Introduction

Biomimetic Removal of Microspheres Water Contaminants
via Calcite-Infused, Coral-like Melamine Sponges

The most prevalent type of marine debris is plastic. Plastic debris comes in all different sizes
and shapes, however, plastic particles less than 5 mm in length are classified as
microplastics (MPs). The production of these contaminants comes from a wide range of
sources, but most notably the degradation of larger plastic debris. Plastic takes upwards of
450 years to fully decompose. Furthermore, because of environmental factors like wind,
sun, and ocean waves, instead of decomposing, the plastic continues to fragment into
smaller pieces, resulting in the creation of microplastics. The microplastic’s small size
allows for easy flow through water filtration systems, nets, and more. This poses a
significant threat to marine ecosystems as they block the digestive tracts of marine and
freshwater animals, diminishing an urge to eat, thus causing some to starve and die. The
omnipresence of these plastics is affecting all aspects of everyday life and therefore effective
microplastic remediation methods must be found and researched. Many recent publications
have cited the use of iron nanoparticles as a means to remove microplastics from water,
however their efficiency, and scalability of function, is questionable. Recent literature by
Martin, however, point out that Scleractinia coral has the potential to be a microplastic sink.
Their results depict that passive removal of microplastics through adhesion to the coral
surface is 40 times higher than active removal through suspension-feeding. However, coral
is vital to ecosystems and the inner workings of marine habitats. Therefore, destroying them
for the purpose of microplastic remediation would be counterintuitive. Instead, this research
looks to take advantage of this coral feature in a biomimetic approach, in the design and
creation of an artificial coral sponge (ACS), that can absorb and retain microplastic
pollutants in water.

Proposal for Biomimetic Design of the Artificial Coral Sponge
Fig. 6 (left): Schematic of the proposed ACS
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Engineering Goal

The proposed design of the Artificial Coral Sponge includes: a melamine sponge to act as the
base, a 34% polytetrafluorethylene (PTFE) to act as the binding agent, and calcium carbonate
powder for microplastic capture. Additionally, in order to prevent ACS consumption and
disruption, an eco-friendly enclosure will be constructed around the device. To synthesize the
ACS, rigid sound absorbing melamine foam sheets with pore sizes of ~150 μm were cut into
rectangular prisms with surface areas of ~2000mm2. The PTFE dispersion was then liberally
applied via spraying and the layer (on sponges) was half-cured for one hour at 60°C. After the first
cure, the PTFE-coated sponges were taken out, submerged in a 4g/100ml CaCO3 suspension (in
10mM SDS), and ultrasonicated for 10 minutes, so that ~2g CaCO3 became embedded into the ½
cured PTFE. It is then placed back in the oven for the final curing of 1 hour at 60°C.

To further examine extended
remediation capacity, a cubic
ACS was first put into
0.1mg/ml MP contaminated
seawater and left on the
gyratory shaker for one day. A
500µl sample of the solution
was taken out at time zero and
at the end of the 24-hour cycle
(Fig. 18).
The ACS was then transferred to another, fresh
0.1mg/ml MP contaminated solution, with similar t0
and 24hour analyses. This cycle was repeated one
more time for a total of three separate batches. In line
with previous results, the cubic ACS removed
186,000 MPs in 24 hours, in a fresh 0.1mg/ml
contaminated solution. Following movement of this
“used” ACS to a second, new 0.1mg/ml solution,
removal drops only slightly to 170,000 MPs, followed
by 163,000 MPs for bottle 3, pointing to reusability of
the ACS, until it has reached its MP limit of 2065k,
per device as shown through SEM analysis.

Construction of Artificial Coral Sponge (ACS)

This research will investigate and develop an artificial coral sponge (ACS), that can absorb
and effectively remediate microplastics in water. Calcium carbonate and melamine foam will
be used to replicate the porous structure of coral and its constituents, in this biomimetic
approach.

The Artificial Coral Sponge (ACS) is constructed, according to the following schematic (Fig. 7).
Fig. 7: Schematic of the construction of the ACS
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Fig.19: Possible Reuse Longevity of the Cubic ACS
demonstrated in three “REUSE” cycles.
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PTFE coated sponge submerged into
4g/100ml CaCO3 suspension in
10mM SDS

Detection of Green Fluorescent MP’s
In order to test the efficiency and remediation
capability of the Artificial Coral Sponge
(ACS), a detection system for MPs in water
was first established. Internally fluorescentgreen MPs were purchased, as they are easily
detectable via fluorescence spectroscopy, and
used throughout this research as the
contaminant model. Their ideal excitation and
emission characteristics were measured, in
solution, to mimic MP-contaminated water;
the maximum excitation wavelength was
found to be 455nm, with a 540nm emission
(Fig. 1).
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Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) and Scanning Electron Microscopy (SEM) were used to provide evidence for the
successful development of the ACS, at each step of its construction. First, comparison of the ATR-FTIR spectra of Figs. 8A-C (insets) highlight the coverage of the melamine
sponge first with PTFE (8A vs. 8B), then the successful inclusion of CaCO3 on the surface of the completed ACS (noted by blue arrows in 8C). Similarly, SEM images
demonstrate PTFE coverage, and surface CaCO3 inclusion.
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Fig. 1: Measure of the excitation and emission spectra of the
fluorescent-green MPs in water highlight excitation and
emission maximum wavelengths of 455 & 540nm, respectively.
Inset: Image of the highly-fluorescent MPs in water.

Fig. 8A: x120/30kV SEM image and
ATR-FTIR spectrum of the clean
melamine sponge.

Fig. 8C: x200/30kV SEM image and
ATR-FTIR spectrum of the completed
ACS

Fig. 8B: x300/30kV SEM image and
ATR-FTIR spectrum of the melamine
sponge coated with PTFE.
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Measure of MP solution concentration in a standard 10mm 3.5 ml cuvette was hampered by
settling of the contaminants, within the cuvette, over time. As the sample is excited, and
emission is measured, predominantly in the center of the cuvette, the MP fluorescence
decreased over time (Fig. 2A). A measure of their 540nm emission over time demonstrates
this significant decrease in fluorescence due to settling (Fig. 2B).

Trials were conducted with different
shapes/builds of the ACS, to investigate the
effect of shape on overall performance. An C
ellipsoid-shaped ACS was created, as
previously described, and similarly placed
in a 100ml, 0.1mg/ml MP-contaminated
solution, to discover whether shape of
surface area would play a role in MP
remediation. The surface area of the
ellipsoid exposed to the MP contaminated
solution was ~1400 mm2, which is the
same as the exposed surface area of the Figs. 20A-C: (A): Schematic of the standard cubic ACS (left) and ACS ellipsoid
2000mm2 cube. Ellipsoid ACS results (right) in MP contaminated solution; (B): MP Remediation capability of the standard
cubic ACS and ACS ellipsoid over 45 hours in DI water; (C): Comparison of %
(Figs. 20B-C) demonstrate similarity in
Remediation of Cubic vs. Ellipsoid ACS
overall performance of ACS remediation, in 48 hours, , when compared the cube. The ellipsoid
shape, however, did demonstrate a slower, linear remediation, particularly in the first 10 hours.
The desire for the most rapid MP remediation, however, would point to the cubic ACS shape.

Stability of ACS
Fig. 21: Schematic for the evaluation of ACS stability
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Measure of Biomimetic ACS MP in Water Remediation

Fig. 2A-B: Settling of the MPs in water, over time (A, left) leads to significant decrease in 540 nm fluorescent emission over time (B,
right), creating a significant obstacle for their accurate measure in solution.

Fig. 9: Schematic of the Experimental Process
1

As a remedy for MP settling in water, a system of measure was designed where MPs in
water would be measured in white, flat-bottom 96-wellplates, so that each well behaves as
an integrating, or collection sphere. 200µl of 0.1mg/ml MPs in water solution is placed in a
well, and the fish-tail fiber optic placed over the well. With the same diameter as the well
(~7mm, ID), the 540nm fluorescence is accurately measured, regardless of settling, or time,
for the discriminate number of MPs in the solution (Fig. 3).

100ml of 0.1mg/ml MP
contaminated deionized
water/seawater is added
alongside an ACS

Fig. 3: Measure of 0.1mg/ml fluorescent-green MPs-in-water in a white, flat-bottom 96-wellplate acts as a collection, or integrating
sphere, so that the measure of MP content in water is independent settling in solution, and thus time.

Fig. 12

Repeated measure of a 0.1mg/ml MP-in water solution, in multiple wells, over time,
highlights the precision of the technique, as the 540nm emission intensity is constant,
regardless of time, or location of the solution along the well-plate.
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Figs. 10A-C: (A): a newly prepared,
unused cubic ACS, (B) the cubic ACS
submerged in MP-contaminated water, and
(C):a used Cubic ACS, with visible MPs
on the surface
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Fig. 11
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Samples of 500ul are taken out every hour for
samples 0-6. Sample 7 is taken out at hour 9.
Samples 8, 9, 10 are then taken out in 12hour increments

MP remediation experiments were carried out with an ACS, along with (i) a PTFE
coated melamine sponge, and (ii) a plain melamine sponge as comparative
controls. Each were evaluated in either MP contaminated artificial seawater or MP
contaminated deionized water. For each trial, the testing chamber/bottle was filled
with 100ml of 0.1mg/L MP contaminated solution. To simulate ocean currents,
each trial was placed on an orbital shaker, for continuous movement over the
testing period. 500µl samples were taken from each bottle, for analysis, at time 0
and every hour, up to 6 hours. Subsequent samples were withdrawn and analyzed at
9, 21, 33, and 45 hours.
As expected, the untreated and PTFE controls, there were no or ~5% (respectively)
loss of MPs in solution. For ACS treatment in seawater, the ACS remediated ~93%
(186k MPs) of the 0.1mg/ml MPs in the 100ml sample (Fig. 12) Conversion of
concentration reduction in Fig. 11 to MPs remediated per ACS size corresponds to
0.47mg-MPs remediated per cm2, or by mass, 9.3k-MPs/cm2 remediated. ACS MP
remediation was slightly less efficient, with ~83% (170k) removed in 45 hours
(Fig. 14), corresponding to 0.42mg-MPs/cm2, or 8.3k MPs/cm2 (Fig. 13). For both
seawater and freshwater, ACS remediation occurs rapidly for the first 9 hours, and
begins to slow afterward.

Fig. 14
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SEM and EDS Analyses of ACS
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Figs. 4A-B: Fluorescence emission spectra of 0.1mg/ml MPs in water solutions in white, flat-bottom well-plates, in multiple
well locations, over 20 minutes, demonstrates the precision/repeatability of this MP concentration in water technique. The
spectra were collected with 455nm excitation, and excitation/emission slits of 5 & 10nm, respectively.

To quantitate MPs in water using this fluorescence technique, a calibration plot to relate
540nm emission to MP concentration was created. Serial dilutions of 7.5E-3 to 1E-1 mg/ml
MPs in water were made, and 200µl of each were pitted into a well, and their emission
spectrum collected. Emission intensities were plotted vs. MP concentration, to create the
calibration plot, with a linear, best fit described by y=7269.3x.
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Figs. 5A-B, (A, left): Fluorescence emission spectra of MPs in water calibration standards, each 200ul in a 96-wellplate.
540nm emission intensities were lotted against concentration to produce a MPs in Water Calibration Plot (A, right)

Unless otherwise noted, all images and graphs were taken or created by the student researcher.

Figs. 15A-B: (A): x120/30kV SEM of the side of the ACS post 45-hr trial in seawater ; (B): x250/30kV SEM of the center of the ACS post
45-hr trial; (C):EDS spectrum of figures 15A, B, and 16.

Fig. 16: x300/30kV SEM of the ACS post 1 week trial of 0.5mg/ml MP
contaminated seawater

100ml of DI water is added alongside an
ACS. 100ul of the solution is taken out
every 12 hours.

5 ul of each sample is pipetted onto the ATRFTIR, dried to a thin film, and the FTIR
spectrum measured.

In order to test the stability of the ACS and its constituents, an unused, cubic ACS was placed
in 100ml deionized water, and placed on a gyratory shaker to simulate ocean waves/currents for
a total of 2 days. At 12-hour intervals, 100ul of the solution was removed, and for each time
point/sample, 5ul was placed atop the diamond of an ATR-FTIR spectrometer, and dried to a
thin film. Subsequently, the FTIR spectrum was measured for each timepoint. The resulting
ATR-FTIR spectra up to 48 hours are free of ACS components, suggesting that the MP
remediation device is stable over time, and safe for marine life.

Discussion & Conclusions

Fig. 13
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The absence of ACS components in the water over 48 hours
demonstrate the overall stability of the completed ACS

Fig. 17: Comparison of MPs removed in seawater and
deionized water post 45-hr trial to SEM suggested MP capacity

In addition to fluorescent measure of ACS-induced MP loss in a contaminated solution, SEM and EDS analyses were also conducted to see visual absorption and retention of the MPs. SEM images were taken of
the side and center were taken and highlight retention of the MPs on all sides of the ACS, as well as the center (Figs. 15A-B). This provides direct evidence for capture of the MPs throughout the entire ACS
structure, not just the surface. Additionally, EDS analyses confirm the consistent presence of fluorine and calcium, the ACS components of PTFE and CaCO3, lending to the ACS stability over prolonged use (Fig.
15C). Further, after observing the retention of MPs on not only the surface of the ACS, but internal structure, an intentionally concentrated 0.5mg/ml MPs in water solution was created, and used in a 1-week trial,
to determine ACS remediation lifetimes/capacities. Following 1 week of remediation, the ACS was removed, dried, and analyzed. The SEM image of the center-cut of the ACS, post 1-week remediation (Fig. 16),
suggests that the ACS was able to retain, at full capacity 2065k MPs per device, or simply 105mg-MPs per device. Figure 17 compares MP removal in seawater and deionized water (post 45-hr trials) to the SEMsuggested MP capacity of the ACS. The large difference in MPs remediated in 45 hours, at typical contamination concentrations, versus ACS full capacity, points directly to the ACS’s reusability and longevity.

The detrimental threat and danger microplastics have on the environment has already been
well-established and researched in literature today. However, effective and efficient
microplastic remediation methods, most notably in aquatic environments has yet to be
discovered. Instead, this research provides a highly efficient and practical method for the
removal of microplastics through the creation of an Artificial Coral Sponge (ACS), that is
stable and safe for marine life as it can remain in water indefinitely until it is simply removed.
First, to provide analytical basis for the ACS function, an accurate fluorescent detection system
of green fluorescent microplastics-in-water solution was established, where white 96-wellplates
were adapted as low-volume collection spheres, so that these model MPs could be detected in
water, regardless of their settling behavior. The ACS was synthesized and constructed via a 150
μm pore-size melamine sponge, coated with a PTFE adhesion layer, and MP-attracting CaCO3.
The cubic-shaped ACS was found to efficiently removed MPs in both seawater and freshwater,
removing 186,000 MPs in 45 hours, in contaminated seawater, and 166,000 MPs, in
contaminated freshwater. SEM and EDS analyses were conducted post 45-hour trial. SEM
analyses highlight collection of MPs throughout the ACS internal structure, demonstrating that,
unlike other recent suggestions in literature, the ACS is not a surface-only remediation device.
With confirmation of ACS removal capabilities all throughout the sponge, high-load, long-term
experiments were designed to examine the full capacity of the cubic ACS, with regards to MP
limit per size of the device. A cubic ACS was submerged in 0.5mg/ml MPs in water (5 times
that of a typical contamination level) and left on the orbital shaker for 1 week. SEM images of
the high load long term experiment highlight that at full capacity, the ACS can remove 2065k
MPs per device, or simply 105mg of MPs per device. To probe this limit, a “reuse-capacity”
investigation was then designed, where a single ACS was used, and reused twice more, in
typical 0.1mg/ml MP-contaminated seawater. Reuse results highlight a marginal decline in
function over three uses, with a collective 519k MPs removed. These results, in conjunction
with SEM estimates for capacity, suggests multiple reuses of the ACS, until it has reached full
capacity. Additionally, ACS shaped was investigated, to MP remediation properties as a
function of shape and surface area. Ellipsoid and cubic-shaped ACS devices performed
similarly, once again pointing away from surface area-only adhesion, and directly towards
additional, efficient, internal MP capture. Finally, prolonged stability studies demonstrate that
the ACS is stable, thereby acting as a marine-safe, easy-to-use, and easy to safely discard MPremediation tool, for a cost of 30 cents per tested device, or $12 for a device that mimics a
typical 625cm2 coral.

Future Research
Future research would investigate the ACS’ remediation efficiency and removal capability of
microplastics covered with free floating pollutants like polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs), and heavy metals, as their adherence to
microplastics, causes a threat of its own.

