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and Jasminka Kontrec *a

Plastic pollution in aquatic ecosystems has become a significant problem especially microplastics which

can encapsulate into the skeletons of organisms that produce calcium carbonates, such as foraminifera,

molluscs and corals. The encapsulation of microplastics into precipitated aragonite, which in nature

builds the coral skeleton, has not yet been studied. It is also not known how the dissolved organic

matter, to which microplastics are constantly exposed in aquatic ecosystems, affects the encapsulation

of microplastics into aragonite and how such microplastics affect the mechanical properties of

aragonite. We performed aragonite precipitation experiments in artificial seawater in the presence of

polystyrene (PS) and polyethylene (PE) microspheres, untreated and treated with humic acid (HA). The

results showed that the efficiency of encapsulating PE and PE-HA microspheres in aragonite was higher

than that for PS and PS-HA microspheres. The mechanical properties of resulting aragonite changed

after the encapsulation of microplastic particles. A decrease in the hardness and indentation modulus of

the aragonite samples was observed, and the most substantial effect occurred in the case of PE-HA

microspheres encapsulation. These findings raise concerns about possible changes in the mechanical

properties of the exoskeleton and endoskeleton of calcifying marine organisms such as corals and

molluscs due to the incorporation of pristine microplastics and microplastics exposed to dissolved

organic matter.
Environmental signicance

Improper disposal of plastic waste leads to its accumulation in aquatic ecosystems. Microplastic particles are particularly hazardous to smaller organisms such
as molluscs and corals. The encapsulation of microplastics into precipitated aragonite, the main inorganic component of coral skeleton, has not been previously
studied. In this study, we investigated the encapsulation of polyethylene and polystyrene microplastic particles, untreated and treated with humic acid, into
precipitated aragonite. The results showed that microplastic particles were encapsulated into aragonite, and consequently changed aragonite properties. The
encapsulation of humic acid-treated polyethylene microspheres yielded the most signicant impact on aragonite mechanical properties. Our ndings raise
concerns about potential changes in coral skeletal tissue due to the encapsulation of various microplastics.
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1. Introduction

Calcium carbonate minerals are widely distributed in various
aquatic ecosystems.1 Marine organisms use CaCO3 for many
purposes such as mechanical reinforcement (formation of
defensive shells, teeth, bones), optical ltering, and focusing. In
marine invertebrate organisms, the mineralised tissues
(exoskeleton and endoskeleton) are most commonly built of
calcite, the most stable modication of calcium carbonate or
aragonite, while vaterite is rarely found. Aragonite is a high-
temperature modication, but is well known for precipitating
in marine and terrestrial media.2,3 The nucleation and growth of
aragonite versus calcite in the marine environment have been
Environ. Sci.: Processes Impacts
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attributed to various factors, such as pH, Mg/Ca ratio, pCO2,
supersaturation, and inhibitors.4,5 However, reaction mecha-
nisms and environmental controls are still not fully understood.
Mg2+ ions are well-known to promote aragonite over calcite
nucleation and crystal growth. Among others, corals are
organisms whose skeleton is built from calcium carbonate. In
these organisms, the mineralized tissues are built from calcium
carbonate polymorph – aragonite.1 Coral reefs cover approxi-
mately 250 000 km2 of seaoor worldwide, and these complex
systems provide habitat for more than 500 000 species.6 For
humans, they provide food and resource security, coastal
protection, ocean recreation, tourism and coastal livelihoods,
socio-cultural services, and biogeochemical cycling.7 Such
ecosystems are among themost biologically rich and productive
ecosystems on Earth. However, unfortunately, climate change
has le them vulnerable to pollution, temperature increases
that lead to coral bleaching, and ocean acidication that
reduces their growth.8

Plastic pollution is in the spotlight as millions of tons of
plastic waste are disposed into aquatic ecosystems yearly.9 Over
time and under the inuence of UV irradiation, mechanical
breaking, and the impact of microorganisms, bigger plastic
pieces break down into smaller micro and nanoparticles.10

About 400 million tonnes of plastic waste is global annual
production and this quantity is expected to increase over the
coming decades.11,12 Estimated between 60 and 99 million
metric tonnes (Mt) of mismanaged plastic waste (MPW) were
produced globally in 2015 and most of it being discarded into
landll or released into the natural environment. It is estimated
that about 8 million metric tons (Mt) of macroplastic13 and 1.5
Mt of primary microplastic14 enter the ocean annually. A recent
report by the UN Environment Programme15 estimated over 10
million Mt of plastic enter aquatic ecosystems annually.
According to one estimate, the world is on track to accumulate
roughly 12 billion tonnes of plastic waste in landlls and the
natural environment by 2050.16 Analysis by Lau et al.17 shows
that implementing all feasible interventions could reduce
plastic pollution by 40% from 2016 rates and 78% relative to
“business as usual” in 2040. Even with immediate and
concerted action, 710 million metric tons of plastic waste will
cumulatively enter aquatic and terrestrial ecosystems. So, our
progress to reduce plastic pollution has been painfully slow and
the consequent damage to the natural environment and human
health is likely to increase further.18

Microplastic particles are particularly hazardous to smaller
animals such as foraminifera, molluscs, and corals because
they get embedded in their skeletons and so tissues.19–22

Direct contact of corals with microplastics can lead to tissue
necrosis and microplastic overgrowth of coral tissue and
skeleton.20,21,23–25 Microplastics permanently accumulate in
coral reefs as living biological sinks, with a small number of
particles entrapped in coral so tissue (up to 2 particles per
cm2) and a much higher number entrapped in the skeleton (up
to 84 particles per cm3).26 The encapsulation of microplastics in
the coral skeleton is of concern because it can accumulate over
time as the coral skeleton continuously grows and the micro-
plastics are constantly present.
Environ. Sci.: Processes Impacts
To date, only a few studies have reported the effect of plastic
particles on the precipitation of calcium carbonate, namely
calcite. Experimental studies have shown that nano and
microscale plastic particles of polymethyl methacrylate can
induce calcite nucleation with preferential binding of plastic
particles to the surface of calcite crystals.27 In addition, the
encapsulation of polystyrene particles in calcite crystals
occurred when the particle surface was functionalized with
acrylic and fumaric acids.28 In contrast, non-functionalized
polystyrene did not cause the same effect, suggesting that the
functional groups on the plastic surface signicantly impact
encapsulation.28,29

The encapsulation of microplastics into precipitated arago-
nite, which builds the coral skeleton, has not been studied
previously. The aim of this study was to investigate the encap-
sulation of polyethylene (PE) and polystyrene (PS) microplastic
particles into precipitated aragonite crystals in an articial
seawater precipitation system. Among the different types of
plastics, PE and PS are the most abundant plastics used in
consumer products and have shorter lifetimes than other
plastics.30–32 They are also among the most abundant plastics in
water environments,33,34 making them a suitable model for
studying the environmental impact of plastic pollution. Studies
to detect these plastic materials in the environment require
more powerful diagnostic tools to identify, classify, and accu-
rately quantify them.35 There are a few methods used for the
characterization or quantication of microplastics in a water
environment: spectroscopy (m-FTIR and Raman),36,37 pyrolysis-
gas chromatography/mass spectrometry (PyGC/MS),38 and
thermogravimetric analysis (TGA-GC/MS).39 Recently, Total
Organic Carbon analysis (TOC) of plastic particles was pre-
sented as an alternative to conventional spectroscopic and
thermogravimetric methods to estimate the mass of micro-
plastics in sewage.40

Microplastic particles in aquatic ecosystems get exposed to
different environmental conditions like temperature, pH, and
dissolved organic matter, which can change the surface of
plastic particles.41 Also, environmental factors such as UV
radiation, thermo-oxidative processes, mechanical forces,
chemicals and microorganisms inuence changes in surface
properties and plastic degradation.42–46 Microplastic surface
properties, such as roughness, area, charge, chemical func-
tionality, hydrophobicity/hydrophilicity, colour, and appear-
ance of cracks affect the reactivity and potential toxicity of
microplastics.47,48 There is evidence that changes in the surface
properties of microplastics may affect the adsorption of chem-
ical contaminants, surface oxidation, interactions with natural
colloids and the presence of microbial biolms.49–51

Dissolved organic matter is a complex mixture of amino
acids, peptides, proteins, polysaccharides, and humic
substances.52 Adsorption of humic acid (HA), the reactive frac-
tion of dissolved organic matter, can alter the environmental
behaviour of microplastics.53 Dissolved organic matter, metal
cations, and microplastic particles can aggregate due to elec-
trostatic attraction and be transported into the sediment, where
organisms such as corals can reside, which is particularly
This journal is © The Royal Society of Chemistry 2024
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dangerous because such aggregates preferentially adsorb to
minerals.54–59

Our previous study showed that organic matter, namely HA
as a reactive fraction of dissolved matter, enhances the encap-
sulation of polystyrene microspheres in calcite crystals.29 The
present study used PE and PS microspheres as model micro-
plastic particles and HA as the reactive fraction of dissolved
organic matter to estimate microplastic encapsulation into
aragonite. TOC analysis has been applied as a potential method
for quantifying encapsulation efficiency. Before this analytical
method is applied, pre-treatment steps for isolating encapsu-
lated microspheres from inorganic/microplastic solid matrix
are required.

We aimed to present and discuss data on preparing and
characterizing aragonite in the presence of microplastics and
on encapsulated microplastics analysis. Our results may indi-
cate a problem related to possible changes in skeletal formation
in corals worldwide due to the encapsulation of different
microplastics.

2. Experimental

To study the encapsulation of microplastics into aragonite,
experiments of calcium carbonate precipitation in articial
seawater in the presence of PS and PE microspheres, treated or
untreated with HA, were performed. At that, HA was a model
molecule representing the reactive fraction of dissolved organic
matter ubiquitous in aquatic ecosystems. Selected types of
microplastic particles were chosen because they are among the
most abundant plastics in water environments.33,34

2.1. Materials

Analytical grade chemicals were used for precipitation experi-
ments: sodium carbonate (Na2CO3, Sigma-Aldrich), potassium
chloride (KCl, Kemika), sodium chloride (NaCl, Alpha Aesar),
sodium sulfate (Na2SO4, Kemika), calcium chloride (CaCl2-
$2H2O, Acros Organics), magnesium chloride (MgCl2$6H2O,
Kemika), polystyrene microspheres, PS (size 1.6 ± 0.2 mm,
density 1.05 g cm−3, Tianjin Baseline Chromtech Research
Centre), polyethylene microspheres, PE (size 0.74–4.99 mm,
density 0.98 g cm−3, Cospheric LLC) and deionized water
(conductivity < 0.055 mS cm−1).

2.2. Precipitation experiments

Precipitation experiments were performed in a solution that
mimicked articial seawater (ASW) or extrapallial solution of
marine and freshwater species60 and had the composition:
presented in Table SI1.† Initial supersaturation, as one of the
critical parameters controlling the precipitation of CaCO3, was
identical in all the systems. It is expressed as the saturation
ratio with respect to aragonite, SA (denition in the ESI† in the
paragraph titled “Calcium carbonate precipitation”) and was set
to 8.5. Two reactant solutions were prepared: A and B. Half of
the total amount of sodium chloride was added to each solution
A and B, which were prepared by dissolving CaCl2, MgCl2, and
KCl and by dissolving Na2CO3 and Na2SO4, respectively. Total
This journal is © The Royal Society of Chemistry 2024
ion concentrations in articial seawater (Table SI1†) were ob-
tained by mixing equal volumes (200 cm3) of reactant solutions
A and B in a thermostated (298 K) double-walled glass vessel
under constant stirring with a Teon-coated magnetic stirring
bar. The untreated or humic acid-treated microspheres were
added to solution B before mixing the two reactant solutions.
Experiments were initiated by fast mixing of solution A into
solution B. The progress of precipitation was followed by
measuring pH versus time (pH/ion meter, Radiometer PHM
240). Aer two hours of precipitation, an additional 60 mL of
each solution (A and B) was added dropwise at 0.5 mL min−1 to
achieve a high product yield. Each experiment was repeated
three times. Aer one hour, the suspensions were ltered
through a membrane lter (0.22 mm), and the precipitate was
dried at 50 °C for two hours.

2.3. Preparation of plastic microspheres with humic acid

The HA-treated plastic microspheres (PS-HA and PE-HA) were
prepared as previously described.29 PS or PE microspheres (8
mg) were rotated in 300 mL of HA solution (4000 mg dm−3) for
30 minutes, centrifuged, and washed with deionized water in
three cycles. Since one of the objectives of this study was to
determine the general effect of humic acid on the encapsulation
of microplastic particles in calcium carbonate, a much higher
concentration of humic acid than that observed in seawater was
used as explained in Matijaković Mlinarić et al.29 The short time
of incubation of microplastics (30 min) in high concentrations
of humic acid (4000 mg L−1) was performed to accelerate the
ageing of microplastics under the inuence of dissolved organic
matter and, in that way, to simulate the change in surface
characteristics of microplastic, namely roughness, and wetta-
bility. In addition, before initiating aragonite precipitation
experiments, the microparticles were thoroughly washed in
several cycles with water to eliminate any free or non-adsorbed
humic acid molecules that could inuence the growth of
aragonite crystals.

2.4. Characterization

The surface properties of the untreated and HA-treated micro-
spheres were determined by atomic force microscopy (AFM) in
AC mode using NanoWizard 4 ULTRA AFM (Bruker) as previ-
ously described.29 During AFM imaging topography, amplitude
and phase images were acquired simultaneously. Multi75Al-G
AFM probes (BudgetSensors) were used. The freshly exfoliated
HOPG substrate was covered with 1 mL of the prepared solution
(g(microspheres) = 11 g dm−3) and dried on a hot plate set to
60 °C. The obtained images were processed using JPKSPM data
processing soware, while Gwyddion soware61 was used to
determine RMS surface roughness. Due to the sphere curvature,
the processing was conducted on the smaller-scale images
using a fourth-order polynomial t.

Contact angle and colourimetric measurements were per-
formed on pellets with 5 mm diameter prepared by pressing
15 mg of untreated and HA-treated PE and PS microspheres in
a hydraulic press with 2 tonnes for 2 min. Untreated samples
were pure PE and PS chemicals, while HA-treated PE and PS
Environ. Sci.: Processes Impacts
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were prepared as follows: 50 mg of microspheres (PS and PE)
were rotated for 30 minutes in 10 mL of articial seawater (ASW)
with the addition of 0.1 mL 4000 ppm humic acid, ltered
through a membrane lter (0.22 mm) washed with deionized
water and dried at room temperature. Three measurements
were performed on each sample type, and the calculated mean
values are presented in the manuscript. Wettability of the PE
and PS pellets was assessed by solid–liquid contact angle (q)
measurements performed with a goniometer (DataPhysics, OCA
25, Germany), dropping 1 mL of deionized water and capturing
droplet snapshots immediately aer release from the syringe
(within ∼0.5 s). A Konica Minolta® spectrophotometer model
CM-2600d was used to measure the colour of the samples. A
detailed description of the method is given in ESI† (in the
paragraph titled “Contact angle and colour measurements”).
The specic surface area of microplastics was determined by the
(Brunnauer–Emmet–Teller) BET technique with N2 adsorption
using the Gemini 2380 instrument (Micromeritics, USA). Elec-
trophoretic light scattering Nano ZS was used to determine the
zeta potential of microplastics (ELS, Malvern Instruments,
Malvern, United Kingdom). Dry samples were dispersed in
saturated CaCO3 solution (ltered through Whatman lters
with a pore size of 0.45 mm) and sonicated for 15 min, followed
by zeta potential measurements. All measurements were per-
formed in triplicate at 25 °C.

The composition of the prepared samples was analysed by
Fourier-transformed infrared spectroscopy and X-ray powder
diffraction. Potassium bromide pellets were prepared, and the
infrared spectra were recorded in the 400–4000 cm−1 region,
using 16 scans and 2 cm−1 resolution on TENSOR II (Bruker). X-
ray powder diffractograms have been collected on the Philips
X'Pert PRO PW3050/60 diffractometer. During themeasurement,
CuKa source was used, and the sample diffractograms were
collected in the scan range 20°# 2q# 60° (128.27 s per step, step
size 2q = 0.026°). The morphology of the CaCO3 samples was
determined using JEOL JSM-7000F (Jeol Ltd) without coating.
Complete micromechanical characterization of pure aragonite
(from the reference experiment) and samples with encapsulated
microspheres (from experiments in the presence of PS-HA or PE-
HA aer isolation and dissolution of unembeddedmicrospheres)
was performed by an instrumented indentation test (IIT) using
the Micro Combi Tester MCT3 (Anton Paar). Measurements were
performed on 5 mmdiameter pellets prepared by pressing 40mg
of aragonite or aragonite with PS-HA and PE-HA in a hydraulic
press with 2 tonnes for 2 min. A Vickers diamond pyramid was
used as the indenter. Mechanical properties were evaluated using
a force of 1000 mN in linear loading mode at room temperature
according to EN ISO 14577-1:2015. Ten measurements were
performed on each sample. The hardness and indentation
modulus values were calculated using the Olivier and Pharr
method with a supposed Poisson ratio of 0.3. A detailed
description of the method is given in the ESI.†
2.5. Encapsulation efficiency

The amount of encapsulated PS and PE microspheres in the
calcium carbonate samples was evaluated using total organic
Environ. Sci.: Processes Impacts
carbon analysis (TOC analysis, Elementar). The samples for
total organic carbon measurements were prepared by rst dis-
solving both the partially encapsulated/adsorbed and free
microspheres (microspheres in the obtained samples that the
CaCO3 did not encapsulate and that can get in contact with the
used organic solvents). The partially encapsulated/adsorbed
and free microspheres were dissolved in chloroform (for PS or
PS-HA) or in hot, boiling, xylene (for PE or PE-HA). Then, all
samples were washed with acetone in 5 cycles and centrifuged
(4000 rpm) for 15 min aer each cycle. In the last cycle, the
samples were washed with water, centrifuged, and dried at 70 °
C for three hours to evaporate the remaining acetone and water.
All partially encapsulated/adsorbed and free microspheres were
dissolved during this process, and only the encapsulated ones
remained in the sample since calcium carbonate does not
dissolve in chloroform or xylene. Upon drying, the prepared
samples were dissolved with hydrochloric acid (c(HCl)= 0.6 mol
dm−3). Hydrochloric acid dissolved calcium carbonate leaving
only plastic microspheres (that were encapsulated in calcium
carbonate) in the formed suspension. Then, this microsphere
suspension was used for TOC analysis by burning 800 mL of the
suspension, in triplicates, at 850 °C.

3. Results and discussion
3.1. Calcium carbonate precipitated in the presence of
plastic microspheres

In order to closely mimic the inorganic environment of the in
vivo formation of calcium carbonate in seawater, the precipi-
tation of calcium carbonate in articial seawater (Table SI1†)
was used as a model system. This model system is suitable for
preparing aragonite, the primary mineral component of coral
skeleton.

The composition of the samples prepared in articial
seawater with or without plastic microspheres was determined
by FTIR spectroscopy (Fig. 1) and XRD analysis (Fig. 2). In all
precipitated samples (Fig. 1; black, red, and green lines)
carbonate group vibrations of aragonite were observed: anti-
symmetric stretching (n3, C–O doubly degenerate) at 1484 and
1444 cm−1, symmetric stretching (n1, nondegenerate) at
1083 cm−1, out-of-plane bending (n2, CO3 nondegenerate) at
856 cm−1 and in-plane bending (n4, O–C–O doubly degenerate)
at 713 and 700 cm−1.62 The formation of aragonite is preferen-
tially compared to other calcium carbonate polymorphs
because Mg2+ inhibits calcite and favours aragonite
nucleation.63–66

In addition to carbonate vibrations, groups of vibrations
specic to PS and PE are visible in the aragonite samples
prepared with HA-treated or untreated plastic microspheres.
The infrared spectra of untreated and HA-treated commercial
plastic microspheres (Fig. 1, blue lines) show specic vibration
groups. The PS microspheres (Fig. 1a, blue line) show specic
aromatic C–H stretching at 3066 and 3029 cm−1, CH2 stretching
at 2929 and 2856 cm−1, aromatic C]C stretching in the
benzene ring at 1596, 1491, and 1454 cm−1 and out of plane
C–H bending of one substituent on the benzene ring at 750 and
696 cm−1 which is in accordance with literature data.67 The PE
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Representative infrared spectra of samples from precipitation
experiments with (a) PS microspheres and (b) PE microspheres. The
representative spectra are indicated for: the untreated and HA-treated
microspheres (no significant difference was observed in their spectra,
so only one representative spectrum is presented, blue line), pure HA
(orange line), calcium carbonate precipitates obtained in the reference
system (black line), calcium carbonate precipitates obtained with
untreated (red line) or HA-treatedmicrospheres (green line). The insets
show a specific wavenumber range. The noted specific groups and
bond vibrations show the major functional groups present in the
samples.

Fig. 2 X-ray diffractograms of calcium carbonate samples precipi-
tated in the reference system and with the addition of untreated and
HA-treated PS and PE microspheres. The standard diffraction line
positions of aragonite (red bars) are shown for comparison.

This journal is © The Royal Society of Chemistry 2024
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microspheres (Fig. 1c, blue line) showed asymmetric and
symmetric CH2 stretching at 2919, 2909, 2844, 2854 cm−1, C–
CH3 umbrella mode symmetric bent at 1474 and 1466 cm−1 and
a C–CH2 rocking at 727 and 717 cm−1, as a result of close
packing of methylene chains specic to high-density PE.68

The microspheres were treated with HA to determine the
inuence of organic matter on encapsulation efficiency. The
spectra of pure HA (Fig. 1, orange lines) showed different
functional groups: OH stretching at 3693 cm−1, asymmetric and
symmetric COO− stretching at 1580 and 1383 cm−1, respec-
tively, and C–O–C stretching in the 1010–1033 cm−1 region.69,70

Aer HA treatment of PS and PE microspheres, the adsorbed
molecules were too low for spectral bands observation. To
conrm the adsorption of HA, the AFM, contact angle analysis,
and measurements of colour change were performed (Subsec-
tion 3.2).

The results of the XRD analysis (Fig. 2) were in good agree-
ment with FTIR spectroscopy. The most prominent peaks were
detected at 26.2°, 27.2°, 33.2°, 37.9°, 38.4°, 45.8°, 50.2° and
52.5° corresponding to (111), (021), (012), (112), (130), (221),
(132) and (113) diffraction lines of aragonite (JCPDS card no. 41-
1475). In the XRD diffractions of aragonite precipitated in the
presence of untreated and HA-treated PE microspheres, an
additional peak was observed at 21.7° 2q, which is expected due
to the presence of crystallized methylene chain regions in high-
density PE.71 The aragonite unit cell parameters did not change,
which shows that the microplastic particles did not cause
crystal unit distortions and indicates that the microspheres are
encapsulated in aragonite without the noticeable incorporation
into the crystal unit cell. Similar to the studies performed on the
calcite polymorph with PS, gold, and iron microparticles, no
inuence on the crystal unit was observed.29,72,73 In contrast, the
incorporation of molecules and ions into the crystal unit cell
can cause a change in the unit cell parameters,74,75 which was
not observed in our case.
3.2. Characterization of plastic microspheres

AFM was performed to determine the surface properties of
untreated and HA-treated plastic microspheres. A large-scale
image of untreated PE microspheres is shown in Fig. 3a.
Further processing was conducted on the smaller-scale images,
and a fourth-order polynomial t was used to remove the
sphere's curvature. The obtained images of the surface features
are shown in Fig. 3b and c for untreated and HA-treated sphere
surfaces, respectively. Analysis of the AFM measurements
shows a higher RMS surface roughness of the HA-treated
sample (80.4 ± 48.8 nm) than that of the untreated sample
(8.8 ± 3.1 nm).

The difference in surface features can also be seen in the
proles of the surfaces, as shown in Fig. 3d, where the proles
correspond to the lines indicated in Fig. 3b and c. The nal
results clearly show that, when compared, the treated samples
have higher surface roughness and distinct high features not
expressed in the untreated samples.

In our previous study, the RMS surface roughness of PS
microspheres was 0.9 ± 0.2 nm.29 Compared to PE
Environ. Sci.: Processes Impacts
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Fig. 3 AFM measurement of PE microspheres. (a) Large-scale topography image of untreated microspheres. Small-scale topography image of
surface features: (b) untreated and (c) treated microspheres. (d) Profiles of untreated and treated PE surfaces (indicated with blue and green lines
in (b) and (c)).
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microspheres, the surface of PS microspheres is more regular,
with about ten times the lower value of RMS surface roughness.
Aer treatment of PS with HA, it increases to 1.40 ± 0.03 nm.
For PE microspheres, the same treatment leads to about ten
times higher RMS surface roughness. Previously, HA coating on
the PS microspheres was shown to increase the microsphere
size.41 Also, it was found that HA changed the physical and
chemical surface properties of polypropylene76 and PE marine
debris.77

Wettability and colour measurements were conducted to
conrm HA adsorption on the PS and PE surfaces. Contact
angles (q) were measured on untreated and HA-treated samples
of PS and PE. Dq presents the difference between the contact
angles of the treated and untreated samples. The PS sample had
a contact angle of 89.2° which is in accordance with the litera-
ture.78 The PE sample shows more substantial hydrophobic
properties with a contact angle of 107.9°, and similar results
were found in the literature.79 Contact angles of both HA-treated
PS and PE samples are similar, about 97°. This is most likely
a result of the adsorbed HAmolecules' similar behaviour on the
different microspheres' surfaces. These results indicate that HA
forms a similar structure on the treated PS and PE surfaces.
Studies of the adsorption of HA on carbonaceous surfaces at
Environ. Sci.: Processes Impacts
different concentrations of HA showed that HA can form layered
structures, which can be considered a supramolecular associa-
tion.80 The literature has shown that the adsorption of HA on
hydrophobic surfaces such as SiO2 and polystyrene occurs
through hydrophobic interactions.81,82 It is assumed that before
the adsorption, the hydrophobic groups are hidden in the inner
part of the HA molecules, so structural rearrangement of the
molecule is required.

In addition, the adsorption of HA on the surface of plastic
microspheres changes the visual appearance of the micro-
spheres by changing their colour depending on the quantity of
adsorbed HA. The colour measurements were performed to
determine the HA adsorption on the plastic microspheres
(Table 1). The colour properties of the different samples were
measured, and the colour change was investigated using CIE
colourimetry. A detailed description of the method is given in
the ESI.† In the CIELAB system, L* indicates lightness on a scale
from 0 (black) to 100 (white). At the same time, the chromaticity
value of a colour is represented in a two-dimensional diagram in
which axis a* determines the ratio of green (negative) to red
(positive). Axis b* determines the blue (negative) to yellow
(positive) ratio. DE*

ab is the Euclidean distance in CIELAB space,
i.e., the colour distance between two colours or the total colour
This journal is © The Royal Society of Chemistry 2024
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Table 1 Pellets of untreated and HA-treated polystyrene and poly-
ethylene microspheres and their corresponding colour
characteristicsa

L* a* b* DE*
ab Pellets

PS

Untreated 97.6 −0.1 −1.2 —

HA treated 76.9 3.6 5.7 22.1

PE

Untreated 94.1 0.6 1.3 —

HA treated 81.1 3.5 9.3 15.5

a L* – lightness with a scale from 0 (black) to 100 (white), chromaticity
represented in a two-dimensional diagram with axis a* – the ratio of
green (negative) to red (positive) and b* – the ratio of blue (negative)
to yellow (positive). DE*

ab is the total colour change or the Euclidean
distance in CIELAB space.
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change. The results show that both samples of PS and PE were
white before treatment, with a* and b* values close to 0 and L*
values close to 100. Aer the adsorption of HA on the surface,
changes were observed in PSðDE*

ab ¼ 22:1Þ and, to a lesser
extent, in PEðDE*

ab ¼ 15:5Þ. A value of about 2.3 corresponds to
a just noticeable difference.83 Thus, values of 22 and 15 indicate
signicant colour changes. In both cases, the adsorption of HA
darkens the samples (DL* decreases by 20.6 for PS and 13.0 for
PE), i.e., the colour changes from white to light grey. At the same
time, it acquires a red hue (a*∼ 3.5) and a much stronger yellow
hue (b* = 5.7 for PS and 9.3 for PE), conrming the adsorption
of a signicant amount of HA on the microplastic surface.

AFM, contact angles, and colour change of the microspheres
showed that the surface properties of PS and PE plastic micro-
spheres changed aer the treatment with HA, which is also
expected in natural aquatic ecosystems. In nature, PS and PE are
among the most abundant microplastic particles. In compar-
ison to our model spherical microplastic particles, PS and PE
particles in nature are exposed to physical, chemical, and bio-
logical processes.84 Due to these processes, they are fragmented
into smaller particles of irregular shape (fragments), and over
time the surface roughness of these particles becomes more
pronounced.85–87 Under UV weathering surface oxygen-
containing functional groups increase and transform micro-
plastic surface to be more hydrophilic and polar.88–90 Reduction
of surface hydrophobicity, increased charge, and decomposi-
tion of the surface structure could all alter interactions between
MPs and organic molecules (e.g., hydrophobic, p–p, electro-
static, hydrogen bonding interactions).91,92 Dissolved organic
matter (HA is an active component of DOM) affects interactions
between MPs and organic pollutants. Therefore, it is to be
This journal is © The Royal Society of Chemistry 2024
expected that such changes could affect the bioavailability and
bioaccumulation of microplastics in natural systems.93–98 Even
though the sampling and characterization of microplastics have
recently advanced rapidly, they present signicant challenges.
They must be improved to evaluate microplastics' presence and
consequences in the natural environments.99
3.3. Encapsulation of plastic microspheres

SEM and TOC were used to observe the encapsulation of
microplastics in aragonite. SEM images of aragonite samples
isolated from the reference system and all other systems are
shown in Fig. 4 and SI1.† The sample in the reference system
consisted of an aragonite polymorph in the form of irregular
aggregates with an average size of 3 mm. These crystals showed
a typical acicular morphology with elongated needle-like crys-
tals in the c-axis direction. They appeared to be radially orga-
nized and emerged from a seeding crystallization point. The
obtained morphology is similar to other studies performed in
articial seawater,66,100 in which aragonite was precipitated with
the observed characteristic features. The coral skeleton is also
built from bundles of acicular aragonite crystals with radial
distribution in which aragonite crystals grow in the c-axes
direction from the centres of calcication.101,102 Both aragonite
from corals and synthetically prepared aragonite exhibit similar
crystal orientations and radial growth, making the presented
model suitable for researching microplastic encapsulation
efficiency in aragonite.

The morphology of aragonite precipitated in the presence of
untreated microspheres was not signicantly affected. Free PE
microspheres and microspheres partially covered with arago-
nite were observed in these samples. In the sample prepared
with HA-treated PE microspheres, free microspheres were
hardly detectable due to their more pronounced encapsulation
in aragonite. For the samples prepared in the presence of
untreated PS microspheres, these microspheres are primarily
observed as adsorbed on the surface of the aragonite. In
contrast, their partial encapsulation in the aragonite was
observed for PS microspheres treated with HA. During crystal
growth, the microspheres are overgrown by aragonite
(Fig. SI2†), and the SEM images show that the thickness of the
aragonite layer around the encapsulated plastic microspheres
can be 1.5 mm (Fig. SI3†).

The efficiency of encapsulation of plastic microspheres in
aragonite was determined by TOC analysis. As described in the
experimental section, the samples were prepared for TOC
analysis by dissolving any plastic microspheres that were not
encapsulated and completely overgrown by aragonite. This
includes dissolving both partially encapsulated/adsorbed and
free plastic microspheres, leaving only encapsulated plastic
microspheres in aragonite. TOC analysis showed that all types
of used microplastics were encapsulated into aragonite.
Encapsulation efficiency is presented in Table 2. These results
show that more PE than PS was encapsulated, regardless of
whether the microplastic particles had been previously treated
with HA. Compared to untreated PE, the increase in encapsu-
lation of PE treated with HA was also observed. However, in the
Environ. Sci.: Processes Impacts
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Fig. 4 SEM images of aragonite samples in the reference system and the system with untreated and HA-treated PE and PS.

Table 2 Encapsulation efficiency of microplastics (MP) in aragonite:
Wtot =m (encapsulated MP)/m (initial MP);WA=m (encapsulated MP)/
m (aragonite sample); N – number of encapsulated MP particles in
1 mg of aragonite sample

MP Wtot/% WA/% N/106

PE 23.6 � 2.6 0.73 � 0.08 2.60 � 0.29
PS 7.2 � 1.9 0.22 � 0.06 0.98 � 0.25
PE-HA 30.7 � 6.2 0.95 � 0.19 3.38 � 0.68
PS-HA 7.4 � 1.0 0.23 � 0.03 1.01 � 0.14
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case of PS, there was no signicant difference in the amount of
encapsulated, treated versus untreated PS microparticles.

Although the amounts of encapsulated microplastic parti-
cles in aragonite samples (WA) may appear low, they should not
be neglected. Namely, the organic matrix that is, besides CaCO3,
a constituent part of biominerals that build hard tissue of
marine organisms, is also present in minimal amounts but
drastically inuences the properties of the associated
Environ. Sci.: Processes Impacts
biominerals. In coral skeletons, it can be found in amounts less
than 0.1% (ref. 103) and mollusc shells up to 5%.1 When ana-
lysed, the fracture toughness of the nacreous layer of the
molluscs shell exceeds that of pure inorganic aragonite by two
to three orders of magnitude.104,105 So, the change in aragonite
properties due to observed microplastic encapsulation is
expected.

The observed enhanced encapsulation of PE treated with HA
in aragonite compared to encapsulation of untreated PE is
consistent with our previous investigation,29 in which we
showed that adsorption of HA onto PS caused enhanced
encapsulation of PS in growing calcite crystals. At the same
time, the observed difference between the encapsulation of PS
in calcite and the PS in aragonite is interesting as it indicates
that polymorphs of calcium carbonate might behave differently
in the presence of microplastic particles.

The signicant difference in the encapsulation efficiency of
PS and PE microspheres raises the question of whether PE
microspheres, compared to PS in aquatic ecosystems, will show
more pronounced encapsulation into calcium carbonate
This journal is © The Royal Society of Chemistry 2024
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skeletal structures. It has to be mentioned that in the experi-
ments, the specic surface area of the used untreated PE and PS
microspheres (3.86 m2 g−1 for PE and 3.77 m2 g−1 for PS) as well
as the size distribution: 1.6 ± 0.2 mm for PS and 1.77 ± 0.48 mm
for PE (Fig. SI4†) were very similar, but the surface charge and
surface roughness between PS and PE differed signicantly.
Electrokinetic measurements showed a difference in the zeta
potential of PE and PS: −34.4 ± 0.9 mV for PE and −12.8 ±

1.0 mV for PS, indicating that PE was more negatively charged
than PS. At the same time, the surface roughness was signi-
cantly higher in the case of PE than PS, as determined by AFM
measurements. Surface properties such as surface roughness,
charge, hydrophilicity, and the presence of functional groups
on the surface, affect the precipitation of the mineral phase on
that surface. Thus, it is possible to relate the observed difference
in the amount of encapsulated PE and PS in aragonite to these
two parameters: surface charge and surface roughness.

Calcium ions in solution prefer adsorption to negatively
charged surfaces through electrostatic interaction between the
ions and the surface.106 Although contradicting results have been
reported on the effect of surface charge on the nucleation of
minerals, according to one of the proposed mechanisms,107 we
assume that in our investigated systems, enhanced Ca2+

adsorption on the negatively charged surfaces of PE and PS
promotes surface nucleation of CaCO3 and subsequent crystal
growth of aragonite. Since PE ismore negatively charged than PS,
more nucleation sites are present on the surface, resulting in
aragonite preferentially encapsulating more PE microspheres.

The second parameter that could be related to the encap-
sulation efficiency is surface roughness. The kinetics of
heterogeneous nucleation of mineral phases is known to be
enhanced on rough surfaces compared to smooth
surfaces.106,108–110 This could be related to rough surfaces with
different convex and concave structures providing a higher
surface density of nucleation sites with a reduced activation
energy barrier for heterogeneous nucleation. Moreover, the
diffusion of constituent ions of precipitating minerals is
restrained within the concave structures resulting in localized
supersaturation and enhanced surface nucleation. Therefore,
CaCO3 crystals preferably nucleate and grow on PE micropar-
ticles with higher surface roughness than on PS microparticles,
resulting in a higher number of encapsulated PEmicroparticles.

Encapsulation of PE and PSmicrospheres might inuence the
mechanical properties of aragonite, so to further investigate the
assumed inuence of encapsulation, IIT was carried out. The IIT
results presented in Tables 3 and SI2† include indentation
modulus (EIT), indentation hardness (HIT), stiffness (S), inden-
tation creep (CIT), and the ratio of elastic workWelast in total work
Table 3 Comparison of indentationmodulus (EIT), indentation hardness (
of pure aragonite and samples of aragonite with encapsulated PS-HA an

Sample EIT/GPa HIT/MPa

Pure aragonite 31.2 � 0.4 481.3 � 16.8
PS-HA 22.6 � 0.5 336.2 � 10.5
PE-HA 11.5 � 1.1 286.1 � 20.9

This journal is © The Royal Society of Chemistry 2024
Wtotal (hIT). As assumed, the carried research showed that
encapsulation of treated PS microspheres within the aragonite
decreased the EIT and HIT values by approximately 1.4, S by
a factor of approximately 1.1, while CIT and hIT are within stan-
dard deviation compared to pure aragonite. In contrast, a more
prominent decrease in mechanical properties was obtained in
the case of aragonite with the encapsulated HA-treated PE. HIT

value was decreased by a factor of approx. 1.7, EIT by a factor of
approx. 2.7 and S by a factor of approximately 2.0 as compared
with pure aragonite. The signicant reduction in HIT, EIT, and S
coincides with the increase of hIT and CIT during indentation.
The decrease in these parameters can be directly attributed to the
encapsulated plastic microspheres in aragonite.

PS and PE are, in environmental samples' the most abun-
dant microplastic polymers.32 Generally, most plastic items in
the sea are found to be smaller than 5 mm111,112 and as irregular
fragments.111,113 As the microplastic size decreases, the potential
of bioaccumulation and bioavailability increases.94 Also, surface
roughening indicates microplastic residence time in aquatic
environments.85–87 Therefore, using spherical microplastic
particles of PS and PE with uniform size and composition,
which are well suited for studying the behaviour of such parti-
cles in a complex aquatic environment related to bio-
mineralization, were used in this work.

Conducted research raises concerns regarding the inuence
of encapsulated plastic on the mechanical properties of skeletal
structures of water organisms producing calcium carbonate
biominerals. The results show that when compared with pure
aragonite, aragonite with the encapsulated microspheres had
reduced hardness, elastic/indentation modulus, and stiffness.
Similarly, Kim et al. showed that the composite structures of
calcite and PS particles had lower stiffness and hardness than
the Icelandic spar calcite and sea urchin spine.28 Recent studies
have shown that reef-building corals permanently accumulate
up to 2.82% of bioavailable microplastics per year and are
considered long-term sinks for microplastics.26 In aquatic
ecosystems, the growth of calcium carbonate skeletal structures
in organisms is continuous, and microplastic particles are
constantly present, suggesting that the amount of encapsulated
microplastics in them may accumulate over time. To date,
researchers do not know what effects encapsulated micro-
plastics will have on the stability of coral skeletons.20,26 As
shown in our research, during the application of constant force
over 30 seconds, a relative change in indentation depth (CIT)
was higher for the PE-HA sample, indicating a lower resistance
to time-dependent deformation under constant stress at room
temperature. Also, the indentation work ratio (hIT) measured for
the PE-HA sample is related to reverse elastic deformation
HIT), stiffness (S), indentation creep (CIT), and indentationwork ratio (hIT)
d PE-HA microspheres

S/mN nm−1 CIT/% hIT/%

1.74 � 0.02 5.1 � 0.3 12.8 � 0.2
1.52 � 0.02 4.9 � 0.2 12.4 � 0.2
0.85 � 0.11 8.1 � 0.3 20.0 � 0.2

Environ. Sci.: Processes Impacts
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indicating better ductility for the PE-HA sample. Our research
has shown that the encapsulated microplastics have indeed
altered the mechanical properties of aragonite, suggesting that
more in-depth in vivo studies on this subject are needed.
Considering that the encapsulation process is complex, it is
important to use other methods in future studies, so that, in
addition to the efficiency, the encapsulation process and its
consequences can be better understood, as well as the possible
inuence of environmental factors on that process.

4. Conclusion

This novel research demonstrates the encapsulation of PS and
PE microspheres in aragonite. The encapsulation efficiency was
estimated using the TOC measurement technique aer pre-
treatment steps to isolate encapsulated microspheres from
inorganic/microplastic solid matrix. A much higher encapsula-
tion efficiency of PE compared to PS, both untreated and HA-
treated, was observed and could be related to the surface
charge and roughness of PE and PS. As determined by AFM
measurements, PE had a higher surface roughness than PS in
the case of both untreated and HA-treated microplastic parti-
cles. These results suggest that the efficiency of encapsulating
different types of microplastics in calcium carbonate minerals
needs further investigation, both in vitro and in vivo. As
observed by IIT, aragonite with the encapsulated microspheres
had reduced hardness, elastic/indentation modulus, stiffness,
and lower resistance to time-dependent deformation under
constant stress at room temperature. The change in mechanical
properties of aragonite aer microplastic encapsulation raises
concerns about potential skeletal changes that might occur
when microplastic particles in aquatic ecosystems become
encapsulated in coral skeletal tissue. Our future studies will
focus on in vivo research in organisms that produce calcium
carbonate biominerals to develop conservation strategies and
mitigate the effects of microplastics on biomineralized tissues.

Author contributions
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Stanić: formal analysis; Katarina Marušić: formal analysis;
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9 D. P. Häder, A. T. Banaszak, V. E. Villafañe, M. A. Narvarte,
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