]) Acetic acid 0.203 0.061 0.051 0.041
1-Bromobutane® 0.455 0.137 0.114 0.091
1-Butanol 0.738 0.221 0.184 0.147
Ammonia 0.057 0.017 0.014 0.011
Anion exchange resin 0.034 0.010 0.008 0.007
Water® 0.242 0.073 0.061 0.049
Water? 0.352 0.106 0.088 0.070
Cellulose — 0.700 0.750 0.800
Methanol” — 0.594 0.495 0.396
Isopropanol® — 0.594 0.495 0.396
Tetra-octylammonium bromide ([Ngggg|Br) 1-Octanol” 0.714 0.214 0.178 0.143
Ammonia 0.031 0.009 0.008 0.006
1-Bromooctane” 0.354 0.106 0.088 0.071
Cellulose — 0.700 0.750 0.800
Methanol® — 0.594 0.495 0.396
Isopropanol® — 0.594 0.495 0.396
1-Butyl-4-methylimidazolium bromide ([Bmim|Br) 1-Methylimidazole® 0.375 0.113 0.094 0.075
1-Bromobutane® 0.625 0.188 0.156 0.125
Cellulose — 0.700 0.750 0.800
Methanol® — 0.594 0.495 0.396
Isopropanol® — 0.594 0.495 0.396
“Methyl chloride used as a proxy. ? Fatty alcohols used as a proxy. “ Used as a solvent. ¢ By-product. ¢ Benzimidazole used as a proxy.

Table 4 Estimates of energy required by the reactors for the production of 1 kg of SolLs

Theoretical energy Scaled-up energy Heating/
SolIL Compound consumption (MJ) consumption (M]) cooling
Methyltrioctyl ammonium acetate ([N;ggg][Ac]) [Nyggs][Ac] 0.199 0.837 Heating
[N1gss][OH] N/A“ N/A® N/A®
[Nyggs]l 0.203 0.851 Heating
(CsHy7);N 0.233 0.977 Heating
Tetraethyl ammonium acetate ([N4444][Ac]) [Nag44][Ac] 0.412 1.729 Heating
[N344][OH] N/A“ N/A® N/A?
[Ny4z4]Br 0.203 0.649 Cooling
(C4Ho)3N 0.023 0.097 Heating
Tetra-octylammonium bromide ([N8888]Br) [Ngggs][Br] 0.532 2.232 Heating
1-Butyl-4 methylimidazolium bromide ([Bmim]Br) [Bmim]Br 0.388 1.240 Cooling

“N/A: not applicable as the anion exchange reaction does not involve heating or cooling.

culation of the heat duty of the reactors can be found in
section S2 in the ESL{ In all estimates, electricity is assumed
to be supplied from the UK grid at medium voltage while
heat is assumed to be supplied by steam generated from
natural gas.

The energy consumption of PSA systems for CO, capture
has been reported in the range of 331-724 kJ kg™' CO,,*

This journal is © The Royal Society of Chemistry 2019

depending on the process configuration, gas composition,
operating conditions and the type of adsorbent. However, the
PSA system is not considered in the study as the energy con-
sumption would be nearly identical across the sorbents.
Nevertheless, a sensitivity analysis is included in section
3.2.2.4 to assess the effect of this assumption on the environ-
mental impacts.
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3 Results and discussion

3.1 Impact assessment

The LCA software Gabi v6.4>° has been used to model the
systems and estimate the environmental impacts, following
the CML 2001 impact assessment methodology (April 2015
update).’” The CML methodology has been selected to allow
comparison with the room-temperature IL [Pggg14][124Triz] for
which LCA data were published previously.”® The following
11 impacts included in the CML method are considered:
global warming potential (GWP), abiotic depletion potential
for elements (ADP elements), abiotic depletion potential for
fossil resources (ADP fossil), acidification potential (AP), eutro-
phication potential (EP), human toxicity potential (HTP),
ozone layer depletion potential (ODP), photochemical oxidants
creation potential (POCP), fresh water and marine aquatic eco-
toxicity potential (FAETP and MAETP) and terrestrial eco-
toxicity potential (TETP).

The results are first discussed for the functional unit
related to the production of 1 kg of SolLs, followed by the
impacts per 1 kg of CO, captured.

3.1.1 Functional unit: 1 kg of SoIL. The results for the cell-
ulose-supported SolLs are shown in Fig. 5 in comparison with
pure SolLs. For reference, the impacts of pure cellulose are
also given, showing that they have significantly lower impacts
than the pure and supported SolLs. For this reason, the sup-
ported SoILs have in general lower impacts per kg of adsorbent
than the pure SolLs. For instance, the GWP of the supported
SolLs is estimated in the range of 1.9-2.4 kg CO,-eq. and for
the pure sorbents at 2.4-4.9 kg CO,-eq. The impacts decrease
linearly as the cellulose loading increases. This linear relation-
ship can be explained by the fact that pure cellulose has sig-
nificantly lower impacts than pure SolLs and, consequently,
the addition of cellulose will generally result in a reduction of
the impacts of the sorbent in direct proportion to the amount
of cellulose added, displacing the equivalent amount of SoIL.
However, some impacts are higher for the supported adsor-
bents. For instance, supported [N;ggg][Ac] and [Ngggg][Br] have
higher ADP fossil and EP than their unsupported equivalents.
This is due to the positive effect of the cellulose being out-
weighed by the use of methanol and isopropanol needed to
dissolve the SoIL during the cellulose-coating process. As the
cellulose loading increases, the amount of methanol/iso-
propanol required decreases since this is proportional to the
amount of SoIL to be dissolved; therefore, the effect of solvents
on the impact is smaller and the impacts are lower.

Comparing the four supported types of SolLs, it can be
seen in Fig. 6a that [Bmim|Br has the highest and [Ngggg|Br
the lowest impacts for the vast majority of the categories con-
sidered. The difference in impacts between them ranges from
22% for GWP to 86% for HTP in favour of [Ngggs|Br. The main
reason for the poor environmental performance of [Bmim|Br
is the use of 1-methylimidazole, which has higher impacts
than any other precursor used for any of the other SolLs
assessed. The only exceptions to the trends regarding [Bmim]
Br are ADP fossil and ODP, which are the highest for

4106 | Green Chem., 2019, 21, 4100-4114
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[N4444][Ac]. For [Ngggs|Br, the exceptions are HTP and TETP
which are slightly lower for [Njs4][Ac]. A similar trend is
also found for the pure SolLs (see Fig. S1 in section S3 in the
ESIY).

3.1.2 Functional unit: 1 kg of CO, adsorbed. When the
adsorption capacities of the SolLs are taken into account,
the supported SoILs also have lower impacts than their pure
counterparts in all the impact categories (Fig. 5). The only
exception to this is [Nyggg|[Ac] with 80% cellulose ([N;ggg][Ac]-80%)
which has higher impacts than the pure sorbent across the
categories, except for ADP elements, ODP and TETP.

The impacts per kg CO, adsorbed decrease as the cellulose
loading increases for [Ny444][Ac] and [Bmim|Br. This is due to
the lower impacts of producing the cellulose and also the
higher adsorption capacity of the supported SolLs compared
to the pure sorbents. As opposed to the impacts per kg of SoIL
discussed in section 3.1.1, the relationship between the cell-
ulose loading and a decrease in the impacts is no longer
linear. This is due to the competitive effects of the lower
impacts of producing the cellulose versus a lower adsorption
capacity of the supported SolLs at 80% loading compared to
75%. For [Niggg][Ac], the impacts increase at a cellulose
loading of 70% due to a decrease in the adsorption capacity at
this level of loading. The impacts then decrease when the
loading increases to 75% to increase once again for 80%
loading. This is the result of the adsorption capacity showing a
maximum at 75% cellulose loading, which can be explained by
a smoother coating of the IL on the fibrous cellulose particle
at this loading level.'”” The impacts of [Ngggs]Br are at a
minimum at 75% cellulose loading, even though the highest
adsorption capacity is at 70% cellulose loading. This is due to
a greater effect of the lower impacts of producing the cellulose
versus the slightly lower adsorption capacity at 75% loading.

All the supported sorbents have a net GWP below 1 kg CO,
eq. kg™' CO, adsorbed, ranging from 0.167 kg CO, eq. for
[Niggs][Ac] to 0.233 kg for [Ngggs|Br at 75% loading (Fig. 6b).
This means that they remove more CO, eq. than they generate;
however, their net carbon removal efficiency is 77%-83%.
A similar trend is found for the pure SolLs, but with a lower
removal efficiency (20%-76%). The only exception is pure
[Ngggs]Br which generates almost three times more CO, eq.
(2.8 kg) for each kg it removes (Fig. 5).

With respect to the other impacts, [Ny444][Ac]-80% is the
best option for eight out of 11 categories (Fig. 6b). This is due
to its higher adsorption capacity compared to the other SoILs
(Table 1). For the remaining three impacts, [N;ggg][Ac]-75% is
the best sorbent for GWP and ADP fossil, while [Ngggg|Br-75%
outperforms the others for ODP.

3.2 Interpretation of results

3.2.1 Environmental hotspots and improvement opportu-
nities. Raw materials are responsible for over 90% of the
total impact across the categories. In the case of
[Niggs][Ac], the isopropanol and methanol used to dissolve
the cellulose contribute over 52%-55% of the total GWP
depending on the cellulose loading, while the cellulose

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Environmental impacts of pure and cellulose-supported SolLs as a function of cellulose loading: per kg of adsorbent (left) and per kg CO,
adsorbed (right). (For impacts nomenclature, see section 3.1. The error bars represent the 70% (upper limit) and 80% cellulose loading (lower limit),
except for [Nigggl[Ac] and [Nggggl[Acl, for which the error bars represent 70% (upper limit) and 75% cellulose loading (lower limit). Some impacts
have been scaled to fit — to obtain the original values, multiply by the factor shown on the x-axis.)

itself contributes around 10% of the total GWP.
Isopropanol is also the main hotspot for all other environ-
mental categories but ODP. The latter is due to the anion
resin used in the production of [Njggg][Ac] from [Njggs]l,
contributing 55% of the total ODP. This is despite the
small amount of the resin (34.5 g kg™' [Njggs][Ac]). The
reason for this particularly high contribution to ODP is the

This journal is © The Royal Society of Chemistry 2019

trichloromethane used in the manufacturing of the resin.
A further significant contributor to the ODP is methyl
iodide, causing 37% of the total ODP. Owing to the nature
of the synthesis routes, similar trends to those of
[N1gss][Ac] are observed for the environmental hotspots of
[N4444][Ac], with the only difference being the use of
1-butanol instead of 1-octanol.
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Isopropanol and methanol for cellulose dissolution are also
the main contributors to all the impacts related to [Ngggg]Br,
except for ODP. For instance, they contribute 56%-59% of the
total GWP, while cellulose contributes 15% of the impact.
1-Methylbromide is the main hotspot for ODP with a contri-
bution of 84% of the total ODP. For [Bmim]Br, the main
contributors are again isopropanol and methanol for cellu-
lose dissolution. For instance, they contribute 42%-44% of
the GWP and over 60% of the toxicity-related impacts.
1-Methylimidazole is also an important hotspot since it causes
25% of the GWP and over 30% of all other impacts but ADP
fossil and ODP.

Although energy required for heating/cooling of the reactors
is the second largest contributor to the impacts from the

4108 | Green Chem., 2019, 21, 4100-4114

SolLs, its share is significantly smaller than that of the raw
materials. As an example, energy contributes 4%-6% of the
GWP across the SolL types. The contribution of transport and
wastewater treatment is negligible, with the shares of <1% and
0.01%, respectively.

Therefore, the hotspot analysis suggests that the main
opportunities for improvements are related to reducing the
impacts associated with the SoIL precursors. This can be
achieved by replacing them with other precursors with lower
environmental impacts or developing alternative synthesis
routes. Fatty alcohols, such as 1-octanol used in the synthesis
of trioctylamine (a precursor to [Njggg|[Ac] and [Ngggs]Br), are
significant contributors to most environmental impacts.
Therefore, they should be replaced by alcohols from bio-

This journal is © The Royal Society of Chemistry 2019
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sources, such as coconut oil. For example, the latter has the
GWP of 1.41 kg CO, eq. kg™ " compared to 2.56 kg CO, eq. kg™*
of alcohol from petrochemical origin.*' Furthermore, the use
of SoILs that involve imidazole-derived precursors, as in the
case of [Bmim|Br, should be avoided because of their high
environmental impacts, including GWP (7.52 kg CO, eq. kg™*
(ref. 31)). Furthermore, using anion resins that do not rely on
trichloromethane could reduce the ODP.

3.2.2 Sensitivity analysis. To examine the effect on the
impacts of some of the assumptions, the following is con-
sidered in the sensitivity analysis:

(i) use of proxy data for some raw materials (Table 3);

(i) estimates of energy consumption for SoIL synthesis
(Table 4);

(iii) the number of adsorption/desorption cycles;

(iv) electricity consumption by the PSA unit; and

(v) the end-of-life disposal of the spent SolILs.

3.2.2.1 The effect of proxy data for raw materials. As dis-
cussed in section 2.3.2.1, alternative chemicals have been used
as proxies for those compounds for which life cycle inventory
data are not available. The effect of this assumption is tested
by varying the impacts of these materials (arbitrarily) by +50%.
As the raw materials are relevant to the production rather than
the use of the sorbents, the analysis is carried out for the func-
tional unit related to the production of 1 kg of the SoILs. The
results for 75% cellulose loading are given in Fig. 7 and for the
other two loadings in Fig. S2 and S3 in the ESL{ For instance,

View Article Online
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a 50% increase in the impacts of the proxy raw materials
assumed to be used in the production of SolLs with 75% cell-
ulose results in an average increase in the GWP of 13%.
Similar trends are found for the other impacts across the SoIL
types, except for [Bmim|Br which shows a greater sensitivity to
the assumptions for the raw materials (Fig. 7). For example, a
50% higher GWP of the proxy raw materials leads to a 20%
increase in the overall GWP of [Bmim]Br, whereas for the other
three SolLs the increase ranges from 6% to 12%. This is due to
the higher environmental impacts of benzimidazole, which is
used as a proxy for 1-methylimidazole (Table 3). Similar trends
are observed for 70% and 80% cellulose loadings (Fig. S2
and S37).

3.2.2.2  The effect of energy consumption for SoIL synthesis. As
discussed in section 2.3.2.2, energy consumption by the
reactor to produce the SoILs had to be estimated due to lack of
data. Here, these estimates are varied by +50% to gauge the
effect on the overall impacts per kg of sorbent produced. As
can be seen in Fig. S4 in the ESIT for the SoILs with 75% cell-
ulose loading, the impacts are not sensitive to these changes.
For example, a 50% increase in the energy consumption
results in an average increase of 0.8% of the GWP across the
SolLs. A similar trend applies for the other impacts.

3.2.2.3 The effect of adsorption/desorption cycles. The
number of adsorption/desorption cycles is varied from
100-1000 in the sensitivity analysis, from 500 considered in
the base case. It is assumed that the adsorption capacity of the
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Fig. 7 Sensitivity analysis for the assumptions on the raw materials used in the production of the SolLs with 75% cellulose loading. (The graph
bars represent the impacts in the base case and the error bars the impacts for the + variation in impacts of the proxy raw materials. For impacts
nomenclature, see section 3.1. Some impacts have been scaled to fit — to obtain the original values, multiply by the factor shown on the x-axis.)
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sorbents remains constant in all cycles. Given that this ana-
lysis is related to the use of the sorbents, the functional unit is
related to 1 kg of adsorbed CO,. An example effect on the
impacts is shown in Fig. 8 for GWP for the best-performing
SolLs and for pure sorbents. Note that the values for GWP of
the supported [Ny444][Ac] and [Njggg][Ac] are the same and
cannot be differentiated as shown in Fig. 8 (left); the same
applies to the supported [Bmim|Br and pure cellulose. As can
be seen, the GWP decreases exponentially as the number of
cycles increases for both supported and unsupported SolLs.
This is due to a longer lifespan of the sorbents and the higher
overall amount of CO, captured during their lifetime. For
these optimal levels of cellulose loading, pure SolLs have
higher GWP than the supported SolLs across the range of
cycles.

These results can also be used to determine the number of
cycles over which a SoIL will need to retain its adsorption
capacity to outperform other sorbents, including the cellulose.
For instance, [Ngggs]Br-75% will outperform pure cellulose if it
can be used in more than 200 cycles if cellulose lasts for only
100 cycles. For the same number of cycles, [N;gg5][Ac]-75% out-
performs the rest of the supported sorbents and the cellulose.
Nevertheless, its GWP remains net positive across the adsorp-
tion cycles, but it halves from 0.167 to 0.083 kg CO, eq. kg™
CO, adsorbed as the number of cycles doubles from 500 to
1000. The other impacts are also similarly sensitive to the
number of adsorption/desorption cycles.

3.2.2.4 The effect of electricity consumption by the PSA unit.
Electricity consumption by the PSA unit has not been con-
sidered in the base case due to lack of data. The effect of this
assumption is tested here by comparing the impacts in the base
case with a low and high PSA energy consumption (331 and
724 kJ kg™' CO, adsorbed, respectively) reported in the litera-
ture.”® It can be seen in Fig. 9 that most impacts are unaffected
or increase only slightly when the PSA electricity is considered.
The exception to this is GWP, which is 20%-66% higher across
the SolLs. ADP fossil and AP also increase, by 11%-33% and
7%-49%, respectively. However, the environmental ranking of
the SoILs remains the same as in the base case.

3.2.2.5 The effect of end-of-life disposal of the spent SoILs.
End-of-life disposal of the SoILs has not been considered in

4110 | Green Chem., 2019, 21, 4100-4114

the base case due to lack of data. To find out if this exclusion
would affect the overall impacts, it is assumed in the sensi-
tivity analysis that the SolLs are landfilled as hazardous
materials. The results in Fig. 10 suggest that in that case the
effect on most impacts is negligible, except for FAETP and
MAETP which increase respectively by 17%-25% and 14%-
22% across the SolLs. HTP also increases by 10%-15% with
the exception of [Bmim|Br-80%, where it increases only by 2%.
Given a similar effect on the impacts of the SoILs’ end-of-life,
their ranking in terms of the environmental performance
remains the same as in the base case.

3.2.3 Comparison with other sorbents. The environmental
impacts of SolLs are compared to the room-temperature IL
[Pess14][124Triz], MEA, zeolite powder and activated carbon.
[Pess14][124Triz] has been selected here as one of the promis-
ing ILs for CO, capture®® and the MEA since this is the most
prevalent sorbent used in commercial CO, capture. Zeolite
powder and activated carbon are considered because they have
been widely reported as suitable, commercially available
adsorbents for CO, capture in PSA systems.’*™*' The terms
“zeolites” and “activated carbon” are generic names used to
designate families of materials that have similar composition
but different internal structures, pore sizes and surface areas;
therefore, average values of the adsorption capacity of different
zeolites and activated carbons have been calculated using the
adsorption capacities shown in Table 5.

The LCA impacts of both MEA and [Peee14][124Triz] per kg
of CO, captured have been sourced from Cuéllar-Franca et al.>*
The environmental impacts of the zeolite powder are from the
ecoinvent database and the data for the activated carbon are
from Bayer et al.*> The activated carbon is assumed to be pro-
duced from coal, which is the most prevalent feedstock for
activated carbon in industry.*? It is assumed that 99.997% of
MEA and [Pegee14][124Triz] is recycled in the process after
regeneration.”® The SolLs, zeolite and activated carbon are
assumed to undergo 500 adsorption/desorption cycles with
their respective adsorption capacities remaining constant over
their lifetime. The effect of the number of adsorption cycles
on the impacts is explored further below.

The environmental impacts of these four sorbents are com-
pared in Fig. 11 with [Ny444][Ac]-80% per kg of CO, adsorbed.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Effect of energy consumption by the PSA unit on the impacts of SolLs. (The low and high electricity consumption correspond to 331 and
724 kJ kg™t CO, adsorbed, respectively. For impacts nomenclature, see section 3.1.)
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Fig. 10 Effect of end-of-life disposal on the impacts of SolLs. (For impacts nomenclature, see section 3.1. EoL: end of life.)
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Table 5 CO, adsorption capacities of different activated carbons, zeolites, MEA, [Pgee141[124Triz] and [N44441[AcC]
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Fig. 11 Comparison of environmental impacts of different sorbents. (Assumptions: 99.997% regeneration of MEA and [Pges14l[124Triz] and 500
adsorption/desorption cycles for [N4444][Ac]-80%, zeolite and activated carbon. For impacts nomenclature, see section 3.1.)

This SoIL is considered for comparison because it has the
lowest impacts of all the SolLs considered in eight out of
11 categories.

The results suggest that, compared to [Pgge14][1247Triz],
[N4444][Ac]-80% has lower impacts for all the categories,
ranging from 4% lower ADP fossil to 76% lower FAETP. In
comparison with MEA, [Ny444][Ac]-80% has higher impacts,
except for HTP, MAETP and TETP, which are 97%, 15% and
19% lower than for MEA, respectively. The rest of its impacts
are between 9% (FAETP) and 17 times higher (ODP) than for
MEA.

Compared with zeolite powder, [N4444][Ac]-80% is a worse
option for 10 out of 11 impacts, ranging from 14% higher
MAETP to 55 times greater ODP. The latter is particularly high
for [N4444][Ac]-80% owing to the trichloromethane used in the
preparation of the anionic resin as well as the methyl iodide
used as a precursor in the synthesis of [Nj444][Ac]. On the
other hand, [Ny444][Ac]-80% has lower FAETP than zeolite.

4112 | Green Chem., 2019, 21, 4100-4114

[N4444][Ac]-80% is also less environmentally sustainable
than activated carbon for all four impacts available for the
latter: it has three times higher GWP, 25 times greater AP,
26 times higher POCP and 199 times greater EP (Fig. 11). The
reason for a particularly high EP is the phosphoric acid di-
atomite used as a catalyst in the production of isopropanol via
the direct hydration of propene. Since large amounts of isopro-
panol are needed to dissolve the cellulose, its effect on EP is
exacerbated.

The effect of the number of adsorption/desorption cycles
on the impacts is shown in Fig. 12 through the example of
GWP. As can be seen, [Ny444][Ac]-80% has a higher GWP than
activated carbon and zeolite powder for the same number of
cycles. However, it has a lower GWP than activated carbon as
long as it retains its adsorption capacity for at least 300 cycles
and the activated carbon for 100 cycles. Alternatively, the SoIL
would have to retain its adsorption capacity for at least 500
cycles in order to outperform zeolite powder if the latter only

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Effect of adsorption/desorption cycles on the global warming
potential (GWP) of [Ng4444][Ac]-80%, activated carbon and zeolite
powder.

lasts for 100 cycles. Fig. 12 also shows that [Ny444][Ac]-80%
has higher GWP than MEA across the number of cycles
considered.

4 Conclusions

This work has estimated for the first time the life cycle environ-
mental impacts of four novel cellulose-supported SoILs in
comparison with their pure counterparts and some conven-
tional CO, sorbents, such as MEA, zeolite and activated
carbon. The results indicate that the supported SolLs have
lower impacts per kg CO, adsorbed than pure SolLs in all
the impact categories. The only exception is [Nyggg|[Ac]-80%
which has higher impacts than the pure sorbent across the
categories, except for ADP elements, ODP and TETP. For all
four SolLs, raw materials are the main contributors to environ-
mental impacts.

All the supported SoILs have a net GWP below 1 kg CO,
eq. kg™' CO, captured, meaning that they remove more
CO, eq. than they generate. However, their net carbon
removal efficiency is 77%-83%. A similar trend is found
for the pure SolLs, but with a lower removal efficiency of
20%-76%. The only exception is pure [Ngggg|Br which
generates almost three times more CO, eq. for each kg it
removes.

[N4444][Ac]-80% is the best SoIL for eight out of 11 impact
categories. For the remaining three impacts, [Nygg5|[Ac]-75% is
the best sorbent for GWP and ADP fossil, while [Ngggg|Br-75%
outperforms the others for ODP.

In comparison to other CO, sorbents, the best supported
SOIL - [Ny444][Ac]-80% - is environmentally more sustainable
than [Pgee14][124Triz] but it has significantly higher impacts
than MEA, zeolite and activated carbon.

This journal is © The Royal Society of Chemistry 2019
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The results presented in this work can guide the further
development of environmentally more sustainable solid ionic
liquids for CO, capture. However, real data on the adsorbent
recyclability, operating conditions and unit operations
involved in the CO, capture by SoILs will be required to deter-
mine whether such processes can be environmentally more
sustainable than those using conventional sorbents, such as
activated carbon, zeolites or MEA. Furthermore, as SolLs have
a low CO, adsorption capacity, future studies should also
evaluate the economic sustainability of their potential com-
mercial application.
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