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Graphical abstract

Porous biomimetic Crystal growth
CaCO,

Highlights

e Calcium carbonate (CaCOs) was prepared using cork as template agent.

o Pyrolysed cork powder was infiltrated with calcium precursor and thermally treated.
e CaCOs shows hierarchical porosity — at micro and nanoscale level.

o Material showed highest surface area ever reported for plant-based template CaCOs.

e Cork-derived CaCOs suitable for environmental remediation (pollutants adsorption).

Abstract

Calcium carbonate has many applications in different fields; its use in environment remediation
particularly considered, due to its non-toxicity and potentially high efficiency. The structure,

morphology and surface features of calcium carbonate can greatly affect its performance.



Hierarchical porosity, in particular, can be beneficial for several functional properties. In this
study, we report the synthesis of biomorphic calcium carbonate using a sustainable template agent
—waste cork powder. Pyrolysed cork powder was infiltrated by an appropriate calcium-containing
salt and successively thermally treated. Selected precursors, different impregnation-solution
concentrations and thermal conditions were tested. The resulting materials were characterised by
XRD, Raman spectroscopy and SEM. Surface area and porosity features were studied by BET
analysis, with a detailed study on the effect of synthesis on the mesoporosity of the materials,
average sizes varying between 4-15 nm. The most valuable results were achieved with calcium
acetate followed by pyrolysis performed for relatively short time period. This maintained the
porous 3D honeycomb cork structure made of ~20 um hexagonal cells, while consisting of highly
mesoporous single-phase CaCOs. Such samples showed the highest surface area ever reported for
CaCOs prepared using a plant-based template; moreover, it also exhibited a dual-scale hierarchical
porosity as, in addition to micrometer scale cellular macroporosity, it contained a significant
mesoporosity in the cell walls, with a very narrow range of 3.6-3.9 nm.

These promising characteristics enable the potential employment of cork-derived CaCOs for

environment remediation.

Keywords: calcium carbonate; cork; porosity; biomimetic; environment remediation.



1. Introduction

Calcium carbonate (CaCOs3) is a very important mineral compound. It is present in many living
organisms, and its functions include structural support (i.e. bones) and protection (i.e. shells) [1].
This compound also has many industrial applications, for instance as a filler for plastics, paper or
rubber, or in building materials [2]. Calcium carbonate usage for environment remediation is
considered with growing interest, as CaCOs is quite biocompatible, and hence it does not pose a
threat to any species [3]; CaCOs-based materials can in fact be employed for removal of both
heavy metals or organic pollutants [4,5]. For this purpose, CaCOs3 can also be used in a composite
with other materials [6-9].

In addition to this, CaCOs is also one of the possible calcium sources in the preparation of
calcium phosphate materials such as hydroxyapatite [10,11], widely used for both environment
remediation and bone replacement. In comparison with other calcium sources, the use of carbonate
has the advantage that it is possible to obtain carbonated hydroxyapatite, which resembles more
closely the composition of human bone and, therefore, shows improved biocompatibility [12].

Porosity, morphology and surface area are key issues, which can affect the properties of
materials; indeed, the literature reported examples of enhanced pollutants removal achieved by
highly porous CaCOs [2]. CaCOs exhibiting hierarchical porosity — pores with dimensions in
distinct ranges, such as micro and nanoscale — showed enhanced functional properties [13,14].

Natural template agents can be employed to prepare materials with an ordered structure as
well as tailored porosity; wood-derived ceramics, in particular, have received increasing interest
due to the interesting properties of the prepared ceramics [15]. If the natural template source is
sustainable, these are also known as ecoceramics (environmentally conscious ceramics) [16].

Despite the potential of wood-based template agents, however, the majority of studies were



performed on SiC-based ceramics [15]. Regarding CaCO3 materials, very few investigations have
been reported in the literature [17,18].

Considering different types of wood, cork is a material with particularly interesting structure and
properties. Cork is the bark of the oak tree Quercus suber L. and its main components are suberin
(about 45 %) and lignins (about 22 %). At a microstructural level, it is formed of cells in a
hexagonal honeycomb shape in the radial direction, and rectangular in the transverse directions,
with average dimensions of about 15-20 um and 40-45 um, respectively. The thickness of the
walls of the cells is 1-1.5 um; moreover, they are crossed by channels with a 100 nm diameter
[19]. Due to this microstructure, cork-derived materials are very porous and show high surface
area. In addition to these advantages, it must be remembered that cork is also sustainable, as the
bark is harvested every 9-13 years without harming the tree, which lives on as a carbon sink with
a productive life of around 200 years [20]. As such, cork is a truly sustainable source, and optimal
to be employed as a biomimetic natural template for the growth of porous materials.

Some investigations were recently performed on the preparation of cork-derived ecoceramics;
indeed, various biomorphic ceramics including ferrites, silicon carbide, ceria (CeO2) and zinc
oxide were prepared using cork as template agent [21-25]. These studies led to interesting results,
showing the potential of cork as an effective template agent to obtain materials with high porosity
and an ordered microstructure.

In this work, we report a study on the preparation of CaCOs3 using cork as template, different
water-solubilised calcium precursors (nitrate, acetate and lactate) as inorganic post-pyrolysis
impregnating agent and different thermal treatments (air calcination or inert-atmosphere
pyrolysis). The cork used in this work was a waste cork powder, adding an additional factor of

sustainability in the valorisation of this sustainable template; such powder was pyrolysed, to



convert it into graphitic carbon, and successively infiltrated with the calcium precursors. Samples
were characterised with various techniques, to determine their phase composition, morphology

and macro/microporosity features.

2. Experimental section

2.1 Pyrolysis of the cork powder

Cork waste powder was supplied by Amorim Cork Composite (Mozelos, PT). The average
dimension of the particle size was in the range 200-400 um; the cork had previously been treated
in hot water (100 °C), a standard industrial process aimed at obtaining a uniform and regular
structure.

The cork powder, placed in graphite crucibles, was initially pyrolysed using a Nabertherm
RHTH 120-600/16 horizontally-designed high-temperature tube furnace. Prior to the pyrolysis,
high vacuum conditions were realised via turbomolecular pump; successively, the pressure was
raised to standard atmospheric conditions through a flow of oxygen-free nitrogen. Inert gas flow
was maintained during the whole pyrolysis process. The heating sequence of pyrolysis was as
follows: i) a heating ramp from room temperature to 700 °C at a rate of 5 °C/min; ii) heating ramp
from 700 °C to 900 °C at a rate of 1 °C/min; and then iii) 30 minutes dwell at 900 °C. The furnace
was successively naturally cooled down at room temperature. The as-obtained pyrolysed cork was
entirely black in colour. These conditions were chosen considering previous work performed on
the pyrolysation of cork [25]; indeed previous experiments showed that a full graphitisation only
takes place for T > 700 °C. Moreover, the use of a different inert gas (i.e. argon) led to a material

with the same features.

2.2 Chemical conversion of the cork powder into calcium carbonate/oxide



To convert the pyrolysed cork powder into calcium carbonate, a strategy of impregnation with
different calcium salts was realised. Briefly, 25 mg of cork powder were dispersed into an aqueous
solution of a calcium-based salt (either nitrate, acetate or lactate), and afterwards the solvent was
removed under vacuum conditions with a water-bath rotary evaporator; the evaporation was

performed at 80 °C.

Asreported in Tables 1 and 2, different Ca:C molar ratios were tested, by assuming the pyrolysed
cork powder to be pure carbon; the calcium solution volume used was always 15 ml. Thereafter,
the powder was dried at 45-60 °C overnight, and successively either calcined in air or pyrolysed,
as listed in Tables 1 and 2. In all cases the heating ramp was 1 °C/min.

For selected samples, the Wc weight gain percentage after the infiltration and the pyrolysis

stages was calculated according to the formula:

W ,
W, = %xlOO
l

where Wi is the initial weight of the pyrolysed cork powder and Wr is the final weight of the

powder, either after the infiltration or after the infiltration followed by the thermal treatment.

2.3 Characterisation

Phase composition of the samples was determined through X-ray diffraction (XRD), using a
Rigaku Geigerflex D/max C-series, with Cu K-a radiation. The diffraction patterns were acquired
at a speed of 3°/min, with a step 0.02°, between 5 and 80°. Crystalline phases were identified using

the JCPDF standard files 00-019-0199 (CaC4HsO2x0.5H20), 00-005-0586 (CaCOs, calcite), 00-



37-1497 (Ca0) and 01-073-5492 (Ca(OH)2) [26,27]. Crystallite size were calculated using the
Schrerrer equation, considering the (104) calcite peak, for 20 = 29.41 °.

Raman spectra were taken with a Horiba MicroRaman Xplora (laser at 532 nm, power 0.125
mW cm?), while a JASCO-6300 spectrometer was used for the FTIR measurements.
Thermogravimetric and differential thermal analysis (TGA/DTA) were performed using SDT
Q600 equipment (TA Instruments), with a nitrogen flow rate of 100 ml/min and a heat ramp of 5
°C/min.

The powders’ morphology was studied using scanning electron microscopy (SEM, Hitachi S-
4100) with 25 kV voltage. Prior to the analysis, samples were coated with gold. The surface area
of each sample was measured by a Micrometrics Gemini VII Surface Area Analyzer (Micrometrics
Instruments Corp., Norcross, GA, USA), using N2 as adsorbate and outgassing the samples at
120°C. The adsorption/desorption isotherms were measured, and the specific surface area (SSA)

was determined according to the BET method.

3. Results and Discussion

3.1 Preliminary tests

Some preliminary infiltration experiments were performed using an aqueous solution of calcium
acetate or calcium nitrate, with a Ca:C molar ratio of 1:1. The infiltrations were performed by
evaporating the water under vacuum. Previous studies had already shown the effectiveness of the
infiltration action, using this protocol [21,25]. Reasonably, high vacuum conditions ensure the
effective removal of air entrapped in the pyrolysed powder, promoting the infiltration of the
solution into both the microsized pores of the cells and nanosized ones of the cell walls. Three

infiltration cycles were performed, to ensure a significant weight gain [24]. Finally, as summarized



in Table 1, each sample was alternately exposed to further thermal treatment, that is calcination in
air or a nitrogen atmosphere-based pyrolysis, both at 700 °C. These two gases were chosen as they
could lead to different reactions paths, between calcium, carbon originating from the pyrolysed
cork and the inorganic residue of the precursor salts, essentially directed by a mass effect. No
carbon-containing gas (i.e. CO2) was used for the thermal treatment; this was done to assess
whether the calcium carbonate could be formed from just the residual carbon from the precursor
salts and/or the pyrolysed cork, without any additional gaseous carbon source.

In Figure 1(a-e) the XRD patterns and SEM micrographs of calcium acetate-processed
materials are reported. XRD data show that different phases were formed according to the gas
employed; air (CaAc_cal, line A), in fact, promotes the formation of CaCOs (calcite), which is the
main component, with Ca(OH)2 as a secondary phase. These results indicate that the calcium from
the acetate tends to react with the carbon present in the system — in this case, the carbon sources
are both the pyrolysed cork and the acetate counter-ion. The CaCO3; formed here is reasonably
crystalline; the reaction with the oxygen from the air also takes place, but to a lesser extent, and
forms Ca(OH)a.

When inert pyrolysis is performed (CaAc_pyr, line B), on the other hand, the only phase
detected is CaCOs. This indicates that only the reaction with carbon takes place, with no direct
reaction between oxygen and calcium. The CaCOs produced was more crystalline than that
observed for CaAc_cal. SEM images of CaAc_cal show that under calcination the cork
morphology is completely lost (Figure 1 (b)).

The needles/plates, typical of Ca(OH)2 formation, are not observed; indeed the XRD indicated
that this sample proportionately does not contain large amount of Ca(OH)2. At higher

magnification, more regular morphologies made by larger (about 500-700 nm) polyhedral crystals



of monodisperse size can be observed (Figure 1(c)). This explains the relatively high degree of
crystallinity for the CaCOs phase. For CaAc_pyr (Figure 1(d-e)), on the contrary, some residual
cork structure can be observed; in fact, some cells of about 20 um diameter are present, with thin
cell walls. This can be seen more clearly in the micrograph with higher magnification (Figure 1(e)).

Figure 1(d), however, also shows that in some areas the cells’ structure is not maintained.

XRD analysis and SEM investigations of samples obtained by cork impregnation with calcium
nitrate are reported in Figure S1 (a-e). This system exhibits the lowest-grade features, both in terms
of composition and morphology. Regarding the composition, XRD patterns show that the
calcination treatment (CaNit_cal, line A) led to a sample with low crystallinity, and consisting of
a mixture of Ca(OH)2 and CaCOs. The inert atmosphere (line B), on the other hand, promoted
CaCOs as the main phase composition although traces of CaO were also detected.

The micrographs of these samples show that both thermal treatments led to a complete loss of
the original cell-like cork structure (see Figure S1(b, d) for CaNit cal and CaNit pyr,
respectively); images at higher magnification (Figure S1(c, e)) establish the irregular structure at
the microscale level.

These results showing the differences of samples prepared with different salts are in good
agreement with previous work carried out on zinc precursors [24], that showed the effect of counter
ions on the infiltration, and on the final crystalline structure. The experiments with zinc-based
compounds also showed the loss of the cork structure caused by thermal treatment, primarily
attributable to the released latent heat, which led to complete combustion and/or damage of the

cells’ walls. Nitrates are known to undergo strongly exothermic decomposition at relatively low
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temperatures [28]. Furthermore, in this case, comparing the nitrate and acetate systems, the nitrate
solution showed a much greater viscosity; this may have restricted its degree of infiltration, and
affected the reactions occurring on the surface of the pyrolysed powder and the microstructure of
the powders as a result.

In view of the multiphase composition-growing samples and poor cork-like morphology,
the experimental route related to calcium nitrate impregnation was not further investigated. The
work was, therefore, primarily focused on the use of calcium acetate as the impregnation precursor,
subsequently annealed under an inert atmosphere. To achieve a more complete preservation of the
cork-like porous structure, infiltrations were performed using smaller quantities of calcium
precursor, with Ca:C ratios of 1:3 and 1:6 (see Table 2). Moreover, some additional experiments
were also performed using calcium lactate as a precursor, considering that the molecular structure
of the organic lactate anion (CH3CH(OH)COOQ") is similar to that of acetate (CH3COQO"), with the

sole exception of an extra CH(OH) group.

3.2 CaCOs samples made from acetate and lactate

The full list of samples prepared from either calcium acetate or lactate is given in Table 2; it can
be seen that two different temperatures (500 and 700 °C) were considered, to assess the most
suitable conditions to prepare CaCOs3, whilst maintaining the porous cork structure.

Figure 2 shows the XRD patterns for these samples, while Table 3 reports the values of the
crystallite size calculated from these patterns. Considering the materials prepared from calcium
acetate (Figure 2(a)), it can be noted that the powder pyrolysed at 500 °C (CaAc_1) shows the
pattern corresponding to partially hydrated calcium acetate Ca(CH3CO2)2:0.5H20 [29]; this

compound could be formed either from the partial dehydration of the Ca(CH3COz2)2-2H20

11



employed in the infiltrations, or through the interaction of the dried infiltrated salt with the residual

water incorporated in powder.

The formation of this compound was previously observed [29]; nevertheless, as opposed to our
results, the literature showed this to be effectively degraded at T < 150 °C. It is worth remembering
that, in our case, the high-temperature nitrogen-based decomposition of calcium acetate is not
performed on the pure salt, but in the presence of pyrolysed cork. Our data seem to show that the
interaction between the cork-derived graphite and the infiltrated calcium acetate made the acetate
salt more stable, i.e. requiring a higher temperature to be degraded.

The XRD pattern of CaAc_1 also shows traces of CaCOs. These data indicate that with the
pyrolysis of the infiltrated powder at 500 °C, a very small degree of conversion of the precursor

into CaCOs takes place.

At higher pyrolysis temperatures, on the other hand, a full conversion can be achieved; CaAc_2,
pyrolysed at 700 °C, shows only the CaCOs diffraction pattern, in agreement with that observed in
Figure 1(a). An even lower Ca:C molar ratio (1:6, CaAc_3; Figure 2(b)) promotes a more
crystalline material in which the peaks are sharper and more intense; the higher crystallinity is
confirmed also by the higher value of the crystallite size —46.93 vs. 16.59 nm for samples CaAc¢_3
and CaAc_2, respectively. Using the same stoichiometric ratio, but a longer pyrolysis time of 240
min (CaAc_4) causes a further increase in the crystallinity of the powder (crystallite size of 63.18
nm); however, traces of other phases such as CaO can also be observed. This indicates that a 30

min pyrolysis period at 700 °C is the most desirable option.
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For the materials prepared from lactate (Figure 2(c)), only a very weak peak of CaCOs is present
in the pattern of the sample pyrolysed at 500 °C (CaLac_2); this is in agreement with that observed
for the sample made from calcium acetate (CaAc_1), which also contained very little CaCOs. The
main difference here is that no other phase can be detected; this indicates that, at this temperature,
calcium lactate was completely degraded (unlike calcium acetate at 500 °C), but without forming
any other crystalline compounds. For all the lactate samples treated at 700 °C, on the other hand,
a very clear CaCOs diffraction pattern is present, similar to that observed for the samples prepared
from calcium acetate at this temperature; the powder with the higher crystallinity is CaLac_3 (see
Table 3 for the crystallite size). The high-temperature process of pyrolysis extended for long-time
periods (700 °C/240 min), led to a decrease in the crystallite size (from about 34 to 21 nm),
unlikeacetate-based samples. Overall, data from Table 3 showed that the use of calcium lactate as

precursor corresponded to lower crystallinity. No other phases were detected in any of the samples.

3.3 TGA analysis

To better understand the processes taking place during the pyrolysis of the infiltrated powders,
and correlate this with the composition of the materials shown by the XRD data, TGA
measurements were carried out, thoroughly reproducing the oxygen-free pyrolysis conditions.
Results are shown in Figure 3.

Figure 3(a) reports the percentage weight loss as a function of the temperature, the graph
showing the curves for the simple pyrolysed cork powder and for both organic salt infiltrated
powders (Ca:C ratio 1:6). As expected, a relatively small change in weight (~20%) is observed for

the non-infiltrated pyrolysed cork powder under pyrolysis up to 700 °C — this matches previously
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reported results for pyrolysed cork [25]. On the other hand, for both the infiltrated powders, several
weight losses at different temperature intervals can be observed.

This confirms that various reactions take place, leading to the formation of different phases.
Comparing the curves for the two precursors, they have some common characteristics, but also
some differences. The overall weight loss, for instance, is comparable for the two systems, i.e.
about 45%.; this indicates that the infiltration of the calcium precursor and its conversion to
carbonate is comparable for the two systems. The curves, however, show different weight losses
at different temperatures. To better visualise these changes, the first derivative of the weight loss
curves were considered (see Figure 3(b)).

It can be seen that for both acetate and lactate infiltrated powders, a significant peak is present
for T > 500 °C; considering the results of the XRD measurements, it can be deduced that this peak
corresponds to the formation of calcium carbonate, through the reaction of the calcium with the
organic fragments derived from the precursors and present in the system. The peaks observed at
lower temperatures, on the other hand, belong to the changes taking place in the infiltrated powders
prior to carbonate formation; they are correlated to the chemical structure of the precursors and,

therefore, they are different for the two materials.

As shown in Figure 2(c), CaLac_2 (powder pyrolysed at 500 °C) did not show any residues of
the lactate precursor; this indicates that the peaks detected for temperatures lower than 500 °C are
associated with the degradation of the lactate itself. Considering the curve in Figure 3(b), a small
peak is present at about 50 °C, which corresponds to the desorption of the water molecules

adsorbed on the surface of the powder. Two stronger peaks can be detected for 230 <T <350 °C

14



and for 350 < T <500 °C; the latter one, in particular, is composed of two signals, a sharp one just
below 400 °C and a wider one just above it. These peaks can be associated with the decomposition
of the lactate ion, which takes place in successive steps; indeed, the various functional groups
present in the anion may need different amounts of energy (and hence temperature) to be degraded.
The possible interactions of the functional groups with the carbon of the pyrolysed powder can
also play a role in their degradation and the associated weight loss. Overall, the pyrolysis of the
lactate-infiltrated powder for temperatures up to 500 °C leads to a graphitic material containing
the calcium ion and some residual organic carbon, as well as oxygen, not organised in a crystalline
form and, hence, not detectable by XRD, which successively led to the formation of CaCOs3 (at T
> 500 °C).

Considering the acetate-infiltrated powder, as stated already above, XRD data showed the
presence of the hydrated calcium acetate for the sample pyrolysed at 500 °C (CaAc_1). Based on
this, it may seem that not many significant structural changes take place in the calcium acetate-
infiltrated powder between room temperature and 500 °C, i.e. just a slight interaction with water
molecules. TGA data, however, show the opposite: a significant weight loss (> 30%)) is registered,
taking place over 4 separate steps — the first two for T <200 °C and the following two for 350 <T
<500 °C (Figure 3(b)). These peaks correspond to the thermal degradation of the different groups
of the acetate ion; although there are some similarities, the temperatures at which such processes
take place are different from those observed for the lactate. This is reasonable since the two anions
are constituted of different functional groups.

The fact that XRD data at 500 °C still show the presence of Ca(CH3CO2)2:0.5H20 indicates that
a significant amount of the residual precursor persists. Our hypothesis is that the calcium acetate

present on the surface of the cork cells is degraded, while a significant portion, infiltrated into the
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100 nm small channels within the walls of the cork cells, remains stable at 500 °C because of the
interactions with the carbon of the cells. For T > 500 °C, complete conversion into CaCOs3 is
observed, and the weight loss associated with this final step is greater than for the lactate (25 vs.
15%, respectively). Despite this, the final overall weight loss at 700 °C is almost identical for both

acetate and lactate salts.

3.4 Morphology of the samples

Figures 4 and 5 report the SEM images for the samples prepared from calcium acetate and
lactate, respectively. Considering the calcium acetate-derived powders, micrographs show that
with Ca:C ratio 1:3 the cork structure is maintained with pyrolysis at both 500 and 700 °C (CaAc_1
and CaAc_2, Figure 4(a) and 4(b), respectively). In some areas, however, the cells are completely
filled (see the marked area in Figure 5(a)); also, Figure 4(b) shows the presence of rounded
crystallites in the rear walls of the cells. The CaCOs yield for CaAc_2 is about 69%. By reducing
the Ca:C ratio (1:6, CaAc_3, Figure 4(c)), a lower yield is obtained (about 43 %); the cork
structure, however, is better preserved and the cells appear more regular. A micrograph at higher
magnification (Figure 4(e)) shows the growth of small crystals on the wall of the cells. The increase
of the pyrolysis time to 4 hours (CaAc_4, Figure 4(d)) leads to partial damage/loss of the cork
structure, caused by the additional heat released during the time-expanded pyrolysis. This effect is
even more enhanced for the longer pyrolysis time, as demonstrated for CaLac_4, pyrolysed for 4

hours, which shows that the cork structure was not preserved (Figure 5(d)).
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It is also likely that, with longer pyrolysis time, more cork-derived carbon reacts with the
infiltrated salt to make carbonate; this may lead to a partial damage of the cork 3D structure. Figure
4(f) highlights the presence of crystals of irregular size on the wall of the cells.

For the samples prepared with calcium lactate, the use of Ca:C ratio of 1:3 (Figure 5(a),
CalL.ac_1) led to an almost complete loss of the cell structure; it can be seen, in fact, that in some
areas the walls became much thicker, while in other zones the original cell became distorted.

CaCOs yield is 62%, comparable to that observed with calcium acetate. The use of a lower Ca:C
molar ratio (1:6, yield 43%) promotes more regular structures in the case of pyrolysis temperatures
of 500 °C (CaLac_2, Figure 5(b)) and a partial loss of the cells’ structure at 700 °C (CaLac_3,

Figure 5(c)).

3.5 Samples CaAc_3 and Calac_3: further characterization

Both XRD and SEM results indicate that the infiltration with 1:6 Ca:C ratio, followed by
pyrolysis at 700 °C for 30 minutes are the conditions leading to materials with the best
characteristics, in terms of phase composition, crystallinity and cork-like morphology.

It has to be highlighted that with this process biomorphic CaCO3 was obtained with a single step,
with higher energy efficiency, in comparison with other processes reported in literature. Rattan
wood-derived CaCOs, for instance, was obtained with two successive steps after the wood
pyrolysis — carburization followed by oxidation [18]. Carburization, in particular, takes place at
high temperatures (> 1400 °C), with the whole process being less sustainable. Literature reports
CaCOs obtained with natural microbial calcium carbonate precipitation techniques [30]. Such
approach could reduce the energy consumption even more, and it could be considered for future

work in this field.
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Because of these encouraging results, additional analyses were, therefore, performed on CaAc_3
and CaLac_3.

Repeated experiments were performed, to determine the effectiveness of the infiltration process
with the two precursors and of the conversion to CaCOs; results are reported in Table 4. Data show
that the infiltration is much more effective when calcium acetate is used; the weight gain after the
actual infiltration for the acetate is in fact more than double that measured for the lactate (+447 vs.
+198 % respectively). Such higher infiltration rate corresponds to a greater weight gain after the
pyrolysis, +116 % for the calcium acetate, while only +33% with calcium lactate.

Although XRD analysis showed no other phase present in either of the samples, it is possible
that some amorphous contamination exists, for instance some residual carbon fragments, both from
the precursor(s) or from the skeleton of the pyrolysed cork. To assess this, Raman spectroscopy

was employed; the spectra of samples CaAc_3 and CaLac_3 are shown in Figure 6.

For both powders, a strong background signal can be observed; this is caused by the fluorescence
of the materials, and it can be due to the presence of organic fragments, a feature already observed
for pyrolysed materials of natural origin [31]. Despite the intense background, however, some clear
and distinct peaks can be identified in both samples. For CaAc_ 3 (Figure 6(a)), the signal
corresponding to CaCOs is clearly visible at 1083 cm!, in agreement with literature [32] and with
XRD data. At higher wavenumbers (> 1100 cm™), several peaks can be detected. Previous studies
on cork-derived pyrolysed materials showed the presence of only the characteristic graphite

signals, at 1355 and 1575 cm™ ?* — the D and G.
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In this case, however, additional peaks are present, at 1130, 1255, 1425 and 1473 cm’'; this
difference could be due to the different thermal treatment (calcination vs. pyrolysis), as well as the

different infiltrating salts (zinc vs. calcium).peaks.

According to literature reports, these signals can be attributed to different C-containing
functional groups; the peak at 1130 cm™!, for instance, corresponds to the vibration of the C-C bond
[32]. At about 1255 cm™!, on the other hand, the deformation of the OH bond can be observed,
while the signals at 1426 and 1473 cm™ correspond to the C-O and C=O bonds, respectively
[33,34]. The presence of these signals indicates that, although the only crystalline phase formed is
CaCOs, some residual carbonaceous matter is still present, both as graphite and as organic
fragments. This could be linked to the persistence of some of the precursor acetate salt up to 500
°C, as observed in the XRD patterns.

Considering Ca_Lac3, it can be seen that, the fluorescence background is still present, with a
relatively high intensity for wavenumber below 1300 cm™. Despite the high background, however,
the signal associated with CaCOs is still detectable at 1083 cm™'. The presence of higher
background makes less defined and visible the peaks at 1255 and 1355 cm™!; the peaks associated
to the carbon-oxygen bonds (1426 and 1473 cm™), on the other hand, could not be detected. These
differences may indicate that the residual carbon is present more as an impurity and not in form of
carbon-oxygen fragments. This could be due to a more enhanced degradation of the precursors, in
agreement with XRD data, which did not show any crystalline phase in the sample treated at 500
°C.

FTIR analyses were also performed, to assess whether the presence of residual carbon was just

superficial, or whether some carbon was present also in the bulk of the material. Figure S2 reports,
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as an example, the FTIR spectra for sample CaAc_3 as prepared, and for the same sample milled
in a mortar (CaAc_3_mor); the milling treatment was performed to obtain a uniform mixing of
the powder and measure not just the surface, but also the bulk of the sample. The spectrum of the
pyrolysed cork is also shown as reference. FTIR was used, as with this technique the light has
higher penetration into the analysed sample (up to 2 um, according to the wavelength), contrary
to Raman, which is a surface analysis technique.

Both spectra belonging to CaAc_3, with or without milling, are dominated by the signal arising
from carbonate, and in particular of calcite [35]; they are marked with an asterisk. More
specifically, at 1790 cm™ the C=0 stretching vibration band is present; at about 1490 cm™ a
composite band arising from C-O asymmetric stretching is well-visible; at 1080 cm-1 a sharp peak
due to C-O symmetric stretching vibration is found; and finally, the signal localized at about 870
cmt is ascribable to C-O out-of-plane bending [36]. These peaks are not detected in the spectrum
of the pyrolysed cork, confirming that they belong to the CaCOs formed with the pyrolysis process.
In both spectra, however, some additional peaks are also present, due to C-H bonds [37]. It can be
seen that the two spectra are qualitatively very similar - this indicates that the residual carbon
contamination is comparable on the surface and in the bulk of the sample.

As Raman and FTIR data showed residual carbon contamination, TGA measurements were
performed on samples CaAc_3 and CaLac_3, to assess the amount of residual carbon left and to
determine the actual quantity of CaCOs present in each material; data can be seen in Figure S3 —
(a) and (b) for the TGA curves and their derivatives respectively. It can be seen that for both
samples, two main losses can be observed, for 200 < T < 500 °C, and for 500 < T < 850 °C.
Literature data indicate that CaCO3 decarboxylation (COz2 loss to form CaO) only takes place at

temperatures above 500 °C [38]; therefore, the first significant weight loss measured for both
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samples must be due to the residual carbon present in the samples. Comparing the two samples,
however, it can be seen that such weight loss is much larger for CaLac_3 than for CaAc_3 — about
40 vs. 20 %. Considering the first derivatives of the curves (Figure S2(b)), it can be seen that the
shape of the peak corresponding to the first weight loss is quite different; in fact the peak has a
broad shape for CaAc_3, while for CaLac_3 there is an overlapping of two peaks, a broader one,
and a much sharper one. Such a difference in shape is likely to be due to different processes.

Comparing these data with literature, the TGA of pyrolysed cork has a very sharp peak at about
400 °C, with a shape very similar to that observed to for CaLac_3; therefore, it is likely that this
sample contains some unreacted carbon from the cork skeleton. This peak was not observed for
CaAc_3, indicating that most of the carbon from the cork reacted to form CaCOs3 in this sample.
This observation is in agreement with the data of Table 4, which showed a higher weight gain for
CaAc 3.

Based on the TGA data, the ratio between the formed CaCOs and the carbon present in the
pyrolysed cork powder was calculated — see Table 4. It can be seen that for CaAc_3 the ratio
corresponds — within experimental error — with the theoretical value of 0.17 (Ca:C 1:6); this would
imply that all calcium dissolved in solution is successfully infiltrated and converted into CaCOs3
(i.e. 100 % yield). A much lower value was found for CaLac_3 (0.11, corresponding to about 65
% yield), in agreement with the presence of the unreacted carbon from cork, shown by the TGA

data.

3.6 Surface area and porosity

To correlate the preparation conditions with the porosity of the powders, surface area

measurements were performed on CaAc_3 and CaLac_3; this feature is crucial for applications
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in environment remediation (i.e. adsorption/removal of pollutants). The adsorption/desorption
isotherms are shown in Figure 7(a), and both are type II isotherms, indicating initial monolayer
coverage, followed by multilayer coverage in the “flatter” midsection.

The hysteresis appears to be a mixture of H3 and H4 types, both of which are due to the filling
of pores. H3 is due to the filling of macropores (i.e., the cells of the cork structure), while H4 is
due to the filling of micropores/mesopores, and is often found in mesoporous zeolites and micro-
mesoporous carbons [39]. However, there are significant differences between the two samples; in
fact, the BET surface area values for CaAc 3 and CaLac 3 were 23.55 and 11.58 m?%/g,
respectively. Other CaCOs-based materials derived from natural templates showed lower surface
area values. When spruce root was used, for instance, a SSA value of 8 m?*/g was measured [40];
with lotus root, on the other hand, an even lower value was reported (6 m?/g) [17]. The use of
ginko leaves led to higher surface area (13.42 m?/g) [41], which is still close to half of that obtained

in the present study with the sample CaAc_3.

Considering the shape of the hysteresis loop, it can be observed that it is much narrower for
CaLac_3, indicating that overall less adsorption due to porosity is occurring, whereas the greater
extent of both hysteresis and upturn, and higher relative pressure values, indicate a greater
influence of the macroporosity (more of an H3 type hysteresis) in CaLac_3. The t-plot indicates
a minimal effect of microporosity on this sample, with virtually all of the surface area being
external. On the other hand, CaAc_3 shows a more H4 like hysteresis, with a greater influence of
microporosity at low relative pressures, and the t-plot indicates an external surface area of 16.26
m?/g and an internal microporosity of 7.29 m?/g. This difference in internal microporosity and

increased surface area available in CaAc_3 possibly explains the persistence of the precursor salt

22



phase up to 500 °C, maintained internally within the micropores/mesopores of this sample. From
the BJH (Barrett, Joyner and Halenda) analysis of pore size and volume distributions, the average
mesopore size is 66-101 A for CaLac_3, but only 36-39 A for CaAc_3, with the mesopore volume
distribution peaking at ~150 A for CaLac_3 and ~40 A for CaAc_3.

These results indicate that the sample made with calcium acetate possesses a larger specific
surface area and a greater degree of meso-/microporosity with a smaller average mesopore
diameter. These data confirm that the nature of the counter-ion can affect various characteristics
of the prepared samples, even if the phase composition is the same.

Overall these data show that the use of the calcium acetate is more suitable for use as a precursor
for the preparation of porous biomimetic CaCOs3. Indeed sample CaAc_3 exhibits the highest
surface area ever reported for CaCOs3 derived from a plant-based template; moreover, it shows a
dual scale, hierarchical porosity, with both macropores (micron scale) and micropores/mesopores
(nanoscale).

These characteristics make this methodology appropriate to prepare CaCOs for environment
remediation. As future work, these materials will be tested for the removal of model contaminants,

i.e. heavy metals as well as organic emerging pollutants.

4. Conclusions

Calcium carbonate was successfully prepared by using a sustainable template agent — waste cork
powder. The process consisted of pyrolysis of cork, followed by infiltration with appropriate
calcium salt and a successive thermal treatment, either in the air or in an inert (N2) atmosphere.
Different experimental conditions were tested to obtain the material with the optimal

characteristics. Results showed that the nature of the calcium salt and the concentration of the
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infiltrating solutions played a key role in the morphology, the porosity and the surface area
characteristics of the prepared material. Indeed, the powders prepared with calcium acetate
followed by pyrolysis at 700 °C for 30 min showed the best features, with all infiltrated calcium
reacting to form CaCO3 and with the characteristic 3D cork structure being well preserved in the
CaCOs3 ecoceramic product. The biomimetic CaCO3; produced with acetate salts had a higher
surface area (the highest ever reported for materials prepared from a plant-based template), and
also exhibited a dual scale, hierarchical porosity, with significant quantities of both macropores
(micron scale hexagonal cells) and micropores/mesopores (nanoscale pores within the cell walls).

The porous biomorphic calcium carbonate materials prepared with this method could be
used for environmental remediation, or as the basis for lightweight or thermally insulating
construction materials. They could also be employed as starting materials to prepare porous

biomorphic calcium phosphate-based materials usable as bone substitutes and bioimplants.
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Figure captions
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Figures 1. (a) XRD patterns for samples prepared from calcium acetate. A: CaAc_cal; B: CaAc_pyr; (b-
¢) SEM micrographs for sample CaAc_cal; (d-¢) SEM micrographs for sample CaAc_pyr. All samples

heated to 700 °C. In the XRD patterns the peaks marked with an asterisk (*) belong to CaCOs.
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Figure 2. XRD patterns for the samples (a) CaAc_1 and CaAc_2; (b) CaAc_3 and CaAc_4; (c) CaLac 1,

CalLac_2, CalLac_3 and CaLac_4. Peaks marked with an asterisk belong to CaCO3.
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Figure 3. TGA data. (a) Comparison between the pyrolysis of the non-infiltrated powder and the powders
infiltrated with either acetate or lactate. (b) First derivative of the curves of the two infiltrated powders
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Figures 4. SEM micrographs for samples prepared from calcium acetate; (a) CaAc_1; (b) CaAc_2; (c) and

(e): CaAc_3; (d) and (f): CaAc_4.
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Figure 5. SEM micrographs of the samples prepared from calcium lactate; (a) CaLac_1; (b) CaLac_2; (c)

CaLac_3; (d) CaLac 4.
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Figure 6. Raman spectra for samples (a) CaAc_3 and (b) CaLac_3.
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Figure 7. BET adsorption/desorption isotherms and calculated surface areas of CaAc_3 and CaLac_3.
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Table

Table 1. Sample prepared as preliminary experiments to test the infiltration and the thermal treatment
conditions. In all these tests, the ratio Ca:C (calcium to carbon from pyrolysed cork, in moles) was 1:1, the
heating ramp was 1 °C/min up to 700 °C, dwell time was 30 minutes at 700 °C. Three cycles of infiltration

were performed before heat treatment.

Sample name Precursor Thermal treatment
CaNit_Cal Ca(NO3)2 calcination
CaNit_Pyr Ca(NOs)2 pyrolysis
CaAc_Cal Ca(CO2CH3)2 calcination
CaAc_Pyr Ca(CO2CH3)2 pyrolysis

Note: in the sample name, Nit corresponds to calcium nitrate, Ac to calcium acetate, Cal to a calcination

treatment while Pyr to a pyrolysis.

Table 2. List of samples prepared through infiltration using calcium acetate or lactate precursors, followed
by pyrolysis (heating in an inert atmosphere). Ca:C ratio is that of calcium to carbon from pyrolysed cork,

in moles. In all these tests, three cycles of infiltration were performed prior to heating.

Sample name Precursor Ca:Cratio Temperature (°C) Dwell time (min)
CaAc 1 Ca(CO2CH3):2 1:3 500 30
CaAc 2 Ca(CO2CHs)2 1:3 700 30
CaAc 3 Ca(CO2CH3)2 1:6 700 30
CaAc 4 Ca(CO2CH3)2 1:6 700 240
Calac 1 Ca(CO2CHOHCHS3)2 1:3 700 30
Calac 2 Ca(CO2CHOHCH3)2 1:6 500 30
Calac 3 Ca(CO2CHOHCH3)2 1:6 700 30
Calac 4 Ca(CO2CHOHCHS3)2 1:6 700 240
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Table 3. Average crystallite size for the CaCO3 samples, calculated using the Scherrer equation.

Sample name Crystallite size (nm)

CaAc 1 -

CaAc 2 16.59
CaAc 3 46.93
CaAc 4 63.18
Calac 1 16.66
CalLac 2 -

Calac 3 34.95
Calac 4 21.33

Note. For each value the error is lower than 2 %.

Table 4. W and CaCOs:C ratio for selected samples.

Sample = Wg after infiltration (%)  Wa after pyrolysis (%) CaCO3/C ratio (mol/mol)*

CaAc 3 447 116 0.19

Calac 3 198 33 0.11

Note: all values have an error of about 10 %.

*: The values of the CaCO3/C ratio should be compared to the theoretical one — 0.17.
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