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ABSTRACT: Molecular and macromolecular templates are known to affect the shape,
size, and polymorph selectivity on the biomineralization of calcium carbonate (CaCO3).
Micro- and nanoparticles of common polymers present in the environment are beginning
to show toxicity in living organisms. In this study, the role of plastic nanoparticles in the
biomineralization of CaCO3 is explored to understand the ecological impact of plastic
pollution. As a model study, luminescent poly(methyl methacrylate) nanoparticles
(PMMA-NPs) were prepared using the nanoprecipitation method, fully characterized, and
used for the mineralization experiments to understand their influence on nucleation,
morphology, and polymorph selectivity of CaCO3 crystals. The PMMA-NPs induced
calcite crystal nucleation with spherical morphologies at high concentrations. Microplastic
particles collected from a commercial face scrub were also used for CaCO3 nucleation to
observe the nucleation of calcite crystals on the particle surface. Microscopic,
spectroscopic, and X-ray diffraction data were used to characterize and identify the
nucleated crystals. The data presented in this paper add more information on the impact of microplastics on the marine
environment.

■ INTRODUCTION
Biomineralization is a process involving biosynthesis of
minerals with specific size, morphology, and orientation
under ambient environmental conditions.1−3 This process is
often characterized as a fascinating material synthesis in which
minerals and organic components interact at different
hierarchical levels to control nucleation, growth, and
morphology of the deposited minerals. Calcium carbonate
(CaCO3) is one of the most abundant minerals present in the
environment,4,5 which plays a significant role in the formation
of shells and other hard functional architectures in many
marine organisms.6 The three common crystalline polymorphs
of CaCO3 (i.e., calcite, aragonite, and vaterite) are nucleated
under different conditions.7−9 Calcite is present in exoskel-
etons of vertebrates and invertebrates under normal con-
ditions.10 The shells of marine mollusks and echinoderms are
widely made of the aragonite polymorph.10,11 Stable vaterite
phase was observed in some parts of the malformed
Corbicula’s shells.12

During the past three decades, plastic wastes have been
accumulating in the environment due to widespread usage,
improper disposal, high stability, and low rate of recycling. The
environmental degradation of plastics generates small particles,
which are known as microplastics (<5 mm) and nanoplastics
(<1 μm).13 Such particles are present in all types of ecosystems
and contaminate the potable water supply and food security of
the population.14 In general, smaller particles enter and
translocate inside the cells and tissues much more readily
than larger ones. Continuous accumulation of micro- and

nanoparticles (NPs) of plastics is known to cause adverse
health effects such as physiological stress,13 feeding alter-
ation,15 growth retardation,16 fertility reduction,17 and
decrease in survival rate,18,19 to name a few problems in
marine organisms. Recently, we explored the environmental
impact of polymer nanoparticles using barnacle as a model
system.20 Also, the uptake of polymer nanoparticles by human
cells exposed to moderate to high concentrations was
examined in detail.21

Many organic molecules and polymers are reported to
control the nucleation,22 orientation,23 growth kinetics,24 and
morphology of CaCO3 under in vitro and in vivo
conditions.25−27 Since the environment is contaminated with
large amounts of plastic particles and the living organisms are
continuously ingesting them, it is interesting to explore the
influence of micro- and nanoparticles of common plastics on
the mineralization of CaCO3 under in vitro conditions. Such
knowledge helps us to understand the impact of plastic
pollution on the health of marine vertebrates and invertebrates.
In this study, the effects of luminescent nanoparticles prepared
from poly(methyl methacrylate) (PMMA-NPs) and micro-
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plastic particles extracted from a commercial face scrub on the
nucleation, growth, and polymorph selectivity of CaCO3
crystals are explored. In addition, the effects of experimental
parameters such as concentration of PMMA-NPs and
crystallization time are also examined. The fluorescence
properties help to track the PMMA-NPs on the CaCO3
crystals using a fluorescence microscope.

■ RESULTS AND DISCUSSION
Characterization of Polymer Nanoparticles. The

fluorescent PMMA-NPs were prepared using a published
procedure.20,28 The obtained particles were characterized using
spectroscopy techniques like optical microscopy, scanning
electron microscopy (SEM), and dynamic light scattering
(DLS) (Figures 1 and S1). UV−vis spectrum (Figure 1a) of

the polymer nanoparticles revealed two absorbance peaks at
445 and 470 nm, characteristic of the perylenetetraester (PTE)
dye encapsulated inside the particle. The fluorescence
spectrum (Figure 1a) of PMMA showed a broad maximum
at 540 nm. Both absorbance and fluorescence spectra are
consistent with the spectrum of encapsulated dye perylenete-
traester.20 The inset in Figure 1b shows the size distribution
profile of spherical PMMA-NPs with an average size of 88 nm.
The hydrated particle size obtained from DLS measurement
was 130 nm for PMMA-NPs. The hydrated radius from DLS
measurement is usually larger than the dry radius obtained
from SEM data. The surface charge measured for the PMMA-
NPs dispersed in water was ca. −24.5 ± 0.3 mV.
Effect of the Concentration of PMMA-NPs on CaCO3

Crystallization. To understand the effect of PMMA-NPs on
the nucleation and growth of CaCO3 crystals, the crystal-
lization experiments were carried out using a range of
concentrations (25, 50, 75, and 125 μg/mL) of particles. At
a lower concentration (i.e., 25 μg/mL), PMMA-NPs induced
the nucleation of calcite crystals (Figure 2a), similar to control
samples with no polymer particles added (Figure S2). At
higher concentrations (i.e., 50, 75 μg/mL), the morphologies
of crystals nucleated have changed from rhombohedral to
irregular or spherical shape (Figure 2b,c). Only spherical
crystals were nucleated at a high concentration (125 μg/mL)
of the PMMA-NPs (Figure 2d). The white spots seen on the
crystals are aggregates of polymer particles deposited on the
surface of crystals. The optical and SEM images of CaCO3
crystals nucleated in the absence of PMMA-NPs showed the
expected rhombohedral calcite crystals (Figures S2 and 3d−f).
As a control and to confirm that the morphological changes

were not due to the presence of stabilizing agent, sodium
dodecyl sulfate (SDS) used to stabilize the nanoparticles, same
amounts of SDS were added into the precursor CaCl2 solution
and the crystallization was carried out under identical
conditions. SEM images of CaCO3 crystals nucleated in the
presence of SDS (Figure S3) showed aggregation of the
rhombohedral calcite crystals but no significant changes in
shapes. Thus, the observed changes in morphology (Figures 2
and 3a−c) were due to the influence of PMMA-NPs. The
crystal growth in solution is sensitive to the methods
employed. For example, Parakhonskiy et al. reported that the
CaCO3 crystals with different shapes (e.g., spherical, cubic,
elliptical, starlike) are obtained by controlling the crystal-
lization conditions.29 Similarly, nanodisks and nanorods of
CaCO3 composites were obtained by fine-tuning the
composition of the crystallization solution containing poly-
(acrylic acid) (PAA)-stabilized amorphous calcium carbonate
(ACC) precursors.30

The presence of fluorescent PMMA-NPs on the surface of
nucleated CaCO3 crystals was investigated using a fluorescence
microscope (Figure 3). Figure 3a−c shows images of CaCO3
crystals collected in the absence of polymer nanoparticles.
Similarly, the crystal growth under the same condition, but in
the presence of PMMA-NPs at a 125 μg/mL concentration is
shown in Figure 3d−f. The images are obtained using
differential interference contrast (DIC, Figure 3a,d), fluo-

Figure 1. (a) Absorption (■) and emission (●) spectra of PMMA-
NPs in water. (b) SEM image of relatively monodispersed
nanoparticles with spherical morphologies; the inset shows particle
size distribution. The calculated average size of the PMMA-NPs was
88 nm.

Figure 2. Scanning electron microscopy images of CaCO3 crystals
nucleated in the presence of PMMA-NPs at different concentrations
of 25 μg/mL (a), 50 μg/mL (b), 75 μg/mL (c), and 125 μg/mL (d)
under ambient conditions. The insets in (c) and (d) indicate the
enlarged view of the single crystal surface. The SEM image of
rhombohedral calcite crystals of CaCO3 obtained in the absence of
PMMA-NPs is given in the Supporting Information (Figure S2).

Figure 3. Optical images of CaCO3 crystals nucleated in the presence
(a−c) and absence (d−f) of PMMA-NPs under differential
interference contrast (DIC) (a, d), fluorescein isothiocyanate
(FITC) (b, c), and filters and merged condition (c, f). The
concentration of PMMA-NPs used for crystallization was 125 μg/
mL. Only fluorescent emissions from the PMMA-NPs and not the
actual particles are observed on the surface of the crystals due to the
low resolution of the optical microscope.
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rescein isothiocyanate (FITC, Figure 3b,e), and filter and
merged images (Figure 3c,f) to highlight the presence of
PMMA particles on the crystal surface. The fluorescent
micrographs of crystals obtained at lower concentrations (25,
50, 75 μg/mL) of PMMA-NPs are shown in the Supporting
Information (Figure S4). The observed green fluorescence
from the crystals is due to the presence of dye encapsulated
polymer nanoparticles on the surface of the crystals. FITC
channel was used to image the green fluorescence from the
PTE dye encapsulated inside the polymer nanoparticles.
Since the dye is not soluble in water and does not leach out

of the PMMA-NPs, it is important to note that the observed
green fluorescence implies the presence of PMMA-NPs on the
surface of the crystals. Optical micrographs of calcite crystals
grown in the absence of nanoparticles showed the regular
rhombohedral calcite crystal morphology with no green
fluorescence (Figure 3a−c). Both SEM and optical images
indicate that polymer nanoparticles interact strongly with the
crystal surfaces and are responsible for the observed changes in
morphologies of the crystals.
The Fourier transform infrared (FTIR) spectra (Figure 4a)

of CaCO3 crystals grown in the presence of PMMA-NPs at

different concentrations were recorded using KBr as the
matrix.31,32 Control samples (Figure 4a(i)) collected without
adding the PMMA-NPs showed sharp peaks at 874 and 713
cm−1, which correspond to the υ4 and υ2 absorption peaks of
the calcite phase. The broad peak at 1405−1450 cm−1 (υ3) is
attributed to the absorption peaks of the carbonate group. At
low concentrations of PMMA-NPs (25 and 50 μg/mL), two
peaks at 874 and 713 cm−1 corresponding to the calcite phase
were observed (Figure 4a(ii−iv)).33 The broad absorbance
observed at 1405 cm−1 is assigned to the symmetric stretching

vibration of carbonate (−CO3
2−) group.33 A characteristic

small peak around 1794 cm−1 (Figure 4a(ii−v)) was attributed
to >CO of the ester groups of PMMA interacting strongly
with calcium ions.34−36 The peak appearing at 1086 cm−1 is
assigned to the vaterite phase (Figure 4a(v)).37 Also, the peaks
observed in the 2912−2921 and 2842−2847 cm−1 regions
correspond to the C−H stretching vibration of the PMMA-
NPs present in the sample.38 This is consistent with the
fluorescence images given in Figure 3.
Figure 4b shows the XRD patterns of CaCO3 crystals grown

in the presence of different concentrations of PMMA-NPs. All
diffraction patterns are assigned via comparison with the
published standard powder diffraction (PDF) pattern of
CaCO3 polymorphs (calcitePDF #05-0586 and vaterite
PDF #33-0268). XRD patterns of pure calcite and vaterite
crystals are given in Figure 4b(i,vi), respectively. The crystals
nucleated in the presence of PMMA-NPs showed diffraction
peaks appearing at 2θ values of 29.0° (104), 32.4° (006), 35.5°
(110), 39.0° (113), 47.1° (108), and 48.1° (116) correspond-
ing to the calcite phase (Figure 4b(ii−iv)). At a high
concentration of 125 μg/mL (Figure 4b(v)), vaterite peaks
were observed at 24.4° (110), 26.6° (112), 32.2° (114), 43.4°
(008), 48.8° (304), 49.7° (118), and 55.4° (224). SEM images
(Figure 2a,b) also support that at lower concentrations (25, 50
μg/mL), majority of crystals nucleated were of the calcite
phase with rhombohedral shape, whereas at higher concen-
trations (Figure 2c,d), a spherical vaterite phase was observed.
From the XRD data (Figure 4b), the percentage of each

CaCO3 phase was calculated using eq 2.34
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where Ic
104 and Iv

110 are the intensities of (104) and (110)
planes, respectively, and Xc and Xv are the molar content (%)
of the calcite and vaterite phases, respectively.
The calculated percentage of the polymorphs from various

concentrations of PMMA-NPs is shown in Figure 5. The data
suggests that the addition of PMMA-NPs on CaCO3
crystallization has no observable effect up to a concentration
of 75 μg/mL. However, at high concentrations (>75 μg/mL),

Figure 4. FTIR (a) and X-ray diffraction (XRD) spectra of (b)
CaCO3 crystals nucleated in the presence of different concentrations,
0 μg/mL (i), 25 μg/mL (ii), 50 μg/mL (iii), 75 μg /mL (iv), and 125
μg/mL (v) of PMMA-NPs. The standard FTIR (a, i) and XRD
pattern of calcite ((i) PDF # 05-0586) and vaterite phase ((vi) PDF
#33-0268) are also given for comparison.

Figure 5. Percentage distribution of polymorph calcite (black solid
bar) and vaterite (red solid bar) on the addition of PMMA-NPs at
different concentrations.
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vaterite phase (91.2%) was formed predominantly and a very
small amount (8.8%) of calcite phase was nucleated (Figure 5).
Similar results were reported earlier in the presence of SDS-
modified poly(vinylpyrrolidone) (PVP) nucleated flower and
spherical-shaped CaCO3 crystals at different polymer concen-
trations.39−41 Control experiments were done using different
concentrations of SDS, and only calcite crystals with
aggregated rhombohedral shapes were nucleated (Figure S3).
Characterization of the Microplastic Particles from

Facial Scrub. A preliminary experiment was done to establish
the nature of the microplastic particles present in a commercial
face scrub and its impact on CaCO3 crystal nucleation and
growth. A facial scrub from a local shop was purchased, and
microplastic particles were collected through filtration and
washing. Two types of particles were extracted from the facial
scrub, white and green. These particles were dispersed in
deionized (DI) water (20 mg in 1 mL), and small aliquots
(100 μL) from this stock solution were used for character-
ization and crystallization experiments.
The FTIR spectra of green and white particles separated

from facial scrub are given in the Supporting Information
(Figure S5). The major peaks for the hydroxyl groups were
observed at 3100−3400 cm−1, C−H stretching showed a broad
peak in the 2800−3000 cm−1 region, and a strong peak was
observed at 1086, indicating the C−O stretching vibration of
the primary alcohol.42 Peaks at 799 and 952 are attributed to
C−H bending. Thus, the white solid was identified as
microcrystalline cellulose particles.42 The green particles
showed characteristic strong peaks at 2920 and 2850 cm−1

attributed to the C−H stretching vibration and peaks at 1468
and 722 cm−1 due to C−H bending vibrations of polyethylene
(PE).43,44

The SEM micrograph of pure calcite crystals grown in the
absence of any polymer particles is given in Figure 6a. Both
white and green particles after multiple washings with water
showed a size range of 200−300 μm (Figure 6b). The
microplastic extracted from the facial scrub showed spherical
morphology (Figure 6b). Upon crystallization of CaCO3, both

green (PE) and white (cellulose) microplastic particles
nucleated calcite crystals on the surface (Figure 6c,d). The
effect of other chemicals present in the scrub was also
examined by adding a small amount in the crystallization
medium. In the absence of microplastic particles, a small
amount (10 μL) of the scrub solution nucleated mostly
truncated rhombohedral calcite crystals with a few stacked or
aggregated morphology (Figure S6). However, in the presence
of microplastic particles, a large number of small spherical or
truncated particles of calcite crystals were nucleated on the
surface of both microplastic particles (Figure 6e,f). This clearly
demonstrates that the microplastic particles are active toward
the nucleation and growth of CaCO3 crystals on their surface.
FTIR spectra of crystals grown on the microplastic particles

after crystallization were recorded and are given in Figure 7a.

As discussed above, the peaks observed at 713 and 874 cm−1 in
the FTIR spectra of CaCO3 showed the presence of calcite
phase (Figure 7a(i)). Such peaks are also observed when
calcite crystals formed under the influence of green particles
(Figure 7a(ii)) and the white particles (Figure 7a(iii)). In
addition to the calcite peaks, both green and white particles
under the influence of soap (Figure 7a(iv)) showed a peak for
the vaterite phase at 1086 cm−1. All characteristic peaks
described above for functional groups such as −OH (3100−
3400 cm−1 for cellulose), C−H (2850 and 2920 cm−1 for both
cellulose and PE), C−O (1086 and 1462 cm−1 for cellulose),
and peaks at 713 and 874 cm−1 for the calcite phase were also
observed (Figure 7a(i−iv)).
The XRD spectrum of crystals grown in the absence of

particles showed strong characteristic calcite peaks at 2θ =
29.9° (104) along with other expected peaks described above
(Figure 7b(i)). Both white and green particles extracted from
the face scrub showed the nucleation of calcite crystals with the

Figure 6. SEM images of pure CaCO3 crystals (a), microplastic
particles extracted from the facial scrub (b), CaCO3 crystals grown on
clean washed green (c), white (d) microplastic particles, green
particles + soap solution (e), and white particles + soap solution (f).
The insets in (c)−(f) show an expanded region of the surface of the
particles. The stock solution of particles (100 μL) and soap solution
(10 μL) were used for crystallization.

Figure 7. FTIR (a) and XRD spectra (b) of calcite crystals in the
absence of any additives (i), in the presence of green (ii) and white
(iii) microplastic particles, green particles + soap solution (iv), and
white particles + soap (v) extracted from scrub are given for
comparison.
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peaks corresponding to 2θ values of 29.0° (104), 32.4° (006),
35.5° (110), 39.0° (113), 47.1° (108), and 48.1° (116)
(Figure 7b(ii,iii)). Under the influence of soap solution, green
PE microplastic particles nucleated both calcite and vaterite
crystals on the surface (Figure 7b(iv)), while the white
cellulose particles induced the nucleation of only calcite
crystals. The low intensity of the vaterite crystals in the FTIR
spectrum (Figure 7a(iv)) implies that the relatively low-
concentration vaterite crystals on the surface of the micro-
plastic particles. In addition to the peaks that belong to the
calcite phase, the peaks appearing at 2θ values of 24.4° (110),
26.6° (112), 32.2° (114), 43.4° (008), and 49.7° (118)
correspond to the vaterite phase (Figure 7b(iv)). White
particles along with soap solution (Figure 7b(v)) induced the
nucleation of calcite crystals, which was confirmed by the
appearance of 2θ peaks at 29.0° (104), 32.4° (006), 35.5°
(110), 39.0° (113), 47.1° (108), and 48.1° (116).
Mechanism of Nucleation. A schematic representation of

the observed crystal growth in the presence of polymer
nanoparticles and microplastic particles is given in Figure 8.

The general crystal growth mechanism comprises two stages,
nucleation and growth. The chemical nature and organization
of functional groups on the surface of polymer nanoparticles
are important toward recognition of the calcium or carbonate
ions from solution, followed by saturation on the surface of the
particles, which then leads to nucleation, growth, and control
on the overall morphology of the crystal. In this study, we used
two types of particlesluminescent polymer nanoparticles,
which are smaller than the calcite crystals nucleated (Figure
8A), and nonluminescent PE and cellulose microparticles,
which are much bigger than the calcite or vaterite crystals
nucleated (Figure 8B). If the concentration of Ca2+ ions is kept
constant, an increase in polymer particle concentration reduces
the growth and size of the calcite crystals formed due to the
large number of nucleating sites. We are working on
developing the mechanism of nucleation of both calcite and
vaterite crystals in the presence of a high concentration of the
polymer nanoparticles.
The negative surface charges and functional groups on the

surface of polymer particles help us to attract the positively
charged Ca2+ ions, which then act as nucleating sites. Since
polymer nanoparticles are relatively small, the growing calcite

crystals tend to aggregate in the presence of PMMA-NPs
(Figure 2c,d). The opposite scenario is seen in the case of large
microplastic particles, where multiple individual rhombohedral
calcite crystals are observed on the surface of large polymer
particles. If there are no organic compounds or active
molecules present in the solution to control the polymorph
or the morphology, a regular rhombohedral shape for all calcite
crystals was observed. In the presence of soap solution, the
morphology seems to change from rhombohedral to spherical
shape for the calcite crystals. In addition, the ester groups of
PMMA on the particle surface are expected to interact with
Ca2+ ions in solution.45−48 Both polymer particle surfaces offer
a large number of nucleation sites, which then speed up the
crystal nucleation and growth processes. Currently, we are
exploring the formation of the vaterite crystals at high
concentrations of the polymer nanoparticles.

■ CONCLUSIONS

Here, luminescent PMMA-NPs with a hydrodynamic size of
130 nm were prepared and used for crystallization of CaCO3 to
understand the role of polymer particles and surface functional
groups in the nucleation and growth of the crystals and
polymorph selectivity. The negatively charged PMMA-NPs
influenced the nucleation of calcite crystals from solution.
Rhombohedral calcite crystals were nucleated at lower
concentrations (25−50 μg/mL), and a mixture of calcite and
spherical vaterite crystals was obtained at a higher concen-
tration (125 μg/mL) of PMMA-NPs. Fluorescence microscopy
and FTIR data showed the presence of PMMA-NPs on the
surface of nucleated crystals. In addition, a few polymer
microparticles (i.e., PE and cellulose) were collected from a
commercial face scrub, cleaned, characterized, and used for
crystallization experiments. Such large particles also showed
the nucleation of calcite or vaterite crystals on the surface. The
influence of the other chemicals present in the scrub is not very
clear due to the lack of information on the nature of additives
present in the face scrub solution. Overall, both synthesized
PMMA-NPs and the polymer microparticles obtained from
commercial face scrub induced the nucleation of calcite and
vaterite crystals based on the concentrations of the particles
used. Such observations are important due to the increasing
concentrations of polymer nano- and microparticles in the
environment.

■ MATERIALS AND METHODS

Materials. Reagent-grade poly(methyl methacrylate)
(PMMA, Mw 350 000), sodium dodecyl sulfate (SDS),
acetone, tetrahydrofuran (THF), calcium chloride dihydrate
(CaCl2·2H2O), and ammonium carbonate ((NH4)2CO3) were
purchased from Sigma-Aldrich and used without further
purification. Perylenetetraester dye (PTE) was synthesized
using a previously described procedure.49 Deionized water was
used throughout the experiment.

Characterization Technique. UV−vis spectra of poly-
(methyl methacrylate) nanoparticles (PMMA-NPs) were
recorded using a UV-1800 Shimadzu spectrophotometer.
The fluorescence spectra were recorded on an Agilent Cary
Eclipse Fluorescence spectrophotometer. The images were
captured under differential interference contrast (DIC) and
fluorescein isothiocyanate (FITC) filters. Hydrodynamic radii
and ζ-potential of the particles in water were measured using a
Malvern Zeta Sizer instrument. The morphology of CaCO3

Figure 8. Schematic representation of the predominant CaCO3
nucleation on polymer particles under different conditions.
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crystals collected on the coverslips was established using an
Olympus EVOS7000 optical fluorescence microscope and a
JEOL JSM-6701F scanning electron microscope (SEM). The
composition of CaCO3 was analyzed using a Shimadzu model
Fourier transform infrared (FTIR) Prestige-21 spectropho-
tometer within the range of 4000−400 cm−1. The crystal lattice
structure of the CaCO3 samples was investigated using a
Bruker D8 Advance Powder Crystal X-ray diffractometer with
Cu Kα radiation (λ = 0.154 nm) within a 2θ range of 10−70°
and source at 40 kV and 40 mA.
Nanoprecipitation. PMMA-NPs were prepared using a

nanoprecipitation method as reported in the literature.20,28

Briefly, the PMMA (250 mg, Mw = 350 000), SDS (10 mg, 4
wt % of the polymer), and PTE (12.5 mg, 5 wt % of the
polymer) were dissolved in acetone or tetrahydrofuran (100
mL). An aliquot of the polymer solution (5 mL) was
transferred into water (50 mL) and kept for stirring overnight
under ambient conditions to evaporate the organic solvent.
The aqueous clear solution was then dialyzed to remove all free
molecules in solution and filtered using cotton plugs to remove
large particles and debris. The PMMA-NPs in the resulting
filtrate were characterized using dynamic light scattering
(DLS), UV−vis spectroscopy (UV−vis), optical microscope,
fluorescence spectroscopy, and scanning electron microscopy
(SEM).
CaCO3 Crystallization. Crystallization of CaCO3 was

performed using a slow gas diffusion method according to a
reported procedure.50 Briefly, CaCl2·2H2O solution (3 mL,
0.05 M) was mixed with appropriate amounts of PMMA-NP
solution of varying concentrations (25, 50, 75, and 125 μg/
mL). Pre-cleaned glass coverslips were placed inside the
solution, and the whole setup was kept inside a desiccator
containing excess (NH4)2CO3 solid. After 48 h, the coverslips
were removed, washed with water, and dried at room
temperature. Control experiments were performed simulta-
neously using same concentrations of CaCl2, but in the
absence of polymer particle solutions. All crystals collected
were characterized using a range of techniques such as optical
microscopy, scanning electron microscopy, X-ray diffraction,
and FTIR spectroscopy.
Crystallization in the Presence of Microplastic from

Commercial Face Scrub. To check the effect of microplastic
particles present in a commercial face scrub, an appropriate
amount (10 mL) was diluted with water, filtered to collect the
microplastic particles, washed with DI water (5 × 100 mL),
and the collected particles (20 mg) were redispersed in DI
water (1 mL). An aliquot of this solution (100 μL) was added
to CaCl2 solution (3 mL, 0.05 M) and kept for crystallization.
Coverslips were introduced into the solution before being kept
inside a desiccator containing (NH4)2CO3 solid. After 48 h,
the coverslips were taken out, washed with water, and dried at
room temperature. The dried samples were fully characterized
using a range of techniques such as optical microscopy,
scanning electron microscopy, X-ray diffraction, and FTIR
spectroscopy. As controls, different crystallization experiments
were carried out with (i) no additives and (ii) the soap
solution (10 μL). The crystallization was performed using a
CaCl2 solution (3 mL, 0.05 M) through a gas diffusion method
as described above. The coverslips were removed after 48 h,
washed with water, and used for further characterization.
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