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There is an urgent demand to find an effective solution to microplastic pollution in water. In addition,
the harm of algal flooding to water quality also haunts human society because of the increase of
industrialization. In this work, modified spirulina (T-spirulina) is used to destroy the electrostatic double-
layer structure of microspheres by a hetero-coagulation process, completely removing highly dispersed
poly(tetrafluoroethylene) (PTFE/PSAN) microspheres from water. Experimental results indicate that the
PTFE/PSAN microspheres could be controllably deposited on the surface of T-spirulina with the
assistance of formic acid. T-Spirulina absorbs at least three times its own mass of PTFE/PSAN
microspheres and the removal efficiency of the highly dispersed microspheres in water is even up to
99.81 wt%, which is better than that of other demulsifiers. Due to the fact that T-spirulina is rich in
nitrogen and phosphorus elements, the hetero-coagulation product (STP) has great potential in the field
of flame retardants. The thermogravimetric analysis (TGA) tests show that the addition of STP could

Received 29th November 2021, improve the flame retardant performance of an epoxy resin (EP) matrix. Meanwhile, the limiting oxygen

Accepted 14th December 2021 index (LOI) and vertical combustion performance are also improved with an increase of the amount of
PTFE/PSAN coating used. With the addition of 5 wt% of STP, the LOI value of the composite increased

up to 22.8. Cone calorimetry shows that HRR, CO and CO, production are significantly decreased with

DOI: 10.1039/d1ma01121a

rsc.li/materials-advances the STP10 composite, which is much lower than that of neat EP.

Introduction

We are living in a polymer age. Since Staudinger came up with
the original concept of ‘“macromolecules”, polymers have
shaped human life everywhere in our daily lives." Microplastics
are recognized as more intractable contaminants, not only
because of their long lifetime and low degradability but also
because of their interactions with other pollutants in the
environment.” There have been a series of research papers
that have continuously reported about the technical solutions
available for microplastics removal.®" Biodegradable poly-
mers are regarded as the most feasible solution to the damage
caused by microplastics. However, many types of biodegradable
polymers, such as poly(lactic) acid (PLA) and poly(caprolactone)
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(PCL), can degrade only under extremely harsh conditions, and
they failed to show any biodegradation in home composting or
in the marine environment.'® This means that the value of
many of the world’s best-selling biodegradable plastics needs to
be reassessed. Raikova et al. recently came up with a clever
solution that aims to co-liquefy macroalgal species with com-
mon microplastics, such as poly(ethylene) (PE), poly(propylene)
(PP) and poly(amide) (PA), for regeneration of biofuels or
monomers.® Nevertheless, the whole liquefaction process is
carried out under hydrothermal conditions, because its large-
scale applications would be in the environmental protection
industries.

Microspheres are a type of microplastics that are widely used
in chemical engineering, personal care and cosmetic
products.'” Due to their tiny size, microspheres present in the
hydrographic net are hard to remove, and always transfer
adsorbed organic pollutants to aquatic species causing ecolo-
gical damage.'”> Under existing approaches, chemical enter-
prises require expensive tertiary treatments capable of
cleaning microbeads from effluent streams, but there is a lack
of mandatory supervision and infrastructure for their use,
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especially in developing countries. Thus, it is urgent that an
inexpensive and energy-efficient solution is sought that can be
used both locally and to supplant existing tertiary treatments.
Coagulation techniques provide a series of cost-effective solu-
tions for tertiary treatment of microspheres, and rarely depend
on advanced equipment or harsh working conditions.”*™
Zhou et al. reported systematic research about the removal
performance and coagulation mechanism of poly(styrene) (PS)
and PE microbeads in natural water."® Polyaluminium chloride
(PAC) and ferric chloride (FeCl;) when used as coagulants
demonstrate differences in the removal efficiency of PS and
PE microbeads. Nevertheless, unlike PS and PE, many micro-
spheres have high compatibility in the freshwater systems. Due
to the adhesion of surfactants and compatible copolymers,
modified fluoropolymer microspheres, indispensable raw
materials in the electrical industry, are dispersed well in the
emulsion.'® There is still a significant challenge for the reme-
diation of stubborn microspheres.

Meanwhile, algal blooms are also environmentally proble-
matical and excessive to dispose with the increased nitrogen
and phosphorus concentrations in discharged effluents."”
Algae not only represent a vast untapped resource for the
production of renewable chemicals and fuels, but they can also
be applied for removing arsenates and eutrophication of water
bodies.'®'® Spirulina is a marine alga, Arthrospira platensis,
with a naturally intact three-dimensional helical structure and
a number of researchers have demonstrated its feasibility and
efficiency for contaminant removal.”*>* As an example, Doke
et al. showed that by using a spirulina strain they could manage
to remove up to 95% of biochemical oxygen demand, 52% of
nitrate, and 76% of phosphate, while reducing the bacterial
count up to 75%.>* As mentioned previously, due to emulsifiers
adhering to fluororesin microspheres, it is not possible for
fluororesin microspheres to coagulate completely. With the
assistance of the high adhesiveness of spirulina, it is thought
that the modified spirulina can weaken the electrostatic
double-layer structure of the fluororesin microspheres and
simultaneously enhance the interaction between the microbe-
ads in an aqueous emulsion during the hetero-coagulation
process, facilitating the controllable aggregation of the
microbeads on the spirulina surface. In particular, compared
to the fluororesin microspheres with definite charges, spirulina
obviously promoted a hetero-coagulation process when mod-
ified with anisotropic charges.

The PTFE is often used as an antidripping and synergistic
agent in polymer flame retardant formulations, however, due to
its low surface energy and poor compatibility with other
resins,>»** PTFE is usually coated with a polymer, such as
PMMA, PSAN, to improve its compatibility.”*~>® The PTFE/PSAN
anti-drip agent produced by Changshu ZhenFu New Materials
has been introduced to the commercial market. At present,
after the condensation of the PTFE/PSAN emulsion, the resi-
dual rate of PTFE/PSAN emulsion is too high, and filtration
membrane treatment is adopted in industry, which leads to a
high cost for post-treatment and certain pollution of water
resources.
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Herein, a smart and green approach for the controllable
coagulation of fluororesin microspheres on the spirulina sur-
face with a stable core-shell structure, produced with the help
of a hetero-coagulation process, is proposed. The aim of this
research is to realize the removal of various wastes in water.
Hence, modified fluoropolymer microspheres, such as polyte-
trafluoroethylene (PTFE) coated with a copolymer of styrene
and acrylonitrile (PTFE/PSAN), are gaining excellent dispersiv-
ity, and were chosen as target pollutants for waste recycling.
Benefiting from the high fluorine, nitrogen and phosphorus
contents in the core-shell structure, the hetero-coagulation
product exhibits an excellent flame-resistant and anti-
dripping potential as an environmentally-friendly flame retar-
dant. Before the hetero-coagulation was commenced, the
spirulina surface was treated with tetradecyl trimethyl ammo-
nium bromide (TTAB) which helped to give a high removal
efficiency of the fluororesin microspheres. During the hetero-
coagulation process, the TTAB adsorbed onto the spirulina
surface not only promotes spirulina dispersion but also accel-
erates the whole hetero-coagulation system as a demulsifier.
The modified spirulina absorbs at least three times its own
mass of the PTFE/PSAN microspheres by a hetero-coagulation
process and, more importantly, the removal efficiency of the
highly dispersed microspheres in water can even reach up to
99.81 wt%. This work further demonstrates the feasibility of the
hetero-coagulation process for a controllable core-shell struc-
ture of the product and its excellent flame-resistant and anti-
dripping properties.

Experimental section

Materials

The PTFE emulsion (30 wt%) was provided by the Shanghai 3F
New Materials (China). Styrene was purchased from the Shang-
hai Lingfeng Chemical Reagent Company. Acrylonitrile was
supplied by the Chengdu Xiya Reagent Company. Alkyl poly-
oxyethylene ether (S13), for use as an emulsifier, was purchased
from the Shanghai Miura Chemical Company. Formic acid,
H,S0,, NaOH, KCl, CaCl,, Al,(SO,);, sodium lauryl sulfate
(SDS), TTAB, and ammonium persulfate ((NH,4),S,0s), used as
an initiator, were supplied by the Sinopharm Group Chemical
Reagent Company. Spirulina platensis was obtained from the
Nanjing Kangmanlin Chemical Industry Company. The AB glue
was purchased from the Dongguan Huirui Rubber Industry
Company.

Preparation of sea urchin-like structured PTFE/PSAN emulsion

The SDS (1.00 g), styrene (16.00 g), acrylonitrile (4.00 g) and
deionized water (40.00 mL) were mixed in a 250 mL three-
necked flask with simple stirring at room temperature for
60 min, making a stable pre-emulsion.

The PTFE emulsion (20.00 g) and the pre-emulsion (6.10 g)
were mixed in a three-necked flask with stirring. Then, the
(NH,),S,05 initiator solution (30.00 mL) which a concentration
of 1.00 g L' was added into the three-necked flask. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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remaining pre-emulsion (54.90 g) was slowly instilled into the
mixed dispersion. The dropwise addition was completed within
2 h at 70 °C. When the addition was completed, the tempera-
ture rose to 75 °C. Then, the remaining initiator was added and
the reaction was continued for 2-4 h to increase the monomer
conversion rate. After the reaction finished, the mixed disper-
sion was filtered and cooled to room temperature. The solid
content of the prepared PTFE/PSAN mixed emulsion was about
33.00 wt%.

Surface modification of spirulina

Deionized water (44.80 g) was added to spirulina powder
(5.00 g) and dispersed in a beaker. Then, TTAB (0.20 g) was
added into the spirulina dispersion and stirred for 30 min.
Then, the modified spirulina (T-spirulina), obtained after cen-
trifugation, was added to deionized water to obtain a
T-spirulina dispersion (100.00 g).

Preparation of T-spirulina@PTFE/PSAN with a core-shell
structure

The PTFE/PSAN mixed emulsion (10.00 g), spirulina (5.00 g)
and deionized water (185 g) were added and stirred for 30 min,
and the final product was designated as SP. The STP composite
material was PTFE/PSAN microspheres adsorbed on the
T-spirulina surface by a hetero-coagulation process. The
PTFE/PSAN mixed emulsion (10.00 g), the previously prepared
T-spirulina dispersion (100.00 g), 0.5 wt% formic acid (1.136 g)
and deionized water were mixed and stirred for 30 min. The
total mass of the whole reaction system was 200.00 g. The
hetero-coagulation reaction process was completed at 98 °C
with 600 rpm. The hetero-coagulation product was precipitated
at the bottom of the water dispersion, and freeze-dried to
remove the moisture. The final product was named STP10.
The core-shell materials made using 20 g, 30 g, 40 g or 50 g of
PTFE/PSAN mixed emulsion were designated as STP20, STP30,
STP40 and STP50, respectively.

Preparation of the EP/STP composite materials

The AB glue is a type of EP. The STP10 (3.00 g) was weighed
and uniformly dispersed in AB glue (57.00 g), which was
cured by stirring at room temperature. Finally, the result-
ing composite material was designated as EP/STP10. The
same preparation STP20, STP30, STP40, STP50 were also
used and composite materials were designated as EP/
STP20, EP/STP30, EP/STP40 and EP/STP50, respectively. At
the same time, using the previous steps, spirulina and pure
PTFE were also made into corresponding control samples.
Calculation of PTFE/PSAN emulsion residual rate: after the
coagulation, the coagulation product sinks to the bottom of
the water dispersion, and the upper liquid contains a small
amount of and PTFE/PSAN mixed latex. Due to the boiling
point of sulfuric acid (338 °C), an ordinary oven cannot be
used to remove the H,SO, solution. The acid base titration
method was used to remove the mass of H,SO,. The
concentration of NaOH solution was 0.01 mol L%, and 20
mL of the supernatant solution was used to calculate the
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H,SO, content in the supernatant. The formula of the
emulsion residual rate is:

0.0l mol L' x 12

M2 - x V1 x98
Residual rate = 020>i 20 lniL—l =
. mo X
MU M2 == L < V18
x 100%

where M1 is the quantity of coagulation products after drying,
M2 is quantity of supernatant after drying, V1 is the volume of
supernatant and V2 is the volume of the NaOH solution. After
spirulina was used to adsorb the PTFE/PSAN mixed emulsion,
the hetero-coagulation product coagulated in the bottom of the
water dispersion, and there was a small amount of PTFE/PSAN
mixed emulsion in the supernatant. The boiling point of formic
acid is 100.7 °C, which can completely remove the formic acid
solution. The formula for calculating the residual rate of the
emulsion is:

M4

0
M3+ Ma—5g < 100%

Residual rate =

where M3 is the quantity of hetero-coagulation products after
drying and M4 is the quantity of supernatant after drying.

Characterization

The chemical structures of PTFE/PSAN and PTFE samples were
determined at room temperature using a UV-vis-NIR spectro-
photometer (Cary 5000, Agilent). The thermal stability was
determined under a nitrogen atmosphere using TGA (STA449
F3C, Netzsch). The samples were heated from ambient tem-
perature to 800 °C at a heating rate of 10 °C min . The
microstructure of the sample was determined using a high
resolution cold field emission scanning electron microscopy
(Regulus8100, Hitachi). The zeta potentials of the hetero-
coagulation of the aqueous dispersions over time were mea-
sured using a Zetasizer nanosystem (90Plus, Brookhaven). The
combustion behaviors of the materials and the controls were
tested using a cone calorimeter (2Y6243, Zonsky Instruments).
Specimens with a size of 100 x 100 x 3 mm?® were tested at a
heat flux of under 50 kW m™2, and the heat and smoke release
information were recorded. The LOI value was measured on an
oxygen index meter (JF-3, Nanjing Jiangning Analysis Instru-
ments) according to a standard method: ISO 4589-2:1996. The
specimens were prepared with sheet dimensions of 120 x 6.5 x
3 mm?®. The vertical burning test was conducted on an instru-
ment with sheet dimensions of 120 x 13 x 3 mm® (CZF-3,
Nanjing Jiangning Analysis Instrument). The tensile strength of
the composite materials was measured at room temperature
according to a standard method: ASTM D638-2014 using a
universal testing machine (WDW-10G, Jinan Hengjin Testing
Machines). The chemical oxygen demand (COD) of the upper
residual liquid samples were calculated using spectrophotome-
try (DR5000, Hach).
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Results and discussion

In order to verify the feasibility of the subsequent hetero-
coagulation method effectively capturing highly dispersed
microspheres, a simulation of using the preparation process
of PTFE/PSAN in industry was created. The PTFE microspheres,
which had stable chemical properties, were chosen as the target
for removal, and surface modification with a sea urchin-like
structure was simultaneously carried out, which gave an excel-
lent dispersion performance in an aqueous emulsion. Fig. 1a is
a schematic of the synthesis process for the PTFE/PSAN micro-
spheres. The PSAN as a copolymer of acrylonitrile and styrene
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was randomly adhered on the PTFE surface, then emulsified by
SDS and S13. This means that the sea urchin-like PTFE/PSAN
microspheres can be highly dispersed in an aqueous solution.
This proves that this hetero-coagulation process is suitable for
the removal of microspheres in most hydrological environ-
ments as long as the highly dispersed PTFE/PSAN microspheres
can be cleaned thoroughly afterwards. After dripping pre-
emulsion, the mixed emulsion is heated to 75 °C. The remain-
ing initiator is added and the reaction is continued for 2-4 h to
obtain the modified PTFE/PSAN emulsion.

It was important to confirm whether the PSAN copolymer
effectively coats the PTFE particles, and so FTIR and X-ray
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Fig. 1

(@) A schematic illustration of the process of synthesis of the PTFE/PSAN microspheres. (b) The FTIR spectra of the PTFE/PSAN and PTFE

microspheres. (c) The XRD patterns of the PTFE/PSAN and PTFE specimens. (d) The TGA curves of the PTFE/PSAN and PTFE specimens. (e and f) The SEM
images of PTFE and PTFE/PSAN microspheres. (g and h) The TEM images of PTFE/PSAN, and (i) EDS mapping images of the PTFE/PSAN microspheres.
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diffraction (XRD) were carried out to explore the structure of the
PTFE/PSAN and neat PTFE samples. The FTIR spectra of these
samples are shown in Fig. 1b. The stretching vibration peaks of
PTFE and PTFE/PSAN containing C-F functional groups were
mainly in the range of 1000-1300 cm™~'. Comparing the PTFE/
PSAN with the PTFE, the main differences of the characteristic
peaks were generated by functional groups represented as
dashed boxes in Fig. 1b. The red dashed box indicates that
the peak of PTFE/PSAN at about 2800-3200 cm ™~ ' was caused by
asymmetric stretching vibration of -CH; in the PSAN copoly-
mer. In the purple and black dashed boxes of Fig. 1b, the peaks
at 1500-1600 cm™ " and 750-830 cm ™' represent the skeleton
vibration of the benzene ring and —CH out-of-plane bending
vibration, respectively. The PSAN copolymer also had a char-
acteristic absorption peak of a cyano group (-C=N) at
2245 cm .

Fig. 1c shows the XRD spectra of PTFE and PTFE/PSAN
specimens. It was found that the PTFE had a sharp peak at
20 = 18° because of its spiral structure,?® which was conducive
to the efficient stacking of molecular chains forming crystals,
rather than the planar zigzag shape of common polymers. The
XRD curve of PTFE/PSAN also had sharp peaks at 20 = 18°, and
there was an amorphous peak in the range of 20 = 19-27°,
which indicated the existence of the PSAN copolymer as shown
in the black dashed box in Fig. 1c.

From the TGA curve of PTFE sample in Fig. 1d, it can be
concluded that the main weight loss of PTFE occurred between
550 °C and 650 °C, which was mainly the decomposition and
fracture of the C-C and C-F bonds. There were three main
weight losses for the PTFE/PSAN sample. The first weight loss
occurred mainly between 30 °C and 120 °C, and the main
weight loss was the volatilization of water molecules. The
second weight loss was in the range of 360-450 °C. The mass
loss at this stage was mainly caused by the decomposition of
the C-N ring structure and the formation of char. The C-N ring
structure was dehydrogenated to carbon to form a stable
polycyclic structure.®*>> It could be observed that between
450 °C and 605 °C that the PTFE part of PTFE/PSAN was about
47 wt% of the mass fraction. Fig. 1e and f are the SEM images of
the PTFE and PTFE/PSAN microspheres, respectively. The PTFE
microspheres were spherical or elliptical with a diameter
between 100 and 250 nm. Fig. 1g is the TEM image of PTFE/
PSAN with sea urchin-like structure. It is observed that PSAN is
outside of PTFE. The morphology of the PTFE/PSAN micro-
spheres was basically similar to that of the PTFE microspheres.
The energy dispersive spectroscopy (EDS) patterns of PTFE and
PTFE/PSAN show that there are two elements of C and F in
PTFE and the element masses of C and F were 45.30 wt%, and
54.70 wt%, respectively. But PTFE/PSAN has three elements of
C, F and N, and the element masses of C, F and N were
78.82 wt%, 14.71 wt% and 6.45 wt% (Fig. S1 and Table S1
(ESIY)). The surface of PTFE contained PSAN particles and so
the PTFE/PSAN microspheres are called sea urchin-like. From
the TEM images and the EDS mappings of PTFE/PSAN micro-
spheres in Fig. 1h and i, it can be clearly seen that the PSAN
copolymer was modified on the surface of the PTFE
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microspheres, which further indicated that the sea urchin-
like PTFE/PSAN emulsion was successfully prepared.

The prepared PTFE/PSAN microspheres were usually coated
with nonionic and anionic emulsifiers, such as S13 and SDS.
This implied that that PTFE/PSAN emulsion was stable and
difficult to coagulate. Spirulina has a high draw ratio and a
large specific surface area, which favours surface modification.
Compared with the zeta potential of other surfactants, TTAB is
not only a cationic surfactant of spirulina, but also plays a
important role as a demulsifier for the hetero-coagulation
system.

Here, a little formic acid worked as an electrolyte to weaken
the electrical double-layer structure of the PTFE/PSAN
microsphere, which assisted the T-spirulina in breaking the
equilibrium system of the emulsion and accelerated the hetero-
coagulation process. In Fig. 2a, it can be seen from the sche-
matic diagram that a large number of PTFE/PSAN microspheres
were coagulated on the surface of T-spirulina by electrostatic
attraction, forming hetero-coagulation products with a core-
shell structure. The mechanism of hetero-coagulation was
mainly based on a diffuse electrical double layer model.** With
the assistance of formic acid, the TTAB on the T-spirulina
surface completely destroyed the electrical double-layer struc-
ture of the PTFE/PSAN microspheres, so that the PTFE/PSAN
microspheres were adsorbed on the T-spirulina surface.

From the zeta potentials observed in Fig. 2b, the zeta potential
values increased significantly after adding T-spirulina and formic
acid. The zeta potential value was —84.22 mV for the original PTFE/
PSAN emulsion, whereas the zeta potential value of the PTFE/PSAN
emulsion (200 g) treated with 0.5 wt% formic acid (1 g) increased to
—68.68 mV. At this point, the PTFE/PSAN emulsion was still stable
without any tendency to demulsify. After adding 0.1 wt% of
spirulina, the zeta potential of the PTFE/PSAN emulsion increased
to —48.55 mV. When 0.1 wt% of T-spirulina, instead of spirulina,
was added into the PTFE/PSAN emulsion, the emulsion had a
tendency to demulsify and this zeta potential rapidly increased to
17.80 mV. This shows that TTAB plays a decisive role in promoting
the coagulation of PTFE/PSAN microspheres on T-spirulina. There-
fore, by adding 0.1 wt% of T-spirulina to 10 g of PTFE/PSAN
emulsion, the zeta potential value is 29.26 mV. At this time, the
PTFE/PSAN microspheres tended to demulsify in the solution, and
were simultaneously adsorbed on the T-spirulina. Compared with
the hetero-coagulation system of STP10, the zeta potentials of those
in STP20, STP30, STP40, and STP50 decreased slightly, but they were
all between —30 mV and 30 mV (Fig. 2c). This was because of the
increased content of PTFE/PSAN emulsion.

Fig. 2d shows the FTIR spectra of the upper residual liquid
of the control, SP and STP10, STP20, STP30, STP40 and STP50.
For the upper residual liquid of the control and SP after
demulsification, there were C-F absorption vibration peaks in
the range of 1100-1300 cm™* which indicated that the PTFE/
PSAN microspheres still remained in the upper residual liquid
and that the hetero-coagulation process was incomplete.

Meanwhile, the upper residual liquid of STP10, STP20,
STP30, STP40 and STP50 had no PTFE/PSAN microspheres
remaining. Furthermore, the demulsification time of STP was
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(a) The schematic illustration of the fabrication of T-spirulina@PTFE/PSAN core—shell structure using a hetero-coagulation process. (b) The zeta

potential curves of different hetero-coagulation dispersions. (c) The zeta potentials of core shells with different concentrations of PTFE/PSAN. The digital
photographs show the termination status after the hetero-coagulation process. (d) The FTIR spectra of the upper liquid of the control, spirulina
demulsification, STP10, STP20, STP30, STP40, and STP50. (e) TG curves of spirulina, STP10, STP20, STP30, STP40, STP50.

obviously faster than that of the control and SP samples (see
Table S2 (ESI{)). This effectively solved the problem of stubborn
microplastics’ removal, whereas the environmental pollution of
the control sample caused by H,SO, demulsification was
avoided. The residual rate was calculated according to the
formula shown previously, and it was found that after hetero-
coagulation of T-spirulina, the residual rate of PTFE/PSAN was
almost 99.81 wt% (see Fig. S3 (ESIT)), whereas the residual rates
of other demulsifiers such as H,SO,, NaOH and their com-
plexes of H,SO, with other cations were 8.94 wt%, 7.14 wt%,
7.08 wt%, 3.29 wt%, and 1.79 wt%. The upper residual liquids
of the control, SP, STP10, STP20, STP30 and STP50 were tested

1634 | Mater. Adv., 2022, 3,1629-1641

to determine the amount of COD present, and the results are
shown in Fig. S4 (ESIf). The COD of the SP supernatant was
90,745 mg L', whereas the CODs of STP10, STP20, STP30 and
STP50 were 1115, 1595, 1990, 1703 mg L™, respectively. Spir-
ulina had a good removal effect on the PTFE/PSAN emulsion
after being emulsified by TTAB. This also shows that TTAB is
not only a cationic surfactant for spirulina, but also plays a role
as a demulsifier for the hetero-coagulation system. Compared
with the traditional coagulation process, the COD of the control
was 2086 mg L', and the COD of STP was significantly lower
than that of the control, which indicated that T-Spirulina had a
better removal effect on the PTFE/PSAN emulsion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2e shows thermal weight loss of spirulina and STP with  devolatilization and carbonization. In the first stage from

different PTFE/PSAN loadings. The pyrolysis process of spiru- 100-265 °C, the weight loss of spirulina (11.9 wt%) was due
lina can be divided into three individual stages: drying, to the evaporation of internal moisture and light volatile
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Fig. 3 (a) The SEM image and EDS mapping results for spirulina, (b) the SEM image and EDS mapping results for STP50, (c—h) the SEM images of SP,
STP10, STP20, STP30, STP40 and STP50 samples.
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compounds. As the temperature increased, the polymer organic
compounds further depolymerized and decomposed to form
gas and coke. Thereafter, a significant weight loss (42.0 wt%)
occurred in the second stage at temperatures between 265-
450 °C which was mainly derived from the thermal degradation
of carbohydrates, proteins, and fats.>* When the temperature
was above 450 °C, the mass of spirulina still decreased by 35.0 wt%.
Non-volatile organic compounds may vaporize and form CO and
CO, due to the high temperature decarbonization. The final residue
of spirulina was 5.71 wt% of non-volatile matter. The initial
decomposition temperatures (95 wt%) were 253.3, 264.6, 273.8,
304.4 and 288.9 °C, corresponding to STP10, STP20, STP30, STP40
and STP50, respectively. The thermal decomposition had the same
tendency. The main weight loss stages were 360.0-460.0 °C and
520.0-620 °C, which were the thermal decomposition of PSAN and
fracture of the C-C and C-F bonds in PTFE, respectively. From the
thermal decomposition rates shown in Fig. S2 (ESI}), it was also
found that the thermal weight loss of the hetero-coagulation
product samples were mainly at this stage. At about 750 °C, the
carbon residues of STP10, STP20, STP30, STP40, and STP50 were
close to 0 wt%. However, according to the weight loss of the C-C
and C-F bonds decomposition in PTFE at 520.0-620 °C, the weight
losses of STP10, STP20, STP30, STP40 and STP50 were 35.2, 42.3,
45.1, 50.0 and 51.1 wt%, respectively, which indicated the increase
of PTFE/PSAN contents adsorbed on the surface of the spirulina.

In order to study the effect of coating the PTFE/PSAN micro-
spheres on the algae surface, hetero-coagulation products with
added spirulina and T-spirulina were prepared. The results of
the EDS characterization indicated that the spirulina alga and
the microspheres had several elements (Fig. 3a and b), so that
if the distribution of these elements are known, the distribu-
tion of microspheres on the samples will be known. The EDS
mapping of the C, N, P and F elements were chosen as the
tracers (as shown in Fig. 3a and b) to characterize the distribu-
tion of the PTFE/PSAN microspheres.

Fig. 3a-h are the SEM images of spirulina and its hetero-
coagulation products. The shape of spirulina is crooked and
cylindrical with a diameter of about 4 pum and a length of 40 pm.
The EDS characterization shows that spirulina contains C, N and P
elements. Fig. 3b is a SEM image of T-spirulina@PTFE/PSAN with a
core-shell structure. The EDS mapping of the STP50 surface showed
that it was abundant in C, N and F elements, and only lacking P
element. This further implied that the PTFE/PSAN microspheres
had completely coated the surface of the T-spirulina. Fig. 3c and Fig.
S5 (ESIt) show the SP hetero-coagulation product of untreated
spirulina with PTFE/PSAN microspheres. There was only a small
number of PTFE/PSAN microspheres on the surface of the spirulina,
which demonstrated that the hetero-coagulation effect was not
ideal. Fig. 3d-h and Fig. S6 (ESIt) are SEM images of STP10,
STP20, STP30, STP40 and STP50 produced by the hetero-
coagulation process of T-spirulina with PTFE/PSAN microspheres.
This demonstrates that the PTFE/PSAN microspheres could accu-
mulate in an orderly fashion of the surface of T-spirulina under
certain conditions.

In Fig. 4a, the stress-strain curves show that the failure strength
of pure epoxy resin was 35.24 MPa, but, the failure strength of the
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Fig. 4 (a) Tensile strength of different epoxy resin composite materials.

(b) Impact strength of different epoxy resin composite materials.

EP/PTFE composite material decreased to 23.48 MPa when 5 wt% of
PTFE particles were added. Due to poor compatibility between the
PTFE particles and the EP, this means that the PTFE was unable to
disperse evenly in the EP. However, when 5 wt% of spirulina was
added, the failure strength of the EP/spirulina composite material
increased to 45.72 MPa, which indicated that spirulina was compa-
tible for the base phase. When 5 wt% of STP10, STP20, STP30,
STP40 and STP50 were added into the EP, the tensile curves showed
that the failure strengths of their corresponding composites are
36.00, 24.13, 39.66, 51.62 and 32.47 MPa. When compared with the
EP/PTFE composite material, spirulina and its derivative T-spirulina
enhanced the mechanical strengths of the composite materials.

Fig. 4b shows the impact strength curves of different EP
composite materials, which were consistent with the tensile
strength results given previously. The impact strength of the EP/
PTFE composite material was 2.18 k] m~>. The impact strengths of
the EP, EP/Spirulina, EP/STP10, EP/STP20, EP/STP30, EP/STP40 and
EP/STP50 samples were 3.12, 3.12, 3.12, 2.81, 3.43, 3.12 and
2.81 k] m % respectively. Compared with that of the EP/PTFE
sample, the impact resistances of the composite materials obviously
had some advantage. After adding STP into the base phase, the
impact of resistance of EP remained stable.

Fig. 5a shows the TGA curves of pure EP, EP/PTFE, EP/
Spirulina, EP/STP10, EP/STP20, EP/STP30, EP/STP40 and EP/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) The TGA curves of EP, EP/PTFE, EP/Spirulina, EP/STP10, EP/STP20, EP/STP30, EP/STP40 and EP/STP50 samples. (b) The LOI results of EP, EP/

PTFE, EP/Spirulina, EP/STP10, EP/STP20, EP/STP30, EP/STP40, EP/STP50 samples. (c) The real time images of vertical flame tests for EP (al-a3), EP/PTFE
(b1-b3), EP/Spirulina (c1-c3), EP/STP10 (d1-d3), EP/STP20 (el-e3), EP/STP30 (f1-f3), EP/STP40 (g1-g3) and EP/STP50 (h1-h3). (d—i) The SEM images of
the residual char: EP (d), EP/Spirulina (e), EP/PTFE (f), EP/STP10 (g), EP/STP50 (h and i).

STP50 samples. Pure EP began to decompose at 366 °C, whereas
all samples also showed their weight loss during 366-460 °C.
The pure EP sample lost nearly 75 wt% at this stage. Coke
(5.68 wt%) was produced at 800 °C. In Fig. S7 (ESIt), the same
trend could also be found from the thermal decomposition rate
loading of that same contents of PTFE, spirulina, STP10, STP20,
STP30, STP40 and STP50, and the residual carbons at 550 °C
were 20.00, 11.80, 13.60, 13.40, 15.44 and 22.16 wt%, which
indicated that the addition of PTFE, spirulina and STP

© 2022 The Author(s). Published by the Royal Society of Chemistry

composite materials had a positive correlation for a flame
retardant anti-dripping effect, especially with the loading of
STP50. Admittedly, the final carbon contents of these compo-
site samples were lower than that of pure EP at 800 °C, and this
is because of a combination of hydrogen radicals generated by
combustion with small amounts of the P element in spirulina,
and the F element in PTFE, which promoted the decomposition
of the flame retardant materials.>®> The combustion perfor-
mance of EP and EP-based composite materials is shown in
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Fig. 5b. The LOI value of the pure EP sample was 16.4%. For EP/
Spirulina and EP/PTFE composite materials, the LOI increased
to 19.8% and 19.9%, respectively, which was a significant
increase. For a series of EP/STP composites, the LOI increased
as the content of PTFE/PSAN in STP increased. Therefore, the
LOI index value of the EP/STP50 composite material was up to
22.8%. Fig. 5¢ shows real time images taken during the vertical
burning test with EP (Fig. 5c¢(al-a3)), EP/PTFE (Fig. 5¢(b1-b3)),
EP/Spirulina (Fig. 5c(c1-c3)), EP/STP10 (Fig. 5c(d1-d3)), EP/
STP20 (Fig. 5c(el-e3)), EP/STP30 (Fig. 5c(f1-f3)), EP/STP40
(Fig. 5c(g1-g3)) and EP/STP50 (Fig. 5c(h1-h3)) samples.

Cone calorimetry

View Article Online

Materials Advances

In Fig. 5c(a1-a3), the pure EP was ignited quickly and burned
strongly, and the flame spread rapidly even when the ignition
source was removed. The whole combustion process lasted
80 s. After combustion, there was little residue left. It can be
seen from Fig. 5¢(b1-b3) that EP/PTFE (5 wt%) was also ignited
quickly and burned strongly while the flame spread rapidly
after removing the source of the fire. However, after burning,
there were many residues and the burning duration was 94 s,
but it was obvious that the PTFE added to the EP/PTFE sample
delayed the flame spreading speed. Fig. 5(c1-c3) shows that
EP/Spirulina sample was ignited at a slowe rate
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Fig. 6

(a) Schematic illustration of the cone calorimetry tests. (b) The HRRs and (c) THRs of EP, EP/PTFE, EP/Spirulina and EP/STP10 as a function of the

burning time. The SEM images of residues after cone calorimetry tests: (d) EP, (e) EP/PTFE, (f) EP/Spirulina and (g—i) EP/STP10.
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and the combustion duration of th EP/Spirulina sample was
about 109 s. The EP/Spirulina sample was burned more gently
than the pure EP sample, which indicated that spirulina has a
good flame retardant performance. Although EP/STP20, EP/
STP30, EP/STP40 ignited faster, the flame spread was basically
effective as the PTFE/PSAN coating, as the content increased
and it was effectively a flame-retardant, which also showed that
the PTFE/PSAN coating content has an effect on the flame
retardant performance.

Combined with the SEM images of residual char, it can be
seen from Fig. 5d that there were holes with a diameter of about
400 um in the EP after combustion, which indicated that it was
extremely combustible. The structure of EP/Spirulina after
combustion is shown in Fig. 5e. This shows that no holes were
formed on the surface of EP/Spirulina. This was due to the
presence of extra nitrogen in the structure of Spirulina, which
assisted with the decomposition of ammonia during the com-
bustion process and improved the thermal oxidation stability.
The resulting carbonaceous layer*® played a role in the heat
insulation during the combustion process and also hindered
the diffusion of oxygen, thereby slowing down pyrolysis at high
temperatures. Fig. 5f shows the combustion products of EP/
PTFE. There were particles but no holes on the surface. Because
of the fluoride produced by PTFE, the scavenging free radicals
of the EP/PTFE have the ability to form a thin carbon layer to
isolate oxygen and further achieve a flame retardant effect.
Fig. 5g-i show the residual char of EP/STP10 and EP/STP50,
respectively. It can be clearly seen that they are a layered
structure and the presence of the PTFE/PSAN microsphere is
also visible. This shows that the composite material added with
a hetero-coagulation process not only has the function of
scavenging free radicals, but also forms a dense carbon layer
to preferentially isolate oxygen.

Fig. 6a is a schematic diagram of the cone calorimetry tests.
The carbon layer structure has a good role in insulation and
covers the surface of the polymer after the cone calorimetry
tests. Fig. 6b shows the HRR of EP, EP/PSAN, EP/Spirulina and
EP/STP10. The neat EP sample has a distinct HRR curve and its
peak of heat release rate (PHRR) reached up to 1108.7 kW m >,
In contrast, EP/Spirulina showed a wider HRR curve whereas its
PHRR was only 806.7 kW m™> The EP/STP10 composite
material had a wider HRR curve and its PHRR was
992.8 kW m>, which was slightly higher than the PHRR of
the EP/PTFE composite material. This may be caused by the
introduction of the PSAN copolymer, which promoted compat-
ibility of the PTFE in the EP matrix. The EP/STP10 sample
showed flame retardancy and anti-dripping performances.
When the content of coated PTFE/PSAN increased, its PHRR
also increased as shown in Fig. S9a (ESIt).

The THR was used to measure the total heat release of
materials during the combustion process, which was deter-
mined from combustible decomposition products. However, as
shown in Fig. 6¢ and Fig. S9b (ESIt), the total heat released by
EP, EP/PTFE, EP/Spirulina, EP/STP10 and EP/STP50 was basi-
cally the same, which indicated that the EP matrix was com-
pletely burned. This indicated that the addition of PTFE,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Spirulina, STP10 and STP50 flame retardant materials cannot
significantly reduce the total amount of decomposition.

At the same time, in order to study the toxicity of the
combustion products, the production of CO was also obtained
(Fig. S6a (ESIT)). Neat EP had a higher CO production, whereas
that of the EP material added with spirulina was much lower.
Fig. S6b (ESIT) shows that the amount of CO, produced in these
samples depended on their burning time. The shape of the CO
and CO, curves were basically the same as the HRR curve,
which indicated that most of the materials burned completely
under the conditions of heat flow. Fig. S8 and S9 (ESIt) show
that the addition of PTFE, spirulina and STP could reduce the
toxic combustion products, thereby reducing the risk of suffo-
cation in a real fire. However, when STP50 was added to the EP
matrix, the output of CO and CO, was slightly increased, which
was similar to that of pure EP. This was due to the content of
PSAN copolymer following the increase of PTFE/PSAN content,
thereby promoting the production of CO and CO,. Fig. 6d
shows an SEM image of the EP residues after the cone calori-
metry tests. The surface of the EP residues after the cone
calorimetry tests has a stable porous structure, which provided
a channel for the propagation of oxygen starvation heat. The
residues left after the cone calorimetry test of the sample of EP
after adding PTFE were distributed in irregular blocks and
rarely connected into one whole, but there were very few surface
holes preventing the exchange of heat and oxygen. This also
shows that PTFE is unevenly dispersed in the EP matrix.

Fig. 6f shows the residual carbon of EP/Spirulina after the
cone calorimetry test, with only a few holes on this surface.
From the EP/STP10 residues after cone calorimetry tests
(Fig. 6g-i), the addition of STP10 can effectively improve the
compatibility between PTFE and EP, and STP10 as the flame
retardant hinders the burning of the EP matrix. Residual
carbon of EP/STP50 after the cone calorimetry test (Fig. S10,
ESIT) also shows similar trend. Some of the STP remain in the
composite, which further illustrates that PTFE/PSAN has a
flame retardant effect, even though it could not significantly
reduce the total amount of EP decomposition.

Conclusions

This study proves that T-spirulina plays a decisive role in the
preparation of STP during the hetero-coagulation process. With
the assistance of formic acid, the modified spirulina absorbs at
least three times its own mass of PTFE/PSAN microspheres
during the hetero-coagulation process and, more importantly,
the removal efficiency of the highly dispersed microspheres in
water was up to 99.81 wt%, which was better than other
demulsifiers. The content of PTFE/PSAN was adjusted by the
hetero-coagulation method to achieve the STP composite with a
controllable thickness. This not only reduces the pollution of
microplastics, but also turns waste into recyclables. Therefore,
a series of STP composite materials were found to have flame
retardant and anti-drip properties. The TGA tests results show
that the addition of STP composites could improve the flame
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retardant performance of the EP matrix. Meanwhile, the LOI
and vertical combustion tests show that the oxygen index value
and vertical combustion performance also improve with the
increase of the amount of PTFE/PSAN coating. With an addition
of 5 wt% of STP50, the LOI value is 22.8. Cone calorimetry tests
showed that HRR, CO and CO, production were significantly
decreased after PTFE, spirulina and STP10 were added, which
was much lower than that of the neat EP materials. However,
the HRR curve, CO and CO, production of EP/STP50 was
similar to that of pure EP materials. Due to the excessive
coating of PTFE/PSAN, it barely reduces the combustion con-
tent, but forms a barrier to isolate oxygen and heat. This
environmentally friendly and efficient treatment method not
only contributes to environmental protection, but also provides
a feasible solution for the treatment of microplastics for
industry, and opens up prospects for applications involving
fireproof and thermal insulation materials.
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