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1. Introduction

Calcite—aragonite transformation in an eggshell: a
crucial role of organics and assessment of the
impact of milling conditions on its extent using
Taguchi designf
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Phase transformations during high-energy ball milling, a tool of mechanochemistry, are interesting due
to the possible production of metastable phases without the need for artificially introducing high
temperatures and pressures. In our work, the transformation of calcite to aragonite in an eggshell is
studied in detail. The presence of organic material, in either the naturally present eggshell membrane, or
artificially supplied L-cysteine, was found to be crucial for the phase transformation to occur, its
decomposition leading to a pressure increase necessary for aragonite formation. The presence of sulfur
in the organics seems to be crucial, as corroborated by much lower phase transformation extent when
utilizing sulfur-free organics for comparison. The degree of the transformation in an eggshell was
strongly dependent on the used milling conditions. The optimization was assessed using the Taguchi
method, namely using a 4* orthogonal array. The optimized parameters encompassed milling time,
sample mass, milling speed and duration of breaks and it was shown that sample mass has a decisive
effect on the amount of obtained aragonite. Under the most efficient conditions, 73.7% of aragonite was
obtained. Prolonging milling until 4 hours further boosts the transformation, reaching 89.9% of
aragonite, but further milling leads to the collapse of the aragonite structure and pure calcite was
observed after 5 hours.

in TiO, (from anatase to srilankite and rutile),® Al,O; (from the
v- to the a-phase),'® and metallic Co (from face-center-cubic to

The possibility of performing phase transformations using
high-energy milling has been attracting interest from research-
ers for a long time'® due to the fact that many high-pressure
and/or high-temperature crystal structures (including meta-
stable ones) can be formed even at room temperature and
ambient pressure in this way.””® This topic was investigated
among pioneering works in the field, e.g. the transformations
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hexagonal close-packed)'" were described.

Among other phase transformations, the calcite-to-aragonite
one is of particular interest, due to several reasons: on the one
hand, changing the structure into aragonite allows the
improvement of some properties of the material;>">'? on the
other hand, we can find important coincidences with natural
phenomena like biomineralization, which develops the knowl-
edge on the management of crystal phases, morphology and
architecture using biomimetic processes.*'> Most transforma-
tions investigated in this system were scrutinized starting from
the calcite mineral.'®° The process was usually very time-
consuming®"?** and the question “What is behind this trans-
formation?” remained unanswered for a long time.

Apart from the mineral, calcite is also present in the eggshell
waste. The eggshell (ES) is a waste material exhaustively studied
for its potential applications in materials science due to its
unique properties.”® The primary component of ES is calcium
carbonate (~95%) in the form of calcite. Apart from that,
proteins (an organic matrix corresponding to 3.3-3.5% and
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1.6% water of the shell weight) that interact with the mineral
phase controlling its formation and structural organization
during eggshell development are also present,**** and thus
determine the mechanical properties of the mature biomater-
ial. These proteins form the fibrous eggshell membrane that
separates the eggshell from the inner part of the egg and is also
interesting for particular applications in materials science.”®

It was possible to transform calcite to aragonite in the
eggshell quite rapidly by exerting enough energy.>'**” If
enough energy is not supplied, the transformation will not
occur.”® The presence of the organic membrane seemed to
speed up the process,™ but whether its presence is mandatory
for the transformation to occur and the possibility of its
replacement by an artificially introduced organic material was
not investigated.

The aim of the present study was exactly to provide an
answer to these questions. A key role of the presence of the
eggshell membrane to trigger the transformation, and also a
possibility to induce it by the presence of an artificially intro-
duced organic material, was revealed. Moreover, the effect of
the individual milling parameters on the studied phase trans-
formation was assessed using a statistical approach.

2. Materials and methods
2.1. Materials

Raw eggshells (ES) were obtained from the local canteen. In
most cases, the eggshell membrane (ESM) was not separated,
and thus this material is referred to as ES + ESM in further text.
The eggshells were properly washed with distilled water, dried
at laboratory temperature and the powder was crushed to a size
below 1 mm using a kitchen mixer. Commercial calcium
carbonate (LACHEMA, Czechia) used for comparison and
L-cysteine (>97%, Sigma Aldrich), glycine (>99%, Sigma Life
Science, USA) and polyvinyl pyrrolidone (Sigma Aldrich, USA)
used as an artificially introduced organic material were used
without further purification.

2.1.1. Separation of inner and outer eggshell membranes.
For some specific cases, the utilization of ESM-free eggshell was
necessary. In this case, a small hole on the top side of a fresh
egg was made and then the inner contents were poured out
through it. The emptied egg was then washed multiple times
with a tap water and left to dry for about 3-6 hours stored
upside down so that residual water could leak out through the
hole. This time was found to be ideal so that the material was
neither too wet nor too dry to remove the eggshell membranes.
The eggshell was then vertically broken into two parts in such a
way that the air cell present at the bottom part could be
preserved in both halves. The inner membrane was then
mechanically pulled off from the inside in a soft manner,
starting from the air cell. The outer membrane was separated
from the eggshell by gently breaking the small fragments of the
eggshell and tearing it off from the outer ESM. The ESM-free ES
was dried and its particle size was reduced to below 200 pm
using a kitchen mixer.
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Table 1 The milling conditions for the mechanical activation of eggshell
designed according to a Taguchi 4% orthogonal array

Sample Milling Sample Milling Break
abbreviation time, h mass, g speed, rpm duration, min
T1 1 7 400 120
T2 1 5 500 30
T3 1 3 600 15
T4 1 1 700 5
TS5 2 7 500 15
T6 2 5 400 5
T7 2 3 700 15
T8 2 1 600 5
T9 3 7 600 120
T10 3 5 700 15
T11 3 3 400 30
T12 3 1 500 120
T13 4 7 700 30
T14 4 5 600 120
T15 4 3 500 5
T16 4 1 400 15

2.2. Methods

2.2.1. Mechanical activation of the eggshell. Mechanical
activation of the eggshell was carried out in a Pulverisette
7 premium line (P7) laboratory planetary ball mill (Fritsch,
Germany) under the following conditions: tungsten carbide
milling chamber with a volume of 45 mL, 18 tungsten carbide
balls with a diameter of 10 mm and a total weight of 135 g in an
air atmosphere. In order to optimise the other milling condi-
tions, design of experiments (DoE), namely the Taguchi method
was applied.>**° Four factors (milling time, sample mass,
milling speed and break duration) were selected and modified
at four levels (see Table 1). The initial values were determined
based on our previous study."® An orthogonal Taguchi array (4%
was created using Minitab14 software (Minitab, Ltd, UK) and
sixteen experiments with different combinations were planned.

2.3. Characterization techniques

2.3.1. X-ray diffraction (XRD). The XRD patterns of the
mechanically activated samples were collected using a D8
Advance diffractometer (Bruker, Germany) with CuK,, radiation
in the Bragg-Brentano configuration. The generator was set up
at 40 kv and 40 mA. The divergence and receiving slits were set
to 0.3° and 0.1 mm, respectively. The XRD patterns were
recorded in the range of 20 = 6-70° with a step of 0.01° and a
step time of 3 s. The JCPDS PDF-2 database was utilized for the
phase identification. Refinement by using the Le Bail method
was performed to obtain phase composition and unit cell
parameters using the GSAS-II software package.*’ The precision
of phase fraction measurements using the Le Bail refinement
method was assessed through the analysis of duplicates, with
%RSD being less than 5%. The total uncertainty of refinement
by using the Le Bail method was estimated to be 15%, which
includes the relative error of diffractometer calibration and the
standard deviation of independent phase composition mea-
surements. The prepared synthetic mineral mixtures with
different phase compositions of aragonite (PDF 00-041-1475),
calcite (PDF 00-066-0867), witherite (BaCOj;, PDF 96-100-0034),
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villiaumite (NaF, PDF 96-900-8680) and strontianite (SrCOs, 3. Results and discussion
PDF 96-500-0094) were used; the measured phase composition 5 ;
deviated by less than 10% from the reference values (an
example of this assessment is shown in Fig. S1 in the ESIT).

X-ray diffraction and Spgr analysis

The effect of different milling conditions on the phase trans-
formation of calcite to aragonite in ES + ESM was investigated
by using XRD. The results for the samples T1-T16 are shown in
Fig. 1(a and b). The initial material contained only calcite and
its XRD pattern is provided in the ESIt (Fig. S2).

The phase transformation clearly proceeds to a different

2.3.2. Scanning electron microscopy (SEM). The morphol-
ogy and size of the powder particles were investigated by using a
scanning electron microscope (SEM) Tescan Vega 3 LMU (Tescan,
Czech Republic) using an accelerating voltage of 20 kV. In order for
the samples to be conductive, the powder was covered by a layer of
gold using a Fine Coat Ion Sputter JFC 1100. To obtain information ~ €Xtent (reaching maximum 73.7% for the sample T16) depend-
about the chemical composition of particles, an energy-dispersive ing on the milling conditions, as aragonite diffraction peaks
Xray spectrometer (EDX) with Tescan Bruker XFlash Detector —Were observed in the majority of the XRD patterns. The content
410 M (Bruker, Germany) was used. of aragonite for each sample was assessed through the Le Bail

2.3.3. Specific surface area analysis. A nitrogen adsorption ~method and the fitting results are presented in Fig. S3 in the
apparatus NOVA 1200e Surface Area & Pore Size Analyzer ESLf
(Quantachrome Instruments, United Kingdom) was employed According to the literature,®” the phase transformation of
to determine specific surface area (Sggr). It was calculated using ~ calcite to aragonite in eggshells with the membrane proceeds
the Brunauer-Emmett-Teller (BET) equation in the region of quite rapidly. Namely, it begins after 15 minutes of milling®*
relative pressures 0.05-0.35. and the maximum amount of aragonite for eggshell (65%) was
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Fig. 1 X-ray diffraction patterns of the ES + ESM treated under T1-T16 conditions: (a) T1-T4, (b) T5-T8, (c) T9-T12, and (d) T13-T16. For comparison,
also the initial ES + ESM is included in (a). Blue bars correspond to calcite (00-066-0867) and magenta ones to aragonite (00-041-1475). The percentage
content of aragonite calculated by Le Bail refinement is presented in the figure (the rest corresponds to calcite). Also, the crystallite size of calcite (C) and
aragonite (A, when present), together with the specific surface area (Sget) values for each sample are presented in the figure.
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reached after 240 minutes of the treatment. The relatively rapid
onset of transformation in eggshell is explained by the porosity
and large surface area of the material. This theory is consistent
with the results of other works,"* where eggshell milling was
conducted in the absence of the outer eggshell membrane. In
the mentioned work, the transformation of calcite to aragonite
starts after 30 minutes of milling, and the maximum amount of
aragonite (58%) is reached after 360 minutes. However, the
potentially important role of the organic eggshell membrane in
the phase transformation is not discussed in those studies.

The specific surface area (Sggr) values for T1-T16 samples
are in the range from 9 m® g~ ' to 34.9 m> g~ *. The values seem
to be independent from aragonite content. The maximum Sggr
value is observed for sample T7, where the content of aragonite
is 47.7%. The maximum Sper value without aragonite content
was found for the sample T5 (26.6 m* g~ '). This is in accor-
dance with ref. 13 where after 30 min maximum surface area
(28.4 m* g~ ") was detected, and the content of aragonite was yet
negligible after such a short time.

Using the Le Bail refinement, we have calculated the
crystallite size of calcite in all 16 samples. The results are also
reported in Fig. 1. The calculated values were between 16 and
43 nm for all the samples, thus nanocrystalline calcite was
present in all the samples. The calcite crystallite size in the
initial material was 42 + 5 nm, and thus, already the mildest
treatment utilized in experiment T1 led to a significant crystal-
lite size reduction. In comparison with other studies,"” we do
not observe a sharp increase in the size of calcite crystallites,
which may be due to the conditions of mechanical activation
of calcite. In addition, the formation of the aragonite phase
can affect the size of calcite crystallites.”® For the samples, in
which a considerable amount of aragonite was identified, its
crystallite size was also determined. The results are in the ESI¥
in Table S1. Thus, aragonite is also nanocrystalline and its size
does not differ significantly from the size of calcite. There is a
certain pattern of decreasing dimensions with decreasing
sample mass and processing speed. As suggested,’®> more
calcite crystals may simultaneously participate in the recrys-
tallization process, and the resulting aragonite is larger
in size.

The proposed phase transformation mechanism can be
influenced by milling conditions®>**> and materials properties.

In order to investigate whether there is any relationship
between the aragonite content, Sggr value and calcite crystal-
lite size, all the combinations of these three properties were
plotted against each other (Fig. S4, ESIT). The presented plots
revealed that there is no relationship between calcite crystal-
lite size and Sggr value and neither does calcite crystallite size
seem to depend on the aragonite content. However, when
plotting Sgpr vs. the aragonite content, an increase of Sggr up
to 50% of aragonite and a steep decrease can be observed
afterwards. This behavior is correlated with what was observed
in the kinetic study in 2015;"* however, in our case, the
decrease is much more pronounced and the Sggr values of
the most samples with aragonite content higher than 60% are
below 15 m* g~

24282 | Phys. Chem. Chem. Phys., 2024, 26, 24279-24287

View Article Online

PCCP

3.2. Taguchi calculations and regression analysis

One of the main advantages of the Taguchi method is to
determine the optimum milling conditions without the need
to perform the experiments with all the combinations of input
parameters.*® In the present case, our aim was to achieve the
highest degree of phase transformation possible, i.e. to maxi-
mize aragonite yield. Therefore, the-larger-the-better approach
was used. The optimum parameters turned out to be milling
time 4 hours, sample mass 1 g, milling speed 700 rpm, break
duration 15 minutes (Fig. S5, ESIT). However, as the contribu-
tion of the milling time and break duration is not very
important (this is clear from the low changes in the mean of
means in Fig. S5 (ESIt) and will be confirmed later by the
ANOVA analysis), we have decided to select the lowest milling
time (1 hour) and shortest break (5 minutes) as optimum, in
order to save time and energy. We respected the results of
Taguchi analysis in the case of the other two parameters,
and thus the optimum conditions of T4 experiment were
selected.

The Taguchi 3® orthogonal array has been quite recently
used for the calcite-to-aragonite phase transformation in a
planetary ball mill with the aim of obtaining the lowest crystal-
lite size of calcite.®® The authors found that milling speed
600 rpm, milling time 10 hours and ball-to-powder ratio
20 were the most suitable. They also succeeded in confirming
the predicted value by the reaching a good match with the
results of the actual experiment preformed under these condi-
tions. As a starting material, they used commercial calcite
powder and stainless steel was used as a material of milling
media. Regarding calcite-aragonite phase transformation, the
aragonite presence could be clearly distinguished from the XRD
patterns only in the sample treated under the most severe
conditions, namely under ball-to-powder ratio 50, at 600 rpm
for 5 hours.

The data obtained in the present contribution can be used to
calculate the individual contribution of each parameter to the
outcome via Analysis of Variance (ANOVA). The results are
summarized in Fig. 2. It can be seen that for aragonite content,
the most important factor is sample mass (65%). The confi-
dence level for the calculations was set to 95%, so the p-value
below 0.05 means that the change of the investigated parameter
is statistically significant. As for the sample mass, the p-value is
equal to 0.005, the statistical significance of this parameter is
confirmed. The break duration has the lowest impact on
the result (2%). Interestingly, for the calcite crystallite size
reduction investigated in ref. 33, sample mass (regarded as
ball-to-powder ratio in the mentioned study) was the least
important factor out of the three (its contribution being 21%,
while that of milling speed and milling time was 32 and 28%,
respectively).

The aim of the recent contribution was also to determine the
most suitable regression being able to estimate aragonite
content. We have tried many regressions available in MINI-
TAB14 software. By utilizing the “Best subsets” function, we
obtained the information about the regression suitability when

This journal is © the Owner Societies 2024
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Aragonite = - 1.2 + 5.51 MT - 9.40 SM + 0.0990 MS

Milling time

Break
(0=0.897); 7% e

duration
(p=0.956); 2%

Error; 5%

“Milling speed
(P=0.383); 22%
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Fig. 2 Analysis of variance (ANOVA) results showing the contributions of
individual milling parameters (in %) to the degree of phase transformation
in eggshell (aragonite content) and p values. The regression is also
included: MT — milling time, h; MS — milling speed, rom; SM — sample
mass, g.

all the combinations of multiple variables are used. The results
can be found in Table 2. In addition, by using the “Fitted line
plot” function, we also investigated the suitability of quadratic
and cubic functions of each one of the variables, which is also
included in the table.

The regressions for each of the trials are provided in
Table S2 in the ESL{ According to the analysis the highest
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Fig. 3 X-ray diffraction patterns of the ES + ESM after MA using T4
conditions for 1-5 hours. The percentage content of aragonite calculated
by Le Bail refinement and the estimated calcite and aragonite crystallite
sizes are presented in the figure.
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correlation coefficients were obtained when using equation no. 10
possessing three independent variables (break durations are not
included). The mentioned equation is given on the top of Fig. 2.

The normality test of the residuals for this equation was
performed, which showed that the p-value is significantly
higher than 0.05, which means that the residuals are normally
distributed (Fig. S6, ESIf). This means that the proposed
equation quite nicely fits the experimental results.

Table 2 Regression analysis: best subsets and fitted line plots for the regressions available in the MINITAB14 software and corresponding correlation

coefficients
Variables

No. MT SM MS BD Equation type R-sq R-sq (adj) Mallows C-p S

1 X Linear 51.2 47.7 5.8 21.936
2 X 14.2 8.1 19.3 29.086
3 X 4.4 0.0 22.9 30.702
4 X 0.1 0.0 24.5 31.390
5 X X 65.4 60.1 2.6 19.170
6 X X 55.6 48.8 6.2 21.715
7 X X 51.3 43.8 7.8 22.749
8 X X 18.6 6.1 19.7 29.401
9 X X 14.3 1.1 21.3 30.173
10 X X X 69.8 62.2 3.0 18.643
11 X X X 65.5 56.8 4.6 19.935
12 X X X 55.7 44.6 8.2 22.585
13 X X X 18.7 0.0 21.7 30.590
14 X X X X 69.8 58.9 5.0 19.452
15 X Quadratic 4.6 0.0 31.826
16 X 60.7 54.7 20.427
17 X 18.9 6.5 29.339
18 X 0.1 0.0 32.562
19 X Cubic 4.7 0.0 33.113
20 X 64.6 55.7 20.191
21 X 21.7 2.1 30.008
22 X 2.5 33.5 33.485

R-sq: statistical measure in a regression model that determines the proportion of variance in the dependent variable that can be explained by the
independent variable, R-sq (adj): a modified version of R-squared that takes into account the number of predictor variables in the model, Mallows
C-p: a statistical measure that compares the performance of a linear regression model to an ideal model that includes all the important predictors,
S - standard error of the regression. Variables abbreviations: MT - milling time, SM - sample mass, MS - milling speed, BD - breaks duration
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3.3. Kinetics of the phase transformation under optimum
conditions

The phase transformation was already quite pronounced after the
treatment under T4 conditions (the content of aragonite was
69.6%). This is much faster than reported at 500 rpm, where such
high content of aragonite was not observed even after 6 hours of
planetary ball milling. In order to investigate whether the calcite-
aragonite transformation can be brought to completion and to
have a better overview of the kinetics of the process, we performed
milling under T4 conditions for 2, 3, 4 and 5 hours, each time
starting with the new batch. The XRD patterns are shown in Fig. 3.

The phase transformation has advanced during the next
three hours of treatment; however, it progressed much less
rapidly than within the first hour. Namely, only 19.9% calcite
was transformed in between 1 and 4 hours of milling. Never-
theless, after four hours, the degree of calcite-aragonite trans-
formation in eggshell is still the largest ever reported (much
higher than that in ref. 13). This is most probably due to the
presence of both membranes, i.e. larger amount of organic
material, as will be hypothesized in the next section. However,
the complete transformation could not be observed. Upon
prolonging the milling to 5 hours, the aragonite crystal struc-
ture collapsed and only calcite was identified. The same back-
ward transformation (albeit only to much lower extent) also
occurred when treating inner-membrane free eggshell in a
planetary ball mill for 16 hours.” Similar aragonite-to-calcite
transformation seems to also occur when treating commercial
calcite powder,"” judging from the XRD patterns provided
therein, albeit the time scales are much longer than in our
study. Although we are unable to explain this quick backward
transformation at the moment, the hypothetical explanation
could be that once all the organics necessary for the transfor-
mation are decomposed, the metastable aragonite is quickly
transformed back into calcite due to the absence of the heat
and pressure created during organics decomposition necessary
for maintaining aragonite polymorph during further milling.
The aragonite crystallite size is gradually increasing with
milling time (from 15 nm after 1 hour to 23 nm after 4 hours).
On the other hand, the estimated crystallite size of calcite
remains almost the same (around 15 nm) until 3 hours and
then significantly increases to 34 nm after 4 hours. This
increase might be related to the approaching termination of
aragonite formation. After aragonite disappearance, the crystal-
lite size of calcite was only barely affected.

A complete calcite-aragonite transformation might poten-
tially be achieved by artificially adding more organic material,
which creates a great playground for the future research. In
general, the best solution to get real-time information about the
phase transformation would be performing time-resolved
in situ X-ray diffraction monitoring,**** so an effort in this
direction will be made in the future.

3.4. Influence of membrane presence

All the results mentioned so far were obtained for the ES
containing ESM. It was shown in the past that the presence
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Fig. 4 X-ray diffraction patterns of the ES + ESM. ES and ES with 5% of
L-cysteine after MA in T4 conditions. The percentage content of aragonite
and the estimated calcite and aragonite crystallite sizes calculated by using
Le Bail refinement and the specific surface area (Sget) values for each
sample are presented in the figure.

of ESM enhances the rate of the phase transformation of CaCO3;
in eggshell.”® The material labelled as ES in the mentioned
study still contained outer membrane, as although the ESM is
reported to be separated by boiling in a weak solution of
hydrochloric acid, this process only separates the inner
membrane, while the outer membrane remains firmly bound
to the ES (we discovered this when closely analyzing the egg-
shells after boiling). Nevertheless, a small difference in favor of
the progress of the calcite-aragonite transformation in the
material containing both membranes can be clearly seen in
that study.

To confirm the important role of the ESM in the transforma-
tion, the mechanical activation of the eggshell without the
outer and inner membrane (ES) was carried out under T4
conditions. These conditions were selected, as a high amount
of aragonite after a relatively short time (1 hour) of treatment
was obtained. Although there are other samples with compar-
able aragonite content (such as T8, T10, T12 and T16), two and
more hours of milling, respectively, are necessary to reach the
similar phase composition.

Fig. 4 shows the XRD patterns of ES treated under T4 condi-
tions. Clearly, only pure calcite phase (PDF 00-066-0867) was found
upon milling ES where ESM was removed, which confirms the
valuable role of ESM in the transformation (see Fig. 4). In order to
see whether the organic material needs to be naturally embedded
(like in the case of natural ESM) or can be also artificially supplied
to make the transformation to occur, an additional experiment
with the 5% artificially added organic matter to the ESM-free
eggshell was performed. 1-cysteine amino acid (CYS) was selected
due to the similarity to ESM in the presence of sulphur (ESM also
contains around 3% of it). In the XRD pattern of this mixture
treated under T4 conditions, a mixture of calcite and aragonite
(PDF 00-041-1475) phases can be seen, which confirmed the
successful calcite-to-aragonite transformation also in this case.
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The estimated aragonite content in the ES + CYS was higher
than in the ES + ESM sample treated under T4 conditions. The
difference in the degree of phase transformation may be due to
the higher content of organic material in the ES + CYS sample
(we have introduced 5% of the organic material, whereas the
organic ESM represents around 3.5% of the ES weight). Also in
ES + CYS, a significantly larger amount of sulphur was intro-
duced (its content is around 3% sulfur and more than 26% for
ESM and cysteine, respectively). The estimated crystallite size of
both phases is around 25 nm, which is similar to that of
aragonite reported in ref. 13. Calcite crystallite size was lower
(between 10 and 15 nm) in the mentioned study.

The specific surface area values of both ES and ES + CYS
samples are significantly lower in comparison with that of ES +
ESM (all the samples were treated under T4 conditions). The
difference in the surface area can be explained by the way
organic substances interact with ES. In the case of ES + ESM,
organics are contained in the form of an outer membrane (film)
and an inner membrane, which were strongly embedded and
interconnected with the ES.>* And during milling, the decom-
position of organic matter in the structure slows down the
agglomeration process. In the case of ES with CYS, they are
simply a mechanical mixture, which, during milling agglomer-
ates and reduces the specific surface area. Sgpr changes are
definitely not related to the amount of aragonite present, as
noted in the previous work."?

The influence of the mechanical activation of ES, ES + ESM
and ES + CYS samples on their morphology was pursued by
using scanning electron microscopy. The micrographs are
presented in Fig. S7 in the ESL¥

SEM images show the presence of both large and small
grains in all the samples. However, in the ES + CYS (Fig. S7c,
ESIt), more finer particles are observed than upon pure ES
treatment. For the ES + ESM sample, the number of finer
particles is even higher. Fine particles in the ES + ESM and
ES + CYS samples are numerous, and their presence is most
probably the reason for the higher specific surface area in
comparison with pure ES. The elemental mapping has shown
the homogeneous distribution of calcium, carbon, and oxygen
in all three samples (Fig. S8-S10 in the ESIf). In the case of
ES + CYS and ES + ESM samples, also a significant amount
(0.89 at% and 0.74%. respectively) of sulfur was detected (see
Table S3, ESIT). The reason for this is the presence of sulfur
in the r-cysteine structure and in the ESM, as reported in
ref. 36 and 37.

The phase transformation of calcite (R3c¢) to aragonite
(Pmcn) is of a reconstructive nature, and the main factor is
the self-diffusion of calcium and oxygen.*® In the process of
transformation, the initial secondary structure of calcite is
destroyed. At low temperatures, diffusion slows down and the
secondary structure of the aragonite phase forms slowly. The
presence of impurities can increase diffusion and speed up the
transformation process.**™** It has been reported®® that impu-
rities can strongly inhibit the direct precipitation of calcite as
well as the conversion of aragonite to calcite. The discrepancy
in activation rates and energies depends on the nature of the
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impurity, which may be associated with the nature of grain
boundaries and deformational strain.*’

The results have shown us that the presence of organic
material, either or natural origin (ESM), or artificially intro-
duced (CYS), is crucial for the phase transformation in eggshell
to occur. The positive effect of the presence of organics can be
attributed to the same hypothesis®**> with impurities that
promote the phase transition. However, as higher temperatures
occur during milling, the organic material can also decompose.
According to the literature,** sulfur-containing amino acids
decompose at high temperatures with the release of carbon
dioxide and hydrogen sulfide, the characteristic odor of which
is observed when the chamber is opened after grinding.
However, as the sulfur content was enriched during milling
(the content of sulfur determined via EDX is higher than before,
see Table S3 in the ESIt), it means that the formation of H,S is
just partial, and that the CO, formation is more pronounced.

In conclusion, when generalizing the results of our experi-
ments. we can obtain a certain pattern showing that the degree
of transformation of calcite into aragonite is governed by the
content of organics. In the absence of organic substances in the
ES, the transformation does not occur, which was presented
above. The presence of an outer membrane allowed the trans-
formation of calcite to aragonite to reach 58%,"* and milling of
ES containing both outer and inner membrane resulted in the
formation of 73.7% aragonite. Finally, treating ES with the
artificially added 5 wt% of r-cysteine allowed the degree of
transformation to reach 81.5% under the given conditions.

3.5. Phase transformation of CaCO; in commercial calcite

To investigate whether the phase transformation of calcite to
aragonite can be triggered in the presence of CYS only in

I PDF 00-041-1475 (aragonite)
Bl PDF 00-066-0867 (calcite)
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Fig. 5 X-ray diffraction patterns of the commercial calcite (CC) and a
mixture of commercial calcite with 5% of L-cysteine (CYS), glycine (GLY)
and polyvinyl pyrrolidone (PVP) milled under T4 conditions. The percen-
tage content of aragonite and the estimated calcite and aragonite crystal-
lite sizes calculated by using Le Bail refinement for each sample are
presented in the figure. For CC and CC + CYS samples, also the specific
surface area (Sget) values are provided.
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natural materials or also in synthetic ones, an experiment was
conducted with commercial calcite (CC). For comparison, also
pure CC was milled again under similar conditions. The XRD
patterns, together with aragonite content and Sggr values are
shown in Fig. 5. All experiments were carried out under T4
conditions.

The phase transformation was not observed after the
mechanical activation of pure commercial calcite. However,
after milling CC with CYS, a mixture of calcite and aragonite
phases can be seen. The content of aragonite was similar to ES
+ ESM and ES + CYS samples. The similarity was also discov-
ered in the Sgpr values, as a significant increase to almost the
same value as in the case of ES + CYS sample, was evidenced.
The experiments with CC have shown a large similarity to the
results obtained for milling of the ES with r-cysteine, or the
ES + ESM sample. The effect of organic matter on aragonite
formation can be compared with the formation of travertine
deposits, which always contain a small amount of intruded
organic matter.>”*® Thus, the artificial introduction of organic
compound can trigger the calcite-aragonite transformation
also in the commercial powder.

SEM images (Fig. S11 in the ESIt) show the presence of both
large and small grains. The number of fine particles in CC + CYS
sample is larger than during the treatment of pure CC, similarly to
to ES + CYS sample. The elemental mapping (Fig. S12 and S13 in
the ESIt) has shown the homogeneous distribution of calcium,
carbon and oxygen in both samples. In the CC + CYS sample, a
small amount of sulfur was found, its content being below 1 wt%.

To investigate the potential universality of the calcite-arago-
nite phase transformation induced by the decomposition of
artificially introduced organics and the role of the presence of
sulfur, two other organic compounds (5 wt%) were used for the
co-milling with commercial calcite instead of cysteine, namely
glycine and polyvinyl pyrrolidone. The former was selected due
to the fact that it is an amino acid similarly to cysteine, albeit
free from sulfur, and the latter one because it is not a structural
component of proteins (unlike amino acids) and it is also
sulfur-free. The reaction mixtures were treated under T4 con-
ditions and the XRD patterns are given in Fig. 5. The phase
transformation in the presence of PVP proceeded to 17%,
whereas in the presence of GLY, it did not occur at all. However,
in the latter case, the calcite peaks are slightly shifted, meaning
a change in the lattice parameters, which was observed also in
ref. 45. These experiments underscore the crucial role of sulfur
presence in the phase transformation. The degree of transfor-
mation might be also related to the thermal decomposition
temperatures of the used organic compounds. Namely, it
is equal to 221, 220 and 250 °C for CYS, PVP and GLY,
respectively.*>*” In the first two cases, the transformation was
observed, whereas in the most stable organics out of the three,
it did not occur. It also might be related to the total carbon
content (available for decomposition/burning), since this is the
highest in the case of PVP (65 wt%), followed by GLY (32 wt%)
and CYS, where the transformation was the most pronounced
contains 30 wt% carbon. If CYS containing sulfur is neglected,
the higher C content in PVP than in GLY might result in more
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pronounced decomposition in the former case. The estimated
crystallite size of calcite is about two times smaller in
the systems where the phase transformation was observed
(CC + CYS and CC + PVP) in comparison with transformation-
free system (CC + GLY). It hints at the fact that the formation of
aragonite crystals takes place via re-crystallization of part of
calcite crystals. Interestingly, even in the CC + GLY system,
calcite crystals are four times smaller than in pure CC, pointing
to the fact that GLY is not just an inert additive, but interacts
with calcite crystals, and may be serving the role of a capping
agent hampering the agglomeration process. The crystallite size
of aragonite in both CC + CYS and CC + PVP systems is
quite similar (around 25 nm). We are aware that we only
scratched the ground of the exact processes that govern this
phase transformation in this study but we believe that our
preliminary data could be a good basis for future research in
this direction.

4. Conclusions

The aim of the present study was to investigate whether the
presence of the organic material is mandatory for the calcite-to-
aragonite phase transformation in eggshell to occur and
whether the organic material can also be introduced artificially.
For both these questions, this research has provided us with a
positive answer. However, there seem to be limitations regard-
ing the type of the artificially introduced organics, namely the
presence of sulphur seems to be mandatory. The same is valid
also for the commercial calcite powder. The degree of transfor-
mation depends on the content of organic substances in the
initial material and on the energy input. However, the complete
phase transformation could not be reached and if the milling is
performed for too long, a backward transformation occurs.
Most probably, the aragonite structure collapses once the
higher pressure being created as a result of the organics
decomposition is gone.

Another aim was to statistically assess the role of individual
milling parameters on the degree of phase transformation in
eggshell. Namely, the Taguchi method (4* orthogonal array)
was used to evaluate the influence of individual milling condi-
tions showing that sample mass is the most important for the
degree of transformation. This is most probably related to the
content of the organic material, namely when it is higher, it
boosts the phase transformation to a larger extent.
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