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Abstract
Plastic pollution in water ecosystems is threatening the survival of wildlife. In particular, microplastics may be encapsulated 
into calcium carbonate, a crucial building block of hard tissue in many species such as molluscs, corals, phytoplankton, 
sponges, echinoderms, and crustaceans. Actually little is known on the effect of humic acids, a common component of 
dissolved organic matter, on the encapsulation of microplastic into calcium carbonate. Here, we precipitated calcium car-
bonate with humic acids and polystyrene microspheres. The precipitation process was followed by measuring pH during 
the reaction. Composition, structure, morphology, surface properties and microspheres encapsulation extent were analysed 
by infrared spectroscopy, X-ray powder diffraction, atomic force microscopy, scanning electron microscopy, total organic 
carbon analysis, thermogravimetric analysis, nuclear magnetic resonance spectroscopy, electrophoretic and dynamic light 
scattering. Results show, for the first time, that encapsulation of polystyrene microspheres into calcite crystals occurs only 
after the treatment of the microspheres with humic acids, leading to encapsulation of about 5% of the initial microspheres 
mass. On the contrary, untreated microspheres did not encapsulate in calcium carbonate. Our findings imply that exposure 
of microplastics to dissolved organic matter in water ecosystems could result in enhanced encapsulation into the exoskeleton 
and endoskeleton of aquatic organisms.
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Introduction

Calcium carbonate is the most relevant mineral in exoskel-
etal and endoskeletal formations in species inhabited in dif-
ferent ecosystems, ranging from land to freshwaters, seas, 
and oceans. In water ecosystems, calcium carbonate is most 
known as a mineral forming shells in molluscs and skeleton 

in corals, but it can also be found in phytoplankton, Protista, 
sponges, echinoderms, and crustaceans. In these organisms, 
the mineralised tissues are most commonly built of calcite, 
the most stable modification of calcium carbonate or arago-
nite, while vaterite is rarely found (Mann 2001).

Organisms inhabiting water ecosystems are exposed to 
human influence and different forms of pollution, among 
which plastic pollution plays a significant role. A wide range 
of marine organisms incidentally takes up microplastics 
with food from sediment or the water column. Many marine 
organisms accumulate microplastics, mainly in the gut (Pir-
saheb et al. 2020) and in stomachs and gills (Białowąs et al. 
2022). The presence/accumulation of microplastic in marine 
organisms can cause coral tissue necrosis and microplas-
tics overgrowth (Reichert et al. 2022), alteration of intesti-
nal function and disordered metabolism (Feng et al. 2021) 
and retarded growth (Prata et al. 2021). Also, microplastic 
particles can be digested by smaller organisms like corals, 
sponges, and even foraminifera (Guzzetti et al. 2018).
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Each year 8 million tons of plastic waste is disposed of 
into water ecosystems and causes the death of whales, birds, 
turtles and fish (Häder et al. 2020). The primary microplastic 
occurs from consumer products, and secondary microplastic 
occurs from plastic deterioration (John et al. 2021; Othman 
et al. 2021). This problem is becoming more pronounced, 
especially since, in the pandemic time, the increase in plastic 
production and plastic waste is noticeable, and it presents a 
considerable threat to environmental sustainability (Gorrasi 
et al. 2021). The problem of microplastic simultaneously 
involves economic, social and technological aspects. Solu-
tions for a sustainable and circular economy require radical 
innovations, consumer education and political willingness.

Only a few studies reported the effect of plastic particles 
on the precipitation of calcium carbonate. It was found that 
poly(methyl methacrylate) nano- and microparticles induced 
calcite crystal nucleation from the solution (Mahadevan 
et al. 2021). Their results showed the presence of plastic 
particles on the surface of the crystals. Kim et al. showed 
that polystyrene particles functionalised with acrylic and 
fumaric acid get encapsulated in the calcite crystals during 
crystal growth (Kim et al. 2010). In contrast, nonfunction-
alised polystyrene did not cause the same effect. Also, they 
showed that obtained crystals expressed decreased stiffness 
and hardness compared with the Icelandic spar calcite and 
the sea urchin spine.

In 2021, researchers found microplastic encapsulated into 
the calcite shell of foraminifera and also in the aragonite 
skeleton of corals (Birarda et al. 2021; Hierl et al. 2021; 
Reichert et al. 2022). Interestingly, older findings showed 
that microplastic was not encapsulated in the mineralised tis-
sues of water organisms (Hankins et al. 2018; Chapron et al. 
2018). This raises a question, what if the possible change of 
the microplastic characteristics in the last couple of years is 
the reason for encapsulation of microplastic into growing 
calcium carbonate mineralised tissues, leading us to specu-
late that with time the situation will only get worse.

In freshwaters, seas, and oceans, dissolved organic mat-
ter is ubiquitous, and among others, it consists of humic 
substances, which unavoidably interacts with microplastic 
(Chen et al. 2018a). Organic matter is adsorbed on the sur-
face, which leads to increased transport to the sediment, 
where organisms producing calcium carbonate can be found 
(Kniggendorf et al. 2021). Different polymers are present in 
microplastic, and among others, one of the most predomi-
nant is polystyrene (John et al. 2021). It was shown that 
the environmental behaviour of polystyrene microplastic 
changes after adsorption of reactive fractions of dissolved 
organic matter (humic and fulvic acid) (Abdurahman et al. 
2020). Numerous articles have been published previously 
regarding the interaction of humic acid and pure polystyrene 
materials, and it is optimal to use it as a model for plastic 
pollution (Cai et al. 2018; Lu et al. 2018; Singh et al. 2019).

This study investigates the difference between the encap-
sulation of fresh microplastic particles and those exposed to 
the dissolved organic matter, into calcium carbonate. Poly-
styrene microspheres served as model plastic particles to 
estimate the behaviour of microplastics in the environment 
and humic acid as the reactive fraction of dissolved organic 
matter. It was hypothesised that the microplastic encapsula-
tion into calcium carbonate could enhance due to inevitable 
organic matter adsorption onto microplastic. We used batch 
laboratory precipitation experiments and calcium carbonate 
systems to verify this hypothesis. Any obtained change may 
indicate a significant alteration in biomineralisation pro-
cesses and consequently changes in exoskeleton formation 
in numerous species.

Experimental

Analytical grade chemicals sodium carbonate (Na2CO3) 
(Sigma Aldrich), calcium chloride (CaCl2·2H2O) (Acros 
Organics), polystyrene microspheres (size 1.6 ± 0.2 µm, 
Tianjin Baseline Chromtech Research Centre), humic 
acid (Sigma-Aldrich) and deionised water (conductiv-
ity < 0.055 μS cm−1) were used. The calcium carbonate pre-
cipitation experiments were performed using initial reactant 
concentrations, c(CaCl2)=c(Na2CO3)=2.5 mmol dm–3. The 
following systems were investigated: reference (without pol-
ystyrene microspheres or humic acid) and with the addition 
of 1 mg dm−3 of humic acid or 20 mg dm−3 untreated/humic 
acid treated polystyrene microspheres. The composition of 
the precipitated samples has been determined by Fourier 
transform infrared spectroscopy on TENSOR II (Bruker) 
and X-ray powder diffraction analysis on EMPYREAN (Pan-
alytical). The morphology of the samples was determined 
by JEOL JSM-7000F (Jeol Ltd.) without coating. The size 
and electrokinetic potential of samples were measured on 
Litesizer 500 (Anton Paar).

The humic acid treated polystyrene microspheres were 
prepared by rotating 8 mg of microspheres in 300 µL of 
humic acid solution (4000 mg dm−3) for 10 min. Untreated 
and humic acid treated polystyrene microspheres have been 
analysed with 1H and 13C-DEPTq nuclear magnetic reso-
nance spectra in deuterated chloroform on a Bruker Avance 
III HD 400 MHz spectrometer. The microsphere surface 
characteristics were determined by atomic force microscopy 
imaging in the AC mode using the NanoWizard 4 ULTRA 
AFM (Bruker). The analysis of the amount of encapsulated 
microspheres (as total dissolved organic carbon) was deter-
mined by TOC-Analyser (Elementar) and thermogravi-
metric analysis on the STA 449 F5 Jupiter (Netzsch). The 
amount of encapsulated microspheres was determined in the 
samples after treatment with chloroform. All experimental 
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procedures and analyses are described in more detail in the 
Supplementary Information.

Results and discussion

To investigate the difference in microplastic encapsulation 
into calcium carbonate, due to the humic acid treatment, 
we performed calcium carbonate precipitation experiments 
with humic acid as the reactive fraction of dissolved organic 
matter and polystyrene microspheres as model microplastic 
particles. The characterisation of untreated and treated poly-
styrene microspheres, as well as precipitation and characteri-
sation of calcium carbonate in the presence of untreated and 
treated polystyrene microspheres, was studied.

Characterisation of polystyrene microspheres

We performed atomic force microscopy imaging to study 
differences in surface morphology of untreated and treated 
microspheres. A large-scale image of the untreated polysty-
rene microsphere is shown in Fig. 1a. The microsphere’s 
surface features are shown on a smaller scale (to remove the 
sphere's curvature) in Fig. 1b, c for untreated and treated 
microsphere surfaces, respectively. Analysis in Fig.  1d 
shows the higher root-mean-square surface roughness 
of the polystyrene microsphere treated with humic acid 
(1.40 ± 0.03 nm) than the untreated sample (0.9 ± 0.2 nm). 
These results clearly show that due to humic acid adsorp-
tion, the humic acid treated microspheres have a higher sur-
face roughness and distinct high features not found on the 
untreated samples.

Fig. 1   Atomic force microscopy measurement of polystyrene micro-
spheres. Large-scale topography of untreated microspheres (a). 
Topography image of surface features on a smaller scale: untreated 
(b) treated microsphere (c). Profiles of untreated and treated polysty-
rene surfaces (d) (indicated with blue and green lines in (b, c). Note 

the higher surface roughness of the humic acid treated microsphere 
compared to the untreated one. Adsorbed humic acid molecules in the 
treated microspheres cause the increase in polystyrene microspheres' 
surface roughness
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Moreover, dynamic light scattering showed that the size 
of the untreated microspheres was 1.63 ± 0.17 µm and for 
humic acid treated it was 1.84 ± 0.03 µm. The literature 
shows that particle size increases due to humic acid coat-
ing on the polystyrene microspheres (Chen et al. 2018b). 
The microspheres were coated with humic acid molecules 
with a layer of an approximate thickness of 0.10 µm, which 
increased the overall particle size. Both atomic force micros-
copy and dynamic light scattering have shown that after 
the treatment with humic acid, the surface of polystyrene 
microspheres is altered, which can be expected to occur in 
natural water ecosystems. Calcium carbonate precipitation 
experiments with polystyrene microspheres were conducted 
to determine the impact of the microplastic with adsorbed 
organic matter on calcium carbonate crystals.

Precipitation and characterisation of calcium 
carbonate in the presence of polystyrene 
microspheres

To investigate the influence of organic matter on micro-
plastic encapsulation into calcium carbonate, spontaneous 
precipitation of calcium carbonate in the presence of pure 
humic acid and untreated or humic acid treated microspheres 
was performed. Supersaturation, S, (definition in Supple-
mentary Information) is the key parameter that controls pre-
cipitation. In all investigated systems, relatively high initial 
supersaturation (Sc = 19) resulted in instantaneous precipita-
tion which can be seen as solution turbidity that appeared 
immediately after mixing the reactant solutions and a sudden 
drop of supersaturation (Fig. 2a). A change in the slope of 
progress curves indicates a change in crystal growth rate.

In comparison with the reference system, that is the 
system without pure humic acid and polystyrene micro-
spheres (Fig. 2a, black line), lowering of the slope of the 
precipitation progress curve in the presence of humic acid 
(Fig. 2a, red line) indicates crystal growth inhibition. As 
was previously observed by Hoch et al., crystal growth inhi-
bition occurred due to the adsorption of humic acid onto 
the surface of growing calcite crystals (Hoch et al. 2000). 
Therefore, the interaction of carboxyl groups contained in 
the humic acid and Ca2+ ions on the surface of the calcium 
carbonate crystals is expected, resulting in the inhibition 
of crystal growth. Contrary, Mahadevan et al. reported that 
micro- and nanoplastic particles induced precipitation of cal-
cium carbonate (Mahadevan et al. 2021). Similarly, in our 
study, the slope of the progress curves for the precipitation 
in the presence of untreated (Fig. 2a, green line) or treated 
(Fig. 2a, blue line) polystyrene microspheres increased in 
comparison with the reference system indicating, in both 
cases, crystal growth rate enhancement.

The phase composition of samples in the reference system 
as well as in all other systems was determined by infrared 

Fig. 2   (a) Change of solution supersaturation in time during calcium carbonate 
precipitation. The dashed line corresponds to the calculated value of solubil-
ity of stable calcite (S = 1). Change in progress curve slope indicates crystal 
growth rate enhancement in the presence of microspheres and inhibition in 
the presence of humic acid in comparison with reference systems (without 
humic acid or polystyrene microspheres). (b) Representative infrared spectra: 
untreated and humic acid treated microspheres (blue line), pure humic acid 
(green line), calcium carbonate precipitates obtained in the reference system 
or with humic acid (black line), calcium carbonate precipitates obtained with 
untreated or humic acid treated polystyrene microspheres (red line). Insets 
show a specific wavenumber range. Noted specific groups and bond vibra-
tions show the most important functional groups occurring in the samples. 
Carbonate bond vibrations show only the presence of calcite. Comparing the 
pure humic acid bond vibrations and the calcite and polystyrene spectra no 
noticeable vibrations of adsorbed humic acid were observed due to undetect-
able humic acid amount. (c) X-ray diffractograms of calcium carbonate sam-
ples. Expressed peaks show reflections corresponding only to calcite without 
any other phase present
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spectroscopy (Fig. 2b; Table S1) and peaks corresponding 
to carbonate group vibration of calcite were obtained at 
1420.2 cm−1 (ν3), 1073.1 cm−1 (ν1), 872.9 cm−1 (ν2) and 
712.5 cm−1 (ν4) (Andersen and Brečević 1991). In the pre-
cipitation systems with untreated and humic acid treated 
microspheres, peaks corresponding to pure polystyrene at 
1601.8, 1493.1 and 1452.6 cm−1 indicated the presence of 
benzene rings and at 757.1 and 698.4 cm−1 indicated one 
substituent in the benzene ring (Raghu and Jeong 2008; Fang 
et al. 2010). The spectra of the pure humic acid showed 
characteristic functional stretching vibrations for OH– at 
3693.6 cm−1, COO– at 1580.3 and 1383.9 cm−1 and C–O–C 
in the 1010–1033 cm−1 region (Chin et al. 1994; Permi-
nova et al. 2003). After adsorption on polystyrene micro-
spheres, the amount of adsorbed molecules was lower than 
5% which is the limit for spectral bands observation. We also 
performed nuclear magnetic resonance analysis of untreated 
and humic acid treated microspheres, and the results showed 
no significant difference between them. Overall, we found 
only calcite precipitated in all systems, and the humic acid 
adsorption was confirmed by surface change, as shown by 
atomic force microscopy.

All samples have been analysed using X-ray diffraction, 
and the results (Fig. 2c) are in accordance with infrared 
analysis and show calcite peaks at 2θ 29.4°, 35.9°, 39.4°, 
43.1°, 47.5° and 48.5° corresponding to (104), (110), (113), 
(202), (018) and (116) reflections of calcite (JCPDS card No. 
05-0586). No significant change in calcite unit cell param-
eters was observed, and this is in accordance with other 
studies about calcite composites with gold and iron oxide 

nanoparticles (Kulak et al. 2014; Kim et al. 2019). For a 
noticeable change in the crystal unit cell parameters incor-
poration of ions and molecules is necessary (Pokroy et al. 
2006; Štajner et al. 2018). Overall, we found that micro-
spheres do not incorporate into calcite lattice.

The study of the occlusion of polystyrene particles (car-
boxylated and functionalised with acrylic and fumaric 
acid) (Kim et al. 2010) and iron oxide nanoparticles (with 
adsorbed copolymers) (Kulak et al. 2014) in calcite showed 
that surface charge density plays a vital role in whether par-
ticle occlusion occurs within the crystals. Compared with 
the Icelandic spar calcite and the sea urchin spine, calcite 
and polystyrene particles composite structures displayed 
decreased indentation modulus (stiffness and hardness) (Kim 
et al. 2010). No occlusion within calcium carbonate was 
observed in the presence of nonfunctionalised polystyrene 
particles. Our results in the system with untreated micro-
spheres where no encapsulation occurred confirmed this 
observation, indicating that interaction between the charged 
particles and the growing crystals is a prerequisite to their 
encapsulation. Overall, this confirms our hypothesis that 
microplastic encapsulation into calcium carbonate can be 
enhanced due to humic acid adsorption.

Encapsulation of polystyrene microspheres

Scanning electron microscopy images of calcium carbonate 
samples isolated from the reference system, and all other 
systems are shown in Fig. 3. The sample in the reference 
system consisted of typical rhombohedral calcite crystals 

Fig. 3   Scanning electron 
microscopy images of calcium 
carbonate samples in the 
reference system (a) and the 
system with: humic acid (b), 
polystyrene microspheres (c), 
and treated polystyrene micro-
spheres (d). Calcite crystals 
with rhombohedral morphol-
ogy were observed in all the 
samples. The presence of humic 
acid caused the edge trunca-
tions in rhombohedral crystals. 
The microsphere encapsulation 
occurred in the sample with 
humic acid treated polystyrene 
microspheres as can be seen in 
the inset (d)
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with expressed {104} faces (Fig. 3a). The addition of pure 
humic acid caused truncations on the edges of the rhom-
bohedral calcite crystals alongside particles with irregular 
morphology (Fig. 3b). The morphology of rhombohedral 
calcite crystals precipitated in the presence of untreated 
microspheres was not dramatically affected, and the crystals 
had smooth and sharp edges without noticeable microsphere 
encapsulation (Fig. 3c).

Calcite crystals prepared with humic acid treated polysty-
rene microspheres showed the development of truncations 
on the edges of rhombohedral calcite (Fig. 3d). Compared to 
the sample with untreated microspheres, the treated micro-
spheres were attracted to the growing {104} plane of rhom-
bohedral calcite crystals. Since humic acid molecules are 
negatively charged (carboxylic groups) at used experimental 
conditions, they interact with calcium ions on the surface 
of calcite crystals. Similarly, it was shown that dissolved 
organic matter, microplastic and metal cations can aggre-
gate and adsorb onto minerals, due to electrostatic attraction 
(Brewer et al. 2021; Sharma et al. 2021). The scanning elec-
tron microscopy characterisation showed that only treated 
microspheres get preferentially encapsulated in the growing 
calcium carbonate due to the humic acid adsorption on the 
surface of microspheres, as confirmed by the dynamic light 
scattering analysis and atomic force microscopy (Fig. 1).

During crystal growth, humic acid treated microspheres 
get adsorbed onto the growing planes of calcium carbonate. 
As the crystals grow, adsorbed microparticles get overgrown 
by newly formed layers of calcium carbonate. The number 
of microspheres was counted in samples in each scanning 
electron image using Dot Dot Goose (Ersts 2016). Total 
organic carbon and thermogravimetric analyses of samples 
obtained after washing with chloroform confirmed encapsu-
lation into calcite crystals. In the growing calcite crystals, 
only humic acid treated microspheres were encapsulated in 
amounts 5.7 ± 2.1%, 5.68 ± 0.15% and 4.94 ± 0.9% of initial 
microspheres mass, as estimated from scanning electron 
microscopy, total organic carbon and thermogravimetric 
analysis, respectively.

We performed the experiments in controlled conditions 
(concentration, time). In contrast, the encapsulation of 
microplastic in natural materials is not limited, and the skel-
etal growth is continuous, which indicates that the amount 
of encapsulated microplastic could accumulate with time. 
Up to 2.82% of bioavailable microplastic accumulates in 
reef-building corals, which highlights the problem of plas-
tic pollution (Reichert et al. 2022). Hierl et al. and Reichert 
et al. showed that during long-term exposure (5 months and 
18 months respectively), microplastic particles did indeed 
get encapsulated in the coral skeletal structures. Moreover, 
in both studies, authors concluded that the consequences 
of inclusions on skeletal properties such as stability are yet 
unknown (Hierl et al. 2021; Reichert et al. 2022). Therefore, 

to determine the influence of encapsulated microspheres on 
the skeleton of aquatic species, more in-depth in vivo inves-
tigations are needed.

The obtained scanning electron microscopy results are in 
good correlation with the results of the electrokinetic poten-
tial measurements (Fig. 4). The electrokinetic potential of 
polystyrene microspheres was – 8.35 ± 1.09 mV, while it 
decreased to – 13.45 ± 1.08 mV after the microspheres' treat-
ment with humic acid. Humic acid is rich in acidic functional 
groups (carboxyl and phenolic OH), which participate in the 
adsorption processes. As the pH increases, these groups get 
deprotonated. At pH greater than 4.7, humic acid is strongly 
negatively charged (Stevenson 1982), and its adsorption onto 
the polystyrene microspheres consequentially results in a 
higher negative charge of the polystyrene microspheres.

The electrokinetic potential of samples isolated from 
systems in which calcium carbonate precipitated alongside 
polystyrene microspheres increased compared to the elec-
trokinetic potential of polystyrene microspheres only. In 
the system containing calcite crystals and untreated micro-
spheres, the electrokinetic potential was – 5.04 ± 0.99 mV, 
and it further increased to – 3.44 ± 1.09 mV in the system 
with humic acid treated microspheres. For comparison at 
similar pH (pH ≈ 6), the electrokinetic potential for calcite 
is – 2.88 mV (Moulin and Roques 2003). Since the number 
of polystyrene microspheres and the solution composition 
was constant in each experiment, regarding calcium and car-
bonate ions and temperature, the most significant increase in 
electrokinetic potential can be attributed to more pronounced 
calcium carbonate encapsulation of humic acid treated 

Fig. 4   Electrokinetic potential of samples in water. Polystyrene 
microspheres untreated and treated with humic acid and calcium 
carbonate with polystyrene microspheres untreated and treated with 
humic acid. Note the decrease in the electrokinetic potential of treated 
polystyrene caused by humic acid adsorption. In calcium carbonate 
samples, the increase in electrokinetic potential occurred due to cal-
cium carbonate encapsulation of treated polystyrene microspheres
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microspheres. Up to date, no research has investigated how 
the adsorbed humic acid (the reactive fraction of dissolved 
organic matter) influences the microplastic encapsulation 
into calcium carbonate. This research shows that humic 
acid changes the surface characteristics of the polystyrene 
microspheres and facilitates the encapsulation of polystyrene 
microspheres into growing calcite crystals. The results pre-
sented show the risk for biomineralisation processes, indi-
cating that microplastic exposure to the dissolved organic 
matter could cause higher microplastic encapsulation into 
calcium carbonate in the next decades. This could result 
in the change of the skeletal structure as a result of high 
amounts of encapsulated microplastic particles. To develop 
conservation strategies and mitigate the effects of microplas-
tic on biomineralised tissues, our future studies will focus on 
in vivo research in organisms producing calcium carbonate 
biominerals.

Conclusion

The research regarding the influence of dissolved organic 
matter on the microplastic encapsulation in calcium carbon-
ate is necessary due to the recent findings showing micro-
plastic encapsulation into the skeleton of different species. 
Our study shows that encapsulation of polystyrene micro-
spheres in growing calcite crystals occurs when the micro-
spheres are treated with humic acid leading to encapsula-
tion of about 5% of the initial microspheres mass. On the 
contrary, we have shown that untreated microspheres do not 
encapsulate into calcium carbonate. During calcium carbon-
ate crystal growth, humic acid treated polystyrene micro-
spheres get adsorbed onto the growing planes of calcium 
carbonate. As the crystals grow, adsorbed microparticles 
get overgrown by newly formed layers of calcium carbon-
ate and, at the same time, do not cause changes in crystal 
morphology.

The new findings raise concern regarding the influence 
of long-term exposure of microplastics to the dissolved 
organic matter in water ecosystems resulting in enhanced 
encapsulation into the exoskeleton and endoskeleton of spe-
cies producing calcium carbonate. As this area is new, it is 
not yet shown in the literature how encapsulated microplas-
tics, after exposure to dissolved organic matter, affect the 
skeleton of organisms and what will be the consequences of 
such inclusions on skeletal properties. To elucidate the influ-
ence of encapsulated microspheres on the exoskeleton and 
endoskeleton of species, in vivo experiments are planned as 
a continuation of this research.
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