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Formation of porous calcite mesocrystals from
CO2–H2O–CaĲOH)2 slurry in the presence of
common domestic drinks

G. Montes-Hernandez,*ab F. Renard,abc N. Findlingab and A.-L. Auzendebd

This study reports a simple, innovative and fast method to synthesize porous calcite mesocrystals with high

specific surface area from CaĲOH)2–water–CO2 slurry in the presence of common domestic drinks (soluble

coffee, orange juice, carrot juice, white wine, sugar–water and milk). As already reported in previous

studies, calcite nanoparticles (<100 nm) can be obtained at low temperature (≤30 °C) in the absence of

additives. We demonstrate herein that the use of common domestic drinks as additives can induce the

formation of calcite mesocrystals with a peanut-like morphology, i.e. the formation of a nanostructured

material in which the constituent calcite nanoparticles (10 < size < 50 nm) are aligned and/or oriented,

forming regular micrometric (<3 μm) 3D porous aggregates. We note that the additives used in the system

did not induce polymorphism because only calcite was measured/observed in the solid products using

XRD, FESEM and TEM or in collected-time suspensions using Raman spectroscopy. This innovative method

for synthesizing porous calcite mesocrystals has significant relevance because only a few hours (6 h < time

< 24 h) were required and synthesis was possible using a dispersed triphasic gas–liquid–solid system under

high non-constant CO2 pressure (anisobaric conditions), contrary to available methods requiring days or

weeks, in which reactant diffusion is typically imposed since these systems were initially designed to mimic

biomineralization processes. Moreover, this new synthesis method could easily be scaled to industrial pro-

cesses to produce calcite mesocrystals with high specific surface area (up to 30 m2 g−1). The nanostruc-

tured state, the mesoporosity and the high specific surface area for these synthesized calcite mesocrystals

could improve the typical industrial and medical uses for synthetic calcite.
1. Introduction

The biotic and abiotic formation of carbonates plays a crucial
role in the global carbon cycle. In addition, carbonate min-
erals often sequester various trace elements (actinides and
lanthanides), metalloids, and heavy metals, and thus control
in part their global cycling. Particularly, calcium carbonates
are the key structural components of many bio-minerals in
invertebrates such as seashells and corals. Calcite is the most
common carbonate, shaping the surface of the Earth in many
sedimentary basins and mountain ranges in the form of lime-
stones and marbles.1–3 Understanding how calcite can nucle-
ate and grow represents crucial challenges addressed since
the 1970s,4,5 including processes of biomineralization.6 How-
ever, calcite nucleation and growth processes, including the
influence of foreign impurities and additives, are still a
debated subject. On the basis of recent experimental studies,
particularly for aqueous systems, calcite can be formed follow-
ing classical crystallization pathways, i.e. spontaneous nucle-
ation from supersaturated solutions or heterogeneous nucle-
ation on pre-existing nucleation sites followed by crystal
growth occurring via ion-by-ion or molecule-by-molecule addi-
tion to existing nuclei.7–10 Typically, in such cases, single crys-
tals (nano-sized, sub-micrometric or micrometric) with
scalenohedral or rhombohedral morphology are obtained.11

More recently, various studies have also demonstrated that
calcite can be formed following the so-called non-classical
crystallization pathway. This more complex pathway (in
homogeneous systems) involves firstly the formation of stable
clusters “pre-nucleation clusters” from ionic solution,12 early
identified as “polymer-induced liquid precursors.”13 Following
this non-classical concept, the clusters are aggregated/orga-
nized to form amorphous and/or crystalline calcium carbon-
ate or amorphous bulk phase nucleation followed by its rapid
transformation into crystalline bulk phase.14 Finally, the
mesoscale self-assembly of primary nanoparticles or units
forming often the so-called mesocrystals can be also
, 2015, 17, 5725–5733 | 5725
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considered in this non-classical crystallization pathway.15 The
mesocrystals of calcite obtained in this way can be finally
metamorphosed by crystallographic fusion into single crys-
tals, containing macromolecules in their structure.15–17

Recent studies claim that ACC nanoparticles do not necessar-
ily serve as direct precursors to calcite nucleation.8,9,18 By defi-
nition, mesocrystals are nanostructured materials in which
the constituent non-spherical nanoparticles (<100 nm) are
aligned and/or oriented, forming regular sub-micrometric or
micrometric 2D or 3D aggregates that are often porous or
non-porous if organic molecules completely fill the existing
space between the primary nanoparticles.19 Mesocrystals have
therefore been drawing rapidly increasing attention from
chemists and physicists in recent years because they offer
unique new opportunities for designing materials due to their
mesoscopic structure.17,20

Limestone, the most common natural rock that contains
mainly calcite, has extensive industrial applications: it is the
main component of concretes and several raw building mate-
rials. However, the actual usefulness of calcite and other cal-
cium carbonate polymorphs extends far beyond the current
usages to which limestone is put. Industrial applications of
calcite are mainly determined by textural properties, such as
average particle size, particle size distribution, morphology,
specific surface area and aggregation state.21 In this way,
porous calcite mesocrystals with a high specific surface area
could offer new possibilities for use that have been little
explored so far. We note that the calcite mesocrystals have
been mainly obtained in the presence of organic additives
(particularly macromolecules) such as soluble polymers, poly-
saccharides and proteins7,22–25 or by crystal growth of calcite
in polyacrylamide gel media (hydrogels).26,27 In both cases,
days to weeks were necessary because reactant diffusion was
typically imposed in the experimental setups, which were ini-
tially designed to mimic bio-mineralization processes. In this
context, studies are designed with a view to improving
existing methods and/or developing innovative routes to
obtain well-controlled shapes and sizes of calcite meso-
crystals. Moreover, these fundamental approaches provide
complementary insights into the bio-mineralization pro-
cesses, as mesocrystals of calcite are found for example in
red corals28 and in brachiopods.29

In the present study, we re-investigate calcite formation
from CO2–H2O–CaĲOH)2 slurry in order to synthesize porous
calcite mesocrystals. Porous mesocrystals of calcite could be
used as anti-acid or excipient agents in drugs for human or
animals. For this purpose, various common domestic drinks
(soluble coffee, orange juice, carrot juice, milk, sugar water
and white wine) were used as additives because they are
widely available and easily commercialized. We demonstrate
herein that porous mesocrystals of calcite with a high specific
surface area (up to 30 m2 g−1) and peanut-like morphology of
aggregates can be obtained except when sugar and milk are
used as additives. Only a few hours (<24 h) are required for a
complete synthesis, which is possible when using a triphasic
gas–liquid–solid system under non-constant high CO2
5726 | CrystEngComm, 2015, 17, 5725–5733
pressure (anisobaric conditions), contrary to available
methods requiring days or weeks and in which reactant diffu-
sion is typically imposed.24–27 In situ monitoring of pH in the
interacting solution and of CO2 consumption during the for-
mation of calcite mesocrystals provides further kinetic
insights with respect to calcite formation in the absence of
additives. To summarize, this study proposes a simple and
innovative way of synthesizing porous calcite mesocrystals of
regular size and morphology with a high specific surface
area. This procedure can be easily extended to industrial
scale.

2. Materials and methods
2.1. Synthesis of nano-sized calcite particles

600 ml of high-purity water with an electrical resistivity of
18.2 MΩ cm and 37 g of commercial calcium hydroxide (pro-
vided by Sigma-Aldrich) with 96% chemical purity (3% CaCO3

and 1% other impurities) were placed in a titanium reactor
(autoclave with an internal volume of 1 L). The calcium
hydroxide particles were immediately dispersed by mechani-
cal agitation (400 rpm) and CO2 (provided by Linde Gas S.A.)
was then injected at 55 bar into the reactor at room tempera-
ture (20–25 °C). Following injection (≈2 minutes), the tem-
perature variation due to exothermicity, the pH in the inter-
acting solution and CO2 consumption (pressure drop) were
monitored in situ during calcite nucleation and growth. Tem-
perature and pH are systematically stabilized in the first two
hours while the pressure drop related to CO2 consumption
takes about 8 hours to stabilize. For this reason, the duration
of the reaction was arbitrarily set to 24 h in all the
experiments.

At the end of the experiment, the residual CO2 was
degassed from the reactor by opening the gas line valve. After
degassing for 3–5 minutes, the autoclave was disassembled,
and the solid product was carefully recovered and separated
by centrifugation (30 min at 12 000 rpm). Finally, the solid
product was dried directly in the centrifugation flasks at 90
°C for 48 h. The dry solid product was stored in plastic flasks
for subsequent characterization (FESEM, XRD, and N2 sorp-
tion isotherms).

2.2. Synthesis of porous calcite mesocrystals

To obtain porous calcite mesocrystals with a peanut-like mor-
phology, 5 or 20 g of commercial soluble coffee containing
7.8% of proteins, 3% of sugar and 34.1% of vegetable fibers
were added as additives to calcite synthesis. The operating
conditions are identical to those used to obtain nano-sized
calcite particles (see above sub-section 2.1) except the solid
product recovery procedure. In this case, the solid product
was washed once by re-dispersion/centrifugation processes in
order to remove roughly the soluble residual additive.

Various other common drinks such as pulp-free orange
juice (100 ml + 500 ml of high-purity water), pulp-free carrot
juice (100 ml + 500 ml of high-purity water) , full-fat milk
(100 ml + 500 ml of high-purity water), sugar water (50 g in
This journal is © The Royal Society of Chemistry 2015



Fig. 1 Experimental XRD patterns for calcite formation via aqueous
carbonation of portlandite with compressed CO2 in the presence of
common domestic drinks. The reflections indicated concern only
calcite from ICDD 005-0586.
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600 ml of high-purity water) and commercial white wine (600
ml containing 10% v/v of alcohol) that contain different
amounts of proteins, sugars and fibers were also explored as
additives in the calcite synthesis. Calcite synthesis in the
absence and in the presence of additives and some results
are summarized in Table 1. It should be noted that this study
does not claim to investigate the influence of a given model
macromolecule as systematically proposed in several studies.
In fact, we only selected various common drinks containing
organic matter of different origins in order to assess their
influence on the crystal morphology, crystal size and aggrega-
tion state of calcite.

2.3. Semi-continuous experiments

A semi-continuous system (sampling of reacting suspension
with time) was performed in order to measure the spectral
Raman feature (RAMAN RXN1, Kaiser Optical Systems) of
collected-time suspensions. For this case, about 25 ml of sus-
pension was sampled in the reactor as a function of time (0,
2, 10, 20, 60 and 120 min) during calcite formation. The P–T
conditions were the same as cited above, but, the Raman
measurements were carried out in depressurized suspen-
sions. Herein, we assume that the instantaneous depressuri-
zation process has small impact on the precipitating particles
contained in the collected-time suspensions and we also
assume that the carbonation reaction of residual portlandite
is stopped.

2.4. Characterization of solid products

X-Ray Powder Diffraction (XRD) analyses were performed
using a Siemens D5000 diffractometer in Bragg–Brentano
geometry, equipped with a theta–theta goniometer with a
rotating sample holder. The XRD patterns were collected
using Cu Kα1 (λKα1 = 1.5406 Å) and Kα2 (λKα2 = 1.5444 Å) radi-
ation in the range 2θ = 10–70° with a step size of 0.04° and a
counting time of 6 seconds per step. Calcite formed on exper-
imental XRD patterns was systematically refined by the
Rietveld method using the BGMN software and its associated
database.30
This journal is © The Royal Society of Chemistry 2015

Table 1 Summary of experimental conditions, mineral composition and some

System Addt

PCO2
(bar) T (°C) In

Init Finala Tinj. Tmax In

P–W–CO2 None 55 21.5 27 34 12
P–W–CO2 Coffee 55 19.5 22 29 12
P–W–CO2 Orange juice 55 11.5 21 25 12
P–W–CO2 Carrot juice 55 21 25 29 13
P–W–CO2 White wine 55 22 27 32 12
P–W–CO2 Sugar 55 17 26 31 12
P–W–CO2 Milk 55 20.5 24 27 12

P: portlandite ĲCaĲOH)2); W: high-purity water; Addt: additive; Init: initial;
= ±1 °C); Tinj.: temperature at which the CO2 was injected in the system
after 24 h (error = ±0.2); Morpho: morphology; S: scalenohedral; R: rhom
peanut-like morphology (porous or non-porous); SBET: specific surface are
5 nm (standard deviation for 50 measures).
FESEM observations. Solid products were dispersed by
ultrasonic treatment in absolute ethanol for five to ten
minutes. One or two droplets of the suspension were then
deposited directly on an aluminum support for SEM observa-
tions, and coated with platinum. The morphology of the crys-
tal faces was observed by using a Zeiss Ultra 55 field emis-
sion gun scanning electron microscope (FESEM) with a
maximum spatial resolution of approximately 1 nm at 15 kV.
CrystEngComm, 2015, 17, 5725–5733 | 5727

textural properties of solid products

situ pH

Mineral/morpho

Size (nm) SBET
m2 g−1it Finalb XRD FESEM

.45 4.51 Calcite/S–R–IA 81 90 11

.59 5.19 Calcite/peanut 21 30 30

.47 5.27 Calcite/peanut 23 40 22

.10 5.13 Calcite/peanut 35 45 16

.75 5.11 Calcite/peanut 20 25 13

.59 4.95 Calcite/R–IA 49 55 6

.63 5.05 Calcite/R–IA 31 50 4

PCO2
: pressure of CO2.

a CO2 pressure after 24 h; T: temperature (error
; Tmax: maximum temperature reached by exothermicity. b In situ pH
bohedral; IA: irregular aggregates; peanut: calcite mesocrystals with
a (error = ±1 m2 g−1). ErrorXRD = 10% (numerical error); errorFESEM =



Fig. 2 FESEM images at the same magnification showing the size and organization of calcite nanoparticles synthesized in the absence and in the
presence of domestic drink additives. Calcite mesocrystals with a peanut-like morphology are observed when soluble coffee, orange juice, carrot
juice and white wine were used as additives.
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TEM observations. Calcite mesocrystals synthesized in the
presence of soluble coffee were shaken in ethanol for a short
time in order to split the aggregates without any additional
treatment. A drop of the suspension was deposited on a per-
forated carbon foil and placed on a conventional copper
micro-grid for further observations with a JEOL 2100F Trans-
mission Electron Microscope (TEM) operating at 200 kV,
equipped with a field emission gun and a high-resolution
pole piece achieving a point-to-point resolution of 1.8 Å.
Chemical mapping was achieved by combining the scanning
module of the microscope (STEM) with the EDS detector.

N2 sorption isotherms. N2 sorption isotherms for calcite
samples were determined using a sorptomatic system
(Thermo Electron Corporation). The specific surface area of
powdered samples was estimated by applying the Brunauer–
Emmet–Teller (BET) equation in the 0.05 ≤ P/P0 ≤ 0.35 inter-
val of relative pressure and using a value of 16.2 Å2 for the
cross-sectional area of molecular N2. A non-linear regression
by the least-squares method was performed to fit the interval
data (nads vs. P/P0) in the experimental isotherms. Addition-
ally, the Barrett–Joyner–Halenda (BJH) method, that takes
5728 | CrystEngComm, 2015, 17, 5725–5733
into account capillary condensation via the Kelvin equation,
was used to determine pore size distribution.

Raman spectroscopy. Raman spectra were measured with
a RAMANRXN1 instrument from Kaiser Optical Systems. The
spectra were recorded using a Laser wavelength of 785 nm in
a spectral range from 400 to 3400 cm−1. The spectral resolu-
tion was 4 cm−1 and 200 scans were collected.

3. Results and discussion

In previous studies, it was demonstrated that scalenohedral
calcite nanocrystals (<100 nm) are systematically precipitated
at low temperature (≤30 °C) via aqueous carbonation of
portlandite with compressed CO2 under isobaric or aniso-
baric conditions.11,31,32 In the present study, similar carbon-
ation experiments were performed at room temperature, and
various common domestic drinks (soluble coffee, orange
juice, carrot juice, white wine, sugar water and milk) were
now used as additives with a view to synthesizing calcite
mesocrystals, since this nanostructured material could offer
unique new possibilities of usage in industry.17,20 Moreover,
This journal is © The Royal Society of Chemistry 2015



Fig. 3 Characterization of calcite mesocrystals synthesized in the presence of soluble coffee additive. FESEM images at different magnifications
(up); TEM images and SAED pattern acquired on several tens of crystals. Arrows show a slight disorientation (middle); and N2 adsorption–
desorption isotherms (bottom).
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this simple crystallization system shows how daily additives
can change a complete morphosynthesis.

Here, experimental XRD patterns revealed that calcite is
the only crystalline component in all the products (Fig. 1),
i.e. that high concentrations of organic matter (proteins,
sugars and fibers) in the system did not induce polymor-
phism, as often invoked in homogeneous or diffusion sys-
tems where ACC, vaterite and/or aragonite were observed at
the early stages or co-existed with calcite in the final
product.22,33–36 In fact, from the Rietveld refinement of XRD
patterns, only smaller calcite particles (coherent domain aver-
age size <50 nm) were produced in the presence of a given
This journal is © The Royal Society of Chemistry 2015
additive with respect to calcite synthesized in the absence of
additive, where the coherent domain average size is equiva-
lent to 81 nm. These results concerning the particle size of
calcite are in agreement with FESEM observations. However,
particle organization at the aggregate scale is very different
when additives are used. Clearly, the use of common domes-
tic drinks as additives induced the formation of calcite meso-
crystals with a peanut-like morphology except in the case of
sugar–water and milk, i.e. the formation of a nanostructured
material in which the constituent calcite nanoparticles (10 <

size < 50 nm) are aligned and/or oriented, forming regular
micrometric 3D porous aggregates (<3 μm) (see Fig. 2). In
CrystEngComm, 2015, 17, 5725–5733 | 5729



Fig. 4 In situ monitoring of pH in the interacting solution (top), CO2

consumption related to CO2 pressure drop (middle), and carbonation
exothermicity (bottom).

Fig. 5 Experimental kinetic data and fitting curves for CO2

consumption during calcite synthesis. All fitting parameters are
summarized in Table 2.
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the case of sugar–water and milk additives, the organization
of the calcite nanoparticles is unclear; here, irregular aggre-
gates mixed with well-faceted rhombohedral calcite particles
are dominant in the solid products. These results suggest
that the orientation of calcite nanocrystals is particularly
induced by the presence of vegetable fibers contained in cof-
fee, orange and carrot juices and wine. The mesocrystals pro-
duced can be porous nanostructured materials, or non-
porous if organic molecules completely fill the existing space
5730 | CrystEngComm, 2015, 17, 5725–5733
between the primary nanoparticles. Conventional TEM obser-
vations thus did not clearly reveal any porosity in the calcite
mesocrystals, but the selected area electron diffraction
(SAED) pattern in Fig. 3 (middle) confirms that aggregates of
calcite nanoparticles with the same orientation form the so-
called mesocrystals or pseudo-single calcite crystals (case:
coffee as additive). In a complementary context, N2 adsorp-
tion isotherms have unambiguously confirmed that calcite
mesocrystals obtained in the presence of soluble coffee are
porous, as attested by pronounced hysteresis between adsorp-
tion–desorption isotherms (see bottom of Fig. 3). Moreover, a
high specific surface area of 30 m2 g−1 was determined using
the BET method and small mesopores of ~7 nm (median
pore diameter) were determined using the BJH method. Addi-
tional results concerning the average particle size, morphol-
ogy and specific surface area of all calcite products obtained
are reported in Table 1.

In situ monitoring of pH in the interacting solution, CO2

consumption (or CO2 pressure drop) and exothermicity pro-
vide original and complementary macroscopic kinetics data
on the aqueous carbonation of portlandite with compressed
CO2 ĲCaĲOH)2 + CO2 → CaCO3 + H2O) in the absence or pres-
ence of a given additive (see Fig. 4). In general, the additives
investigated produced a complex retarding effect on the car-
bonation reaction with respect to calcite synthesized in the
absence of any additive. This means that the dissolution rate
of CO2 was significantly reduced by the presence of a given
additive. This macroscopic retarding effect was already
observed for calcite formation in presence of oxyanions (or
polyatomic ions) in similar experiments.37 We note that in
our system the CO2 dissolution rate, implying both absorp-
tion and dissociation processes ĲCO2Ĳgas) → CO2Ĳaq); CO2Ĳaq) +
H2O → HCO3

− + H+ and HCO3
− → CO3

2− + H+), is the limiting
step for carbonation of available portlandite – see ref. 10.
Portlandite ĲCaĲOH)2) is initially in excess (61.6 g L−1) with
respect to its solubility (1.73 g L−1 at 20 °C), and consequently
this strong base maintains a high pH (>12) after CO2
This journal is © The Royal Society of Chemistry 2015



Table 2 Summary of kinetic parameters and dissipated heat in the case of aqueous carbonation of portlandite with compressed CO2 in the presence of
additives

Additive tc min

Firsta Sigmoidalb

ΔTmax °C
Heat kJ
mol−1 RFnmax (mol) 1/k (min) nmax (mol) ks t1/2 (min)

Without 60 0.55 ± 0.01 53.13 ± 2 — — — 7 35.20 —
Soluble coffee 90 — — 0.56 ± 0.01 23.98 ± 1.87 56.71 ± 2.16 7 35.20 0.05
Orange juice 75 0.71 ± 0.02 110 ± 4.85 — — — 4 20.11 0.38
Carrot juice 90 0.54 ± 0.01 99.38 ± 4.94 — — — 4 20.11 0.48
White wine 120 0.51 ± 0.01 79.40 ± 4.40 — — — 5 25.14 0.38
Sugar 300 — — 0.60 ± 0.01 32.74 ± 1.63 101.55 ± 1.82 5 25.14 0.43
Milk 450 — — 0.57 ± 0.02 116.92 ± 11.57 325.41 ± 18.10 3 15.10 0.83

tc: pH stabilization time after sudden drop (experimental value); First: kinetic pseudo-first-order model used to fit kinetic data from 0 to 24
h.a Correlation factor R = 0.99; nmax: maximum amount (in mol) of CO2 transferred from gas phase to suspension (macroscopic equilibrium);
k: kinetic constant; Sigmoidal: kinetic sigmoidal model used to fit kinetic data from 0 to 24 h. b Correlation factor R = 0.99; ks: parameter
related to the slope of the curve; t1/2: time required to reach nmax/2; ΔT: maximum change in suspension temperature; Heat: heat dissipated by
carbonation exothermicity; RF: retarding factor (0 < RF < 1) (refer also to Montes-Hernandez et al., 2009 (ref. 37)).
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injection until it is completely transformed or carbonated.
This critical point (at a given time, tc) is reflected by a sudden
drop in pH in the experiments. However, as mentioned
above, the additives investigated retard CO2 transfer from gas
phase to suspension and, in some cases (coffee–water, sugar–
water and milk), the kinetic regime also changed from
pseudo-first-order behavior to sigmoidal behavior, as shown
in Fig. 5. Herein, a dimensionless retarding factor (RF)
was calculated in terms of initial rate as follows: RF = 1 −
v0,calcite-drink/v0,calcite where v0,calcite-drink represents the initial
rate of CO2 transfer during calcite formation in presence of a
given drink (mol s−1) and v0,calcite represents the initial refer-
ence rate of CO2 transfer only during calcite formation (mol
s−1), i.e. without additive. More specific details on this simple
calculation were already reported by Montes-Hernandez
et al.37 For this simple macroscopic interpretation, retarding
effect exist if 0 < RF < 1, when RF = 0 (not retarding effect),
RF = 1 (complete inhibition reaction) and RF < 0 (accelerating
affect). For our experiments, all calculated values (Table 2)
suggest a retarding effect as claimed above; however, when
orange juice was used a higher CO2 consumption at equilib-
rium was measured suggesting complementary reactions
between aqueous CO2 and suspension, probably, the high
levels of citrate may form calcium citrate. We note that car-
bonation exothermicity also experiences a similar retarding
effect that is systematically proportional to CO2 consumption;
additionally, the additives investigated (except soluble coffee)
also produce a reduction in dissipated heat (q = mcΔT) if pure
water is considered in the system. All the experimental and
calculated data (including fitting parameters for the kinetic
curves reported in Fig. 5) are summarized in Table 2.

Theoretically, the fact that the pH stabilizes after suddenly
dropping indicates that portlandite has been completely
transformed or carbonated. A simple mass balance reveals
that portlandite transformation is non-equimolar with CO2

consumption, since the theoretical CO2 value (in mol)
required to carbonate the available portlandite is reached
slowly after about 2.5 h in the case of calcite synthesis in the
This journal is © The Royal Society of Chemistry 2015
absence of additive, while complete transformation takes
place after about 1 h as indicated by the sudden drop and
stabilization of pH. This discrepancy could be explained by
the formation of transient complex ionic or non-ionic species
or by transient portlandite interactions with nucleating cal-
cite nanoparticles. In both cases the formation of colloidal
suspensions is expected at the early stage of carbonation.
Similar behavior was observed in the case of calcite synthesis
in the presence of a given additive (see photographs on the
upper part of Fig. 6). In this context, preliminary direct
Raman measurements on sampled suspensions as a function
of time in the case of calcite synthesis in the absence of addi-
tive reveal direct calcite nucleation from the colloidal suspen-
sion (Fig. 6: bottom), as already simulated by using the classi-
cal crystallization pathway.10 In other words, ACC is not the
exclusive and universal precursor of calcite formation, as
recently proposed by Hu et al.8 However, to confirm this
assumption, a real-time Raman analysis under high CO2 pres-
sure is required. Following the same reasoning, the calcite
mesocrystals produced using organic additives can also be
formed via the classical crystallization pathway, but now
assuming that nucleating calcite nanoparticles are rapidly
oriented by intercalation of organic matter or directly nucle-
ated on the preexisting oriented sites in the organic matrix
(mainly in vegetable fibers), leading to 3D calcite meso-
crystals in our experiments. Unfortunately, this orientation
mechanism cannot directly measured/observed from our
experimental setup. We note that the formation of meso-
crystals (including particle orientation mechanism) is still an
open subject in the materials science (including bio-
mineralization).

4. Conclusion

The controlled synthesis of mesocrystals has been attracting
considerable attention in the material sciences community in
recent years, since they offer unique new opportunities for
material design due to their mesoscopic structure. Here, we
CrystEngComm, 2015, 17, 5725–5733 | 5731



Fig. 6 Static-natural sedimentation (after 3 days) of suspensions sampled during calcite formation without additive and in the presence of soluble
coffee (top); apparent occupied volume fraction as a function of reaction time, roughly showing that smaller particles are formed at the early
stages of calcite formation (middle); direct Raman measurements on the sampled suspension showing classical crystallization pathway for calcite
synthesis without additive.
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propose a simple and innovative method for synthesizing
porous calcite mesocrystals than could offer new possibilities
of usage in industry or improve the existing industrial and
medical uses of powdered synthetic calcite. Two main advan-
tages are claimed. Firstly, common domestic drinks can be
5732 | CrystEngComm, 2015, 17, 5725–5733
used as additives, leading to excellent orientation of the cal-
cite nanoparticles (10–50 nm) to form regular micrometric
(<3 μm) 3D porous aggregates with a peanut-like morphology
and high specific surface area (up to 30 m2 g−1). Secondly,
only a few hours (6 h < time < 24 h) are required and
This journal is © The Royal Society of Chemistry 2015
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synthesis is possible using a dispersed triphasic gas–liquid–
solid system under high non-constant CO2 pressure (aniso-
baric conditions). In addition, our proposed synthesis proce-
dure could easily be extrapolated to industrial scale.
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