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Abstract: Permanent pores combined with fluidity renders flow processability to porous
liquids otherwise not seen in porous solids. Although, sequestration of different gases has
recently been shown in porous liquids, there is still adearth of studies for deploying in-situ
chemical reactionsto convert adsorbed gases into utility chemicals in this phase. Here, a facile
method for the design and development of a new class of solvent-less porous liquid
composite which, as shown for the first time, can catalyze the conversion of adsorbed
gaseous molecules into industrially relevant product, is shown. The recyclable porous liquid
composite comprising polymer-surfactant modified hollow silica nanorods and carbonic
anhydrase enzyme not only sequesters (5.5 cc g at 273 K and 1 atm) and stores CO,,but is
also capable of driving an in-situ enzymatic reaction for hydration of CO, to HCOj ion,
subsequently converting it CaCOj; due to reaction with pre-dissolved Ca*. Light and electron
microscopy combined with x-ray diffraction reveals the nucleation and growth of calcite and
aragonite crystals. Moreover, the liquid-like property of the porous composite material can be
harnessed by executing the same reaction via diffusion ofcomplimentary Ca*" and HCOj3 ions

through different compartments separated by an interfacial channel.



The escalating environmental degradation due to extensive greenhouse gas emissions from
anthropogenic sources is a major problem of the 21* century. Particularly, the rise in
atmospheric CO, levels has led to substantial global warming. International energy agency
(IEA) report suggests that the present CO, emissions are ~ 37 Gigatonnes/year,"' and going
by similar emission trends, in few years’ time this could lead to catastrophic environmental
changes. These changes can only be prevented if we could limit the global warming to a
maximum of 2°C."! Latest studies show that this can be achieved by following the IEA
projection for storage of 6000 million tonnes of CO, per year (MtCO,/year) by 2050." Carbon
capture and storage at the end of 2018 has been projected to be = 4-5 MtCO,/year, much
lower than the proposed storage guidelines.” The use of solid porous materials for gas storage
proves to be a potential technology to mitigate this problem. Therefore, in recent years,
various classes of porous solids such as carbon,’ metal-organic frameworks," amine modified
silica,” etc. have been developed for CO, capture and storage. Further, it can be envisaged to
reduce CO; by post-capture utilization/conversion to utility chemicals, however, the intrinsic
solid nature of porous solids remains a constraint in their implementation for continuous flow
industrial processes.

Liquids based on molecular amines, can be circulated easily in existing industrial
plants and are thus used for the post-combustion chemisorption of CO,, much in contrast to
solid adsorbents.’ However, separation of chemisorbed CO, from the amines is also
associated with higher energy penalties,” and therefore, impose severe limitations; total
thermal energy consumption for regeneration of CO, adsorbent from monoethanol amine
(MEA) adsorbate is 4.56 GJ/tonnes of CO,.* Further, all conventional liquids possess
transient and extrinsic micro-pores and hence cannot be used for gas sequestration. Hence, a
requirement for different type of porous liquids which possess permanent and intrinsic

porosity was envisaged in 2007, and since has been a hot topic in the scientific community.”



'> Microporous liquids with permanent porosity of = 1-3 A were shown for the first time by
dissolving crown-ether organic cages in sterically hindered solvent.'® Metal organic
frameworks and zeolites with microporous frameworks have also been employed as host
molecules in bulky ionic liquid medium to form another class of microporous liquids.'”*
Mesoporous liquids (pore size > 2 nm) comprising hollow silica particles or carbon surface
engineered with polymers have been recently shown to trap gaseous adsorbents. 2
However, all the above examples demonstrate porous liquids that can sequester different
types of gases, but, very few of them have been utilized for the deployment of a chemical
reaction for converting the adsorbed gases to utility chemicals. The major challenge is finding
a reaction suitable sterically hindered solvent, and also ensuring that the catalytic component
as well as the product does not occlude the pores. This motivated us towards developing a
benign and uncomplicated method for fabrication of a different class of multifunctional
porous liquid which not only reversibly sequesters, stores, but also can be used to deploy
chemical reaction for converting the adsorbed gases to non-hazardous products, thus, offering
significant technological advantages by coupling properties of fluidity, permanent porosity
with catalysis.

Variety of methods have been developed for the catalytic conversion of CO,,
however, green, biomimetic and economical route from carbonic anhydrase (a zinc

metalloenzyme) is one of the most promising of them.*”?*

However, native enzymes in their
aqueous solution are highly sensitive towards pH and higher temperature which restricts its
industrial usage in non-optimum conditions. Recently, solvent-free protein liquids (with
residual water = 1-2%) comprising stoichiometric protein-polymer surfactants bioconjugates

2931 Proteins in these

obtained by surface engineering of proteins have been shown.
bioconjugates exhibit a near native secondary structure, and an intact functionality, even at

150 °C. Using a similar approach, carbonic anhydrase enzyme can also be stabilized to act as



a catalyst for CO, conversion. Further, in conjunction with the catalytic properties of solvent-
less bioconjugated carbonic anhydrase, fluid-like and gas adsorption properties of a
mesoporous liquid (comprising anisotropic hollow silica nanorods®* covalently grafted with
organosilane followed by the electrostatic coupling with anionic polymer-surfactant) can be
deployed, to form a solvent-less porous liquid composite. The nanorods percolate at lower
concentrations as compared to spheres, thereby providing tuneability in viscosity of the
system at room temperature. Here, we show the design and development of a new class of
solvent-less porous liquid which combines catalytic activity of bioconjugated carbonic
anhydrase with the hollow cores of silica nanorods, to reversibly sequester, store (below the
glass transition temperature of material), and also catalytically convert carbon dioxide into
industrially relevant calcium carbonate. The process of calcium carbonate formation was
analysed using a combination of polarised optical microscopy, TEM, SEM and XRD. Such a
chemical transformation alters the pH and can be manually visualized by incorporating a pH
indicator dye which changes colour of the entire composite liquid. Further, the importance of
liquid like nature of this composite is shown by the diffusivity and reaction of complementary

ions across different compartment connected by a non-reactive channel.

Design and development of composite porous liquid (PoLi-bCA) comprising two
different core-shell conjugates i.e. hollow silica nanorods-polymer surfactant based porous
liquid (PoLi), and carbonic anhydrase enzyme-polymer surfactant (bCA), was done by
dispersing individual conjugates (see methods in SI for the synthesis on individual core-shell
conjugates) in a 10 mM phosphate buffer (pH = 5.8) to provide nanorod to enzyme number
ratio as 1:50 (Figure 1a). The mixture was subsequently homogenized by stirring for 12 h
and lyophilized at -60 °C for 48 h. The resultant lyophilized system was heated at 60 °C for
30 min to obtain a solvent-free porous liquid (PoLi-bCA) composite which could flow under

gravity at this temperature (right bottom inset, Figure 1a) and comprised =~ 3 %v/v and = 16



%v/v permanent voids/pore volume (from the silica nanorods) and bCA, respectively. It
should be noted that the fluid-like property of the porous liquid composite could be attributed
to the liquid-nature of polymer surfactant at room temperature. The transmission electron
micrographs of PoLi provided an average outer dimensions of rods = 185 x 30 nm, with a
hollow core of dimension = 70 X 10 nm (pore size = 15 nm across; TEM averaging of 50
nanorods), and indicated an amorphous shell structure (HRTEM, left inset) along with a
retained hollow core of the nanorods in the composite liquid, PoLi-bCA, obtained after
mixing with bCA (hydrodynamic diameter =~ 5.3 nm using DLS; SI Figure S4b). The
microstructure studies of the samples performed using small angle X-ray scattering (SI,
Figure S3) indicated correlation peaks at ¢ (A™) = 0.051 (PoLi), 0.035 (bCA), and 0.030
(PoLi-bCA) corresponding to a d-spacing (calculated using d = 2n/g) of 12.3, 17.9, and 20.9
nm, respectively. This suggested that the average centre-to-centre distance between the silica
rods increased on the inclusion of bCA during the synthesis of composite liquid. Another
correlation peak at ¢ ~ 0.134 A", corresponding to d =~ 4.7 nm, was evident for all the
samples, and was attributed to the centre-to-centre spacing between the polymer-surfactant
shell on the hollow silica rods or the carbonic anhydrase enzyme. The thermal transitions
associated with the composite sample were understood using differential scanning
calorimetry (DSC). The DSC curves from -70 °C to +70°C (Figure 1b) for the solvent-free
samples PoLi, bCA, and PoLi-bCA showed exothermic second-order glass transition
temperatures, T,, at -48 °C, -54 °C, and -56 °C, respectively. Upon further heating,
exothermic peaks at -6 °C, -16 °C,-22 °C, and endothermic peaks at 6 °C, 23 °C, 20 °C
corresponding to the crystallisation, 7, and melting, 7,, temperatures respectively, were
observed for PoLi, bCA and PoLi-bCA samples. This suggested that all the samples behaved
liquid-like at room temperature. In fact the temperature-sweep (25 to 50 °C) rheology

experiment performed at a constant shear rate of 1 s (Figure 1¢) showed that the viscosity of



the solvent-free composite liquid, PoLi-bCA was = 9.7 Pa.s at 25 °C which reduced
approximately to =~ 2 Pa.s at 50 °C, and was intermediate of the viscosities observed for PoLi
(4.8 Pa.s) and bCA (21.5 Pa.s), respectively at 25 °C. CO, gas adsorption measurements
performed on the PoLi at 0 °C showed an uptake of = 5.5 ccg™', which were lesser by a factor
of = 4 when compared to CO, uptake by the precursors for PoLi i.e., bare hollow silica
nanorods (SNR; 22 ccg™) or organosilane modified hollow silica nanorods (OS@SNR; 17
ccg™) (SI, Figure S2b). However, this confirmed the presence of accessible permanent pores
PoLi and was in accordance with previously shown studies.”> The PoLi-bCA sample showed
similar CO, uptake capacity (= 5 ccg™) at 0.03 P/P,, suggesting that inclusion of bCA did not
lead to blockage of tortuous pores in the amorphous silica walls rods and that the hollow core
was still accessible for CO, adsorption (Figure 1d); bCA showed adsorption (= 1 ccg™) by
itself. Furthermore, circular dichroism based secondary structural analysis of the enzyme in
PoLi-bCA showed a random coil confirmation exhibited by a negative peak at 198 nm (SI,
Figure S5). This was similar to the structure of carbonic anhydrase in the pure bCA sample
(SI, Figure S4) where it showed a prominent random coil signature with peak minima at 198
nm, thus suggesting retention of secondary structure of carbonic anhydrase after mixing with
PoLi.

The next logical step was to understand whether the PoLi-bCA composite liquid could
be used to sequester CO, gas from any high pressure discharging platforms, and further
ascertain its catalytic ability to convert CO, into other compounds. It was envisaged, whilst
the silica nanorods would sequester CO, in the previously depressurised hollow cores, the
carbonic anhydrase enzyme, would hydrate CO; to form bicarbonate ions. However for the
detection of bicarbonate ions, auxiliary component in the form of Ca** (= 450 nM CaCl,) was
introduced in the system (now labelled as PoLi-bCA/CaCl,), such that the hydrated CO,

results in the formation of calcium carbonate, CaCOs. The sequestration of CO; in the hollow



silica nanorods within PoLi-bCA sample was done using an in-house built set-up (SI, Figure
S6) for a period of 3 h at room temperature (Pi,= 3 atm). It was visually observed that bulk
sample, over a period of time showed an increase in opacity within the sample (Figure S6),
which prompted us to perform UV-vis transmittance studies. Figure 2a represents the
transmittance spectra using monochromatic Aya.x= 630 nm light recorded every 1 h (during the
purging of CO, @ P;, for a total of 3 h), and thereafter every 12 h (till 120 h), for PoLi-
bCA/CaCl, and all other control samples viz. bCA/CaCl,, PoLi/CaCl, and PS/CaCl,. During
the first 3 h of purging CO; in PoLi-bCA/CaCl, the transmittance decreased by =~ 20%, whilst
a relatively slower but =~ 69.5% decrease was observed thereafter (i.e. after removal of CO;
pressurisation), till 120 h. Meanwhile, in the case of bCA/CaCl,, the percentage transmittance
decreased at a faster rate of = 57 % in the first 3 h, and thereafter =~ 43% change was observed
in the next 20 h; there was negligible change in percentage transmittance afterwards. A
plausible explanation at this point to the decrease in %transmission could be associated to the
formation of carbonate complexes with Ca®" dispersed in the system. Closer inspection of the
data provided at least two distinct quasi-linear regions, before and after 3 h, associated with
the transmission changes. This could be attributed to the stoppage in CO, purging thus
affecting the rate of formation of CaCO; complexes. It was interesting to note that the control
samples viz. PoLi/CaCl, and PS/CaCl, did not show any remarkable change in the
transmittance with time, which could be attributed to the absence of carbonic anhydrase.
Overall the transmission studies suggested that during the first three hours, CO, was
sequestered in the hollow silica nanorods comprising PoLi-bCA/CaCl,, whereafter it was
slowly released over = 120 h (as compared to only =~ 20 h for bCA/CaCl,) for it to be
converted to larger complexes which scattered light. Control experiment involving no CO,
purging in PoLi-bCA/CaCl, (SI, Figure S7) showed no change in transmission values, thus,

asserting further that percentage transmittance decrease was only due to the conversion of



CO; to CaCOs due to bCA, a process that could be slowed down by having CO, trapped in
PoLi. To investigate the microstructure responsible for decrease in transmittance, time-
dependent polarized optical microscopy (POM) studies were performed at 30 °C on a droplet
of PoLi-bCA/CaCl,/CO, taken on a glass slide and sandwiched with a cover slip (Figure 2b-
g, SI Figure S8 and S9; Movie S1). Figure 2(b, c) represent the bright-field parallel and cross
POM images of PoLi-bCA/CaCl,, respectively. After sequestration of CO; for 3 h in PoLi-
bCA/CaCl, the POM images were captured at an interval of 12 h (Figure 2d, e) and 24 h
(Figure 2f, g). The micrographs clearly showed the emergence of particles with various
shapes like pseudo-cubical, and rod-like, which grew significantly in dimensions from = 14.7
%X 9.9 pm at 12 h to = 18.5 um x 13.25 um over 48 h (SI, Figure S8i). Interestingly, the
morphology of these particles resembled with the CaCO; crystals as reported in the

literature,33’3 4

thus suggesting the conversion of CO, to HCOs™ ion which subsequently
reacted with Ca’’ ions to form CaCOs; crystals. The decrease in transmittance of PoLi-
bCA/CaCl,/CO, over a period of time as shown in Figure 2a could therefore be attributed to
the formation of these CaCOs crystals. While similar POM studies (after sequestration of
CO,) for control PoLi/CaCl, (i.e. without bCA; SI, Figure S10) or PS/CaCl,, did not show
any evidence of particles (correlating well with the transmittance data), the POM for
bCA/CaCl, (SI, Figure S11 and S12) indicated the formation of pseudo-cubical shaped but
rather much irregular crystals, concluding that bCA was primarily responsible for CaCOs
formation. Time dependent POM studies performed on PoLi-bCA/CaCl, samples but without
passing CO; (SI, Figure S13) showed no indication of rhombohedral or rod-like CaCOs;
particles, however, a network of needle-like structures formed in 48 h (SI, Figure S13),
plausibly as a result of CaCl, crystallization. Thus it could be concluded, whilst the PoLi

successfully sequestered CO,, bCA catalyzed the conversion of slow releasing CO, into

CaCO; by the mechanism as shown in schematic, Figure 2h. The active site of bovine



carbonic anhydrase comprising Zn>" central metal ion is surrounded by four co-ordinating
ligands: three histidine residues (His 93, His 95 and His 118) and one H,O molecule. The
first step in the catalytic reaction involved deprotonation of Zn** bound H,O to form
nucleophilic OH , which attacks the incoming CO, in the second step which is followed by
the formation of Zn**-HCO; complex in the third step. Finally, the regeneration of the
enzyme/active site occurs with the simultaneous release of HCO3 ion as a result of addition
of water molecule from the residual reservoir.”>*® The HCO;  ions finally reacted with the
dispersed CaCl, (Ca®") resulting in the formation of CaCOj; crystals, plausibly having

- 37,38
pseudo-cubic structure.’”

In order to conclusively comment on the morphology and
crystalline structure of CaCO; crystals we further analyzed the samples using electron
microscopy and diffraction studies.

The resultant crystalline structures within PoLi-bCA/CaCl, sample before and after
passing CO, were examined using SEM, TEM, SAED and XRD characterization tools.
Figure 3a represents the characteristic SEM image of PoLi-bCA/CaCl,/CO, (i.e. after
passing CO,), whereby crystals having average dimensions of = 115 x 103 nm and plausibly
resembling rhombohedral calcite crystals could be observed.*®** A significant polydispersity
in size was observed with the largest crystal dimensions being ca. 350 x 305 nm (Figure 3a,
inset). Also, at certain areas within the sample, rod-like (length = 1.7 pm, width = 190 nm)
and sphere-like crystals (average diameter ~ 150 nm) (SI, Figure S14b, c), suggesting the
probable formation of aragonite and vaterite, respectively.***” SEM image of control sample,
PoLi-bCA/CaCl, with no CO, purged, did not show any CaCOj crystals, except the presence
of silica nanorods (SI, Figure S14a). In order to investigate the role of bCA, SEM for control

sample bCA/CaCl, after passing CO, (SI; Figure S15) showed the formation of aggregates of

pseudo-cubic and rod-like crystals. These results accorded well with our POM studies, and



confirmed that polymorphs of CaCOs; formed only in the presence of CO,, and further
substantiated the role of bCA as a catalyst for the conversion of CO; to CaCOs.

TEM images of PoLi-bCA/CaCl,/CO, (Figure 3b; SI, Figure S16) also depicted the
formation of different sizes of pseudo-cubical i.e., = 40 x 33 nm, 135 x 125 nm and 775 x
590 nm, and rod-like crystals of dimensions =~ 578 x 72 nm, suggesting the formation of

37,38,44.45
7384445 and accorded well

rhombohedral calcite and rod-like aragonite phase, respectively,
with our SEM data. The polydispersity in size could be attributed to the presence of different
nucleation sites providing crystal growth in an uncontrolled manner. The high resolution
TEM image of the pseudo-cubical crystal formed in PoLi-bCA/CaCl,/CO, provided a lattice
spacing of 0.28 nm corresponding to (006) plane of rhombohedral calcite crystal. The
formation of CaCO; crystal was also investigated from SAED pattern (Figure 3c). The
existence of bright spots indicated the crystalline nature of PoLi-bCA/CaCl,/CO,. SAED
pattern of the sample provided lattice spacing of 0.162 nm and 0.152 nm, corresponding to
(211) and (214) planes of calcite crystal, respectively. Significantly, such crystal structures
were not evident in the TEM micrograph of composite porous liquid not purged with CO,
(i.e. PoLi-bCA/CaCly; SI, Figure S16a), only showed the presence of hollow silica nanorods.
The XRD pattern (Figure 3d; SI, Figure S17) of PoLi-bCA, PoLi-bCA/CaCl,, PoLi-
bCA/CaCly/CO, were also recorded to identify different crystal structures. PoLi-bCA showed
amorphous structure due to the presence of polymer and silica (correlating well with the
scattering halo seen in SAED up till 4 nm™), whereas, after addition of CaCl, i.e., PoLi-
bCA/CaCl,, the XRD pattern showed crystalline peaks at 20 = 28.42°, 40.67°, 50.34°, 58.79°,
66.43° and 73.81°, that were attributed to (200), (220), (311), (400), (331) and (042) lattice
planes of CaCl,, respectively (JCPDS#74-0522).*® The 20 values corresponding to CaCl,

lattice planes were summarized in Table S1, SI. Control XRD of PS/CaCl, sample (SI,

Figure S17) showed similar peaks to that of PoLi-bCA/CaCl, thereby confirming the



existence of CaCl, lattice planes. However, after the sequestration of CO,, i.e. PoLi-
bCA/CaCly/CO, sample showed several sets of prominent peaks. One set of peaks at 20 =
23.33°% 29.29° 31.23° 35.93° 39.66°, 42.99°, 47.82°, 48.40°, 48.94°, 56.72° and 60.70°
corresponded to (012), (104), (006), (110), (113), (202), (024), (018), (116), (211) and (214)
planes of CaCOs calcite crystal, respectively (PDF#05-0586).43 Meanwhile, the other set of
peaks observed at 20 values 26.33° 33.47° 37.04°, 41.47°, 45.22°, 50.69°, 52.99°, 53.47°,
59.47°, 60.25° and 63.78° matched well with the (111), (012), (031), (131), (221), (132),
(231), (023), (311), (051) and (151) lattice planes of aragonite crystal, respectively (PDF#41-
1475; S, Figure S17).*° The existence of vaterite crystals were also identified with respect to
the peak positions observed at 26= 20.89°, 32.89°, 38.95°, 40.89°, 42.02°, 50.20°, 51.28° and
68.39° indicating the presence of (004), (114), (211), (116), (213), (118), (220) and (228)
lattice planes, respectively (PDF#33-0268; SI, Figure S17).* All the lattice planes
corresponding to CaCOj crystal structure were summarized in Table S2, SI. Time dependent
XRD data comparisons (SI, Figure S18) of PoLi-bCA/CaCl, composite liquid, before and
after being purged with CO, for 3 h, indicated gradual appearances of all the above-
mentioned peaks (indexed to different polymorphs of CaCOs) at different 20 values, which
further grew in intensity over 24 h. Thus, it indicated that although CaCOj; nucleation was
fast, however, a slow growth occurred over 24 to 48 h, which was consistent with the POM
and turbidity data. This provided thorough and direct evidence that the composite porous
liquid, PoLi-bCA/CaCl,, acted as a potential catalyst for the conversion of CO; to CaCO;.
Further, we could recycle PoLi-bCA catalytic liquid by dissolving it back in water,
centrifuging down micron-sized CaCOs at 500 rpm, taking the supernatant (comprising
dispersed nanoconjugates) and lyophilizing after adding requisite amount of CaCl,. The
recyclability experiments were performed by sequestering CO, in the recycled PoLi-

bCA/CaCl, for 10 minutes followed by time-dependent monitoring the formation of CaCOs



using POM (S, Figure S19). In the first re-cycle, micron-sized CaCOj crystals formed within
12 h, whereas for 2™, 3 and 4™ re-cycles, it took 24 h, 48 h and 60 h respectively. These
studies depicted the high efficiency of the catalyst PoLi-bCA/CaCl, which can be used
effectively over 4 cycles. Moreover, CO; storage in PoLi-bCA/CaCl, porous liquid composite
could also be activated by reducing the temperature of the system, below its 7, of =50 °C,
after sequestration with CO,. At these temperatures the formation of CaCO; was totally
quenched (SI, Figure S20). This occurred as a result of trapping/permanent storage of CO,
(monitored over 48 h) within the hollow cores of silica nanorods which were now covered
with a glassy, immobile and impenetrable layer of PS, below the 7,. Increasing the
temperature back to room temperature melted the PS chains, thus reinitiating the release of
CO; from the hollow cores, and the subsequent bCA mediated catalytic conversion to CaCOj3.

The conversion of CO; to HCO3' is accompanied by a change in pH of the system. In
comparison to porous solids it is expected that PoLi-bCA/CaCl, porous liquid composite
would show faster mass transfer/diffusion of the molecules between bulk and surface,
dispersed within the system. Therefore, one can envisage to visualize the process of pH
change by incorporating a pH sensitive amino-dye, Neutral Red (NR), in PoLi-bCA/CaCl,
system. The pH of PoLi-bCA/CaCl,/NR sequestered with CO, had a pH = 5.5, and therefore
NR exhibited a red colour as seen in POM image shown in Figure 4a. Over a period of 48 h,
as the CO; catalytically converted to HCO;™ and further slowly into CaCOs crystals (Figure
4b and inset), the pH of the sample changes to 7, with simultaneous change in colour of NR
to yellow from red. Colour transition of PoLi-bCA/CaCl,/NR bulk samples in a glass cuvette
was also monitored using UV-visible spectroscopy at 30 °C before, and at regular time
intervals after sequestering CO, (Figure 4c). Strong absorbance peak at Ay.—= 544 nm
(protonated NR) along with a low intensity peak at 460 nm (unprotonated NR) was seen

before and after 0 h of passing CO,.”” However, a blue shift from 544 nm to 532 nm was



observed within 24 h, which could be attributed to the decrease in protonation of NR as the
pH approached 6.°” After 48 h as the micron-sized CaCOjs crystals appeared, and resulted in
increased background scattering, the peak at 532 nm nearly disappeared, whereas 460 nm
peak exhibited blue shift of 10 nm. The peak at 450 nm emerges due to the existence of
neutral form of NR dye, which confirmed an increase in pH to 7 in the PoLi-
bCA/CaCly/NR/CO; due to the formation of CaCO;, and concurrent with the change in
colour of NR from red to yellow. This experiment, therefore, served as a potential proof of
concept in terms of a visualization methodology for the conversion of COjinto a useful
material.

In order to validate and harness the advantage of liquid-like nature of our composite
material, we sought to investigate whether similar CaCOs formation and the associated pH
changes could be achieved by the diffusion of complimentary ions (viz. the generated HCO3
and auxiliary Ca’") separated by a permeable boundary? Therefore, an experiment was
designed by creating an interface between two liquid droplets: one comprising PS/CaCl,/NR
and the other one PoLi-bCA/CO,. A PDMS mould (Figure 4d) with two circular
compartments (diameter of each = 4.3 mm) connected by a narrow rectangular slit (length =
3.3 mm, width = 1.0 mm) was fabricated. The left compartment was filled with PoLi-
bCA/CO,, while the red coloured PS/CaCl,/NR was filled in the right compartment, with
both materials meeting in between the slit. The mould was sealed with glass cover slip and
the time dependent changes in both the compartments as well as the interface were monitored
using POM at 30 °C (Figure 4f-i; SI, Figure S21). It is expected that the diffusivity of Ca®"
(right-side compartment) and HCO;™ (formed in the left compartment) will be much higher
than that of NR (right compartment) and therefore, an appreciable pH induced colour change
from red to yellow/ or formation of CaCOs would be seen at interface. Significant changes in

the parallel POM showing the colour and texture at the interface were only observed after 48



h (compare Figure 4f, h), whereas cross-polarized micrographs (Figure 4i, and inset)
showed the formation of CaCOs calcite crystals. POM of the right-side compartment
(PS/CaCly/NR; SI, Figure S21c-f) even after 48 h showed no significant changes from the 0 h
data (pink colour and no crystals), which asserted that the diffusivity of HCOj ions was slow
and not completed within 48 h. Significantly, POM of left-side compartment (PoLi-
bCA/CO,), indicated the formation of CaCO; crystals after 48 h (SI, Figure S21k-n),
suggesting that Ca®" ions diffused faster from the right to left compartment through the
narrow slit interface and reacted with HCO;™ ions to form CaCOj; crystals, however, the
number density of crystals was much lower than at the interface. The higher diffusion (D) of
Ca’" (a= 100 pm) compared to that of HCOs™ (¢ = 156 pm) ions by a factor of = 2.3 times
(calculated using Stokes-Einstein relation D = kT/6wna) was attributed to the lower viscosity
of right side compartment (s°c for PS/CaCl,/NR = 7.1 Pa.s) compared to left side
compartment (#,5°c for PoLi-bCA/CO,~ 10.3 Pa.s) (SI, Figure S22).

To summarize, we report a novel and facile method for the fabrication of solvent-less
and porous liquid composite, PoLi-bCA, by mixing polymer surfactant conjugated hollow
silica nanorods and bioconjugated carbonic anhydrase enzyme. Whilst the hollow silica
nanorods provide an intrinsic, permanent, and accessible mesoporosity for CO, sequestration
(at 0 °C/0.03 P/P, and 30 °C/0.03P/P,) and storage (at -60 °C i.e. below the T,), bCA acted as
a catalyst for the conversion of slowly releasing CO, to HCOj ions, which were detected in
the form of CaCO; by the addition of auxiliary CaCl,. The formation of CaCOj resulted in
decreased transmittance of the composite liquid by =~ 75% over 120 h, however, in absence of
hollow silica nanorods the percentage transmittance decreased = 75% in only 24 h i.e., at a
much faster rate, suggesting that the hollow rods trapped the CO,and released it slowly into
its environment. Light and electron microscopy confirmed the formation of rhombohedral

calcite and rod-like aragonite CaCO; crystals, whereas XRD pattern also indicated the



formation of vaterite, other polymorph of CaCOj;. This material was shown to be recyclable
upto 4 times with considerable activity of bCA retained. Furthermore, since the CO; to
CaCOs; conversion is associated with a pH change from = 5 to = 7, it could be visually
identified by the red to yellow color transition of the auxiliary pH indicator dye. We also
harnessed the liquid-like nature of the composite by demonstrating the diffusion of
complimentary ions responsible for CaCOs3 formation through two different compartments
kept in contact using a narrow channel. We believe to the best of our knowledge, this is the
first example of facile fabrication of such a solvent-less composite porous liquid which not
only acts as a adsorption and storage medium for CO,, but also act as a reaction media in
which adsorbed gases can be catalytically converted to non-hazardous and utility chemicals,

and thereby offers a new route towards sustainable development.

Experimental

Synthesis of solvent-less liquid composite (PoLi-bCA) comprising polymer-surfactant coated
hollow/porous silica nanorods (porous liquid; PoLi) and bioconjugated carbonic anhydrase
(bCA):

The solvent-less liquid composite PoLi-bCA was prepared by mixing 700 mg of PoLi and
336 mg of bCA (number ratio of PoLi and bCA = 1:50) in phosphate buffer (10 mM, pH =
5.8) and stirred for 12 h. Thereafter, the solution was lyophilized to remove water and heated
at 60°C to achieve PoLi-bCA composite liquid, which was sealed and used for further
experiments.

Characterization of sequestration, storage and catalytic conversion of CO, to CaCOj in
solvent-less composite liquid, PoLi-bCA:

The sequestration of CO; in PoLi-bCA composite was carried out using an in-house built set-

up. Subsequent storage of CO; could be achieved by reducing the temperature below the 7,



of the system, while the catalytic conversion to bicarbonate ions studies and its detection in
the form of CaCO;was performed by adding auxiliary Ca*" ions.”” A sample comprising 1000
mg of PoLi-bCA and 0.1 mg CaCl,.6H,0 (456 nM) was dispersed in 2 mL phosphate buffer
(10 mM, pH=5.8) and stirred for 3 h. The mixture was then lyophilized for 48 h, followed by
heating at 60 °C to obtain solvent-less composite liquid, PoLi-bCA/CaCl,, which was finally
taken for CO, sequestration. In a typical sequestration experiment, 1000 mg of PoLi-
bCA/CaCl, was taken in a cuvette and de-evacuated at 60 °C for 10 h. After that, the sample
was sealed properly and CO, was sequestered at 3 atm pressure into PoLi-bCA/CaCl,
through a syringe needle for 3 h at room temperature (SI, Figure S6). Simultaneously, another
needle was inserted into cuvette as an outlet to release the excess pressure. After the CO, had
been sequestered in the sample, the inlet and outlet needles were taken out, sample was
tightly sealed and the percentage transmittance was measured using UV-visible
spectroscopy’’ at regular interval of time. The formation of CaCO; decreased the
transmittance of PoLi-bCA sample at A,,=630 nm.?’ Three different solvent-less liquids for
control studies viz. bCA/CaCl,, PoLi/CaCl, and PS/CaCl, were prepared similarly as
discussed above, and used for CO, sequestration, followed by transmission studies. Control
experiments were also performed for PoLi-bCA/CaCl, (with no CO; purged).

Time dependent POM studies were performed before and after passing CO; for PoLi-
bCA/CaCl,, bCA/CaCl, and PoLi/CaCl, over a period of time at 30 °C to investigate the
formation of CaCOs crystals. The POM studies were carried out by drop casting the solvent-
less liquid samples on a glass slide kept in a temperature controlled Linkam stage. Moreover,
for investigating the storage of CO; in PoLi-bCA/CaCl,, temperature dependent POM studies
were carried out immediately after passing CO,. The storage experiments were performed at -
60 °C since the glass transition temperature of the composite liquid PoLi-bCA was found to

be -56 °C at which permeability of gases through the sample was ceased. Liquid nitrogen was



connected to the Linkam stage for maintaining constant cooling rate. XRD, SEM and TEM
were also recorded (before and after passing CO,) to investigate the formation of calcium
carbonate crystals.

Visual observation of catalytic conversion of CO,using a pH sensitive dye:

The after-effect of the sequestration of CO, in the composite liquid sample comprising Ca*"
ions, i.e. PoLi-bCA/CaCl,, was in the form of slight increase in turbidity of the sample
associated with the formation of CaCO; that were observed using POM. However, for
achieving a facile method of observation, a pH dependent dye, Neutral Red (NR), was
introduced in the system. The pH of PoLi-bCA/CaCl, freshly sequestered with CO, is = 5.8,
however, with time as the formation of CaCOs3 occurs, the pH tends to increase. Such a pH
increase viz., the catalytic conversion of CO,, can be visualized by the colour transition of
NR from red to yellow with change in pH from 6 to 8. For this typical experiment, 0.01 mg of
NR dye (0.001 %w/w of PoLi-bCA/CaCl,, 34.6 nM) was dispersed in 1000 mg of PoLi-
bCA/CaCl;, to form red coloured composite liquid termed as PoLi-bCA/CaCl,/NR. The
sequestration of CO; in PoLi-bCA/CaCl,/NR was carried in a sealed cuvette for 3 h in a
similar manner as mentioned above. Apart from visual observations of red to yellow colour
transition, POM experiments were also carried out by drop casting PoLi-bCA/CaCl,/NR/CO,
in a glass slide immediately after passing CO, for 3 h and keeping in Linkam stage to
maintain the temperature at 30 °C. UV-vis studies (before and after sequestration of CO, in
PoLi-bCA/CaCl,/NR) were also performed from 400-600 nm at regular intervals of time and
30 °C, by sandwiching a thin layer of sample in between two quartz plates (path length= 0.01
mm).

Deploying reaction in Porous Liquid by Diffusion of Reactive Components.

In order to highlight the advantage of the liquid nature of the composite material the CaCOs3

formation reaction was deployed by separating the complimentary reaction components in



two different compartments interfaced using a channel. The diffusivity of ions viz.
bicarbonate ions (HCO;") formed by the hydration of CO, (1 compartment), and the Ca®*
ions (2™ compartment) was observed across the two different compartments (size ~ 4.3 mm)
separated by a narrow slit (length = 3.3 mm, width = 1 mm) made on a transparent PDMS
mould. In the left compartment, PoLi-bCA/CO, (after passing CO, for 3 h) was drop casted
and the right compartment was filled with a drop of PS/CaCl,/NR which was prepared by
mixing 100 mg PS, 0.01 mg CaCl, (45.6 nM) and 0.001 mg NR (3.46 nM), and an interface
was created between both the liquid droplets in the narrow channel. The PDMS mould was
immediately sealed with a glass cover slip and the pH changes/formation of CaCOj crystals
at the interface, right and left compartments were monitored by POM at regular time

intervals.

Supporting Information
Supporting Information (SI) is available seperately.
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Figure 1. (a) Schematic representation of the method of fabrication of solvent-less porous
liquid composite PoLi-bCA by mixing different core-shell conjugates, polymer-surfactant
coated hollow silica nanorods based porous liquid (PoLi) with bioconjugated carbonic
anhydrase (bCA; size 5.3 nm) in a solution at 1:50 number ratio, followed by lyophilization
and heating at 60°C. The solvent-free composite had intact silica rods (TEM) with well-
defined amorphous shells (HRTEM, top inset), and shows liquid-like flow behavior (snapshot
of PoLi-bCA sample vial, bottom inset); (b) DSC of PoLi, bCA, PoLi-bCA showing
endothermic melting, exothermic crystallization, temperatures, respectively, and a second
order glass transition temperature; (c) Temperature sweep rheology experiment performed
from 25 °C to 50 °C at constant shear rate of 1 s™ providing viscosities of PoLi, bCA and
PoLi-bCA (d) CO; adsorption profile of PoLi, bCA and PoLi-bCA at 0.03 P/P,.
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Figure 2. UV-Vis transmittance and bright-field POM studies (a-g): (a) Time-dependent
transmittance spectra of PS/CaCl,, PoLi/CaCl,, PoLi-bCA/CaCl,, bCA/CaCl,obtained after
passing CO, in all samples for 3 h at room temperature, shows a decrease in transmittance for
the bCA containing samples due to conversion of CO, to CaCOs crystals; (b, ¢) Bright-field
parallel and crossed POM images of PoLi-bCA/CaCl, (control, i.e. before passing CO,)
respectively, (at 30 °C); (d-g) Time-dependent bright-field parallel and crossed POM images
of PoLi-bCA/CaCl,recorded at 30°C after (d, €) 12 h and (f, g) 24 h respectively, of passing
CO,, showed the formation of micron-sized pseudo-cubical along with rod-like crystals. The
average dimensions of the crystals grew over 24 h. Mechanism of carbonic anhydrase
conversion of CO, to carbonate (h):>>® VMD representation of the active site of bovine
carbonic anhydrase (PDB file: 1V9E) comprising of Zn®" metal ion surrounded by three
histidine residues (His 93, His 95 and His 118) and one H,O molecule.
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Figure 3. (a) SEM image of PoLi-bCA/CaCl,/CO, sample showing the formation of quasi-
cubical crystals of dimension = 115 x 103 nm (inset, Figure 3a represents bigger crystals with
dimension ca. 350 x 305 nm); (b) TEM image of crystals centrifuged from the same sample
showingdimensions of = 40 % 33 nm (inset, Figure 3b shows the HRTEM image of a quasi-
cubical crystal having lattice spacing of 0.28 nm corresponding to (006) plane of CaCO;
calcite crystal); (c) Characteristic SAED pattern of crystals seen in TEM indicating the
presence of lattice planes (211) and (214) corresponding to CaCOjs calcite crystal; (d) XRD
pattern of crystals centrifuged from PoLi-bCA/CaCl,/CO, showing the presence of peaks
corresponding to CaCOs calcite crystals; control samples show absence of these.
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Figure 4. (a, b) Bright-field parallel POM image of a droplet of PoLi-bCA/CaCl,/NR/CO,
sample (a) at 0 h and (b) after 48 h, showing color transition of neutral red (NR) dye from red
to yellow due to change in pH from 5 to 7 (inset, Figure 4 (a, b) represent the corresponding
cross POM image, where after 48 h the formation of CaCOj; crystals can be observed). Top,
inset, Figure 4 (a, b) shows snapshot of litmus paper and the associated pH difference
between a drop of PoLi-bCA/CaCl,/NR/CO; at 0 h (pH = 5) and after 48 h (pH = 7),
respectively, due to formation of CaCOj crystals (standard pH color code bar also shown in
the inset to identify pH transitions); (c) UV-visible spectra of PoLi-bCA/CaCl,/NR before
and after passing CO; at different time interval (0 h, 24 h and 48 h); (d) Snapshot of a PDMS
disk having two hemispherical compartments connected with each other by a narrow slit
forming the interface. (¢) Scheme shows that right compartment contains a mixture of
polymer surfactant (PS), CaCl, (0.01 %w/w of PS) and NR dye (0.001 %w/w of PS), whereas
the left compartment comprises of PoLi-bCA/CO,. (f-i) Bright-field parallel and cross-
polarised images of the interface at (f, g) 0 h and (h, 1) 48 h (inset, Figure 4ishows the
corresponding cross-polarised image at higher magnification) Comparison of 0 h and 48 h
images indicate a slight colour change and the simultaneous formation of CaCOs crystals



