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This report assesses the potential of sustainably-produced artificial
coral reef materials metakaolin clay, hydrogel microcapsules, and
nanocomposite microcapsule-encapsulated calcifying bacteria as
artificial coral reef constituents. The findings show that nanoclays and
hydrogels can be considered safe, potential artificial reef constituents,
and can improve the sustainability of artificial reefs.

Coral reefs are mostly composed of hard corals with skeletons
made of calcium carbonate. They are found in shallow waters of
tropical and subtropical oceans worldwide, providing habitats
for various marine organisms."” The Coral Triangle is an area
with the highest marine biodiversity in the world,* and Malaysia
is one of the countries located in this area. It is estimated that
Malaysia contains 1595.21 km” of coral reefs and gains multiple
environmental and economic benefits from its coral reefs.**
The Department of Marine Park Malaysia evaluated that its
marine protected areas with coral reefs generated approxi-
mately USD 1.93 billion in total economic value from its
ecosystem services from 2011 to 2015.°

In recent decades, global coral reef cover has declined due to
anthropogenic factors such as pollution, unsustainable coastal
development, and destructive fishing practices.”® However,
climate change brought about by global warming has been
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Sustainability spotlight

In July 2023, the global ocean surface temperatures reached unprece-
dented levels due to anthropogenic global warming. Current projections
for the coming decades spell doom for marine organisms not adapted to
survive in warmer and more acidic seas. Among the most vulnerable are
coral reefs, which form the backbone of numerous marine ecosystems.
Coral reefs are under tremendous pressure from global warming, disease
outbreaks, and pollution, losing substantial coverage every year. This
short communication describes an interdisciplinary effort to assess the
potential of novel, environmentally sustainable construction additives for
coral reef restoration. The findings can lead to the construction of better
performing and more sustainable artificial reefs, coastal and offshore
structures, and coral nursery materials, firmly aligning the progress of the
field with several United Nations Sustainable Development Goals (SDGs),
namely SDG9 (Industry, Innovation and Infrastructure), SDG13 (Climate
Action), and SDG 14 (Life Below Water), to address and mitigate the
threats posed by global warming.

identified as the main cause of the decline of coral reefs
worldwide,*® and various coral restoration efforts have been
taken to assist in the recovery of degraded reefs.'® According to
a recent coral restoration review, 21% of coral restoration
projects worldwide deploy artificial reef structures to increase
habitat for marine life and fisheries production of coral reefs,
provide coastal recreational activities (i.e., SCUBA diving), and
prevent destructive fishing activities.” In Malaysia, artificial reef
structures have been deployed since 1975 to conserve marine
areas by preventing trawling activities in nearshore areas,
providing habitat for marine life, and boosting commercial fish
populations to improve the catches of artisanal fishermen.'"**
Another notable use of artificial reef structure is to provide an
area for coral larvae to settle and thrive.'* Mobile coral larvae
depend on physical cues to determine their settlement location
and often seek deposits of crustose coralline algae (CCA) with
a rugose-textured surface. Moreover, an in situ study by Gor-
eau® found that increased calcium carbonate formation can
stimulate the settlement of coral larvae, growth of coral, and
other calcifying organisms. The importance of the presence of
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calcium carbonate for coral attachment has been highlighted in
other studies.**"”

Artificial reef structures are commonly fabricated using
standard construction materials, such as cement and steel bars.
Such materials are widely available and have predictable
performance and service life. However, cement and steel
production has a high environmental impact.***® The durability
of steel-reinforced cement-based structures is significantly
lowered by crack formation and ingress of corrosive elements
such as chloride, which makes the artificial reef material
susceptible to strong waves and surges, lowering the service life
of the artificial reef material.*® Considering the intensifying
pressure on coral reef ecosystems and cement-based structures
due to global warming and ocean acidification, artificial coral
reefs are candidates for multidisciplinary research. Self-healing
of concrete is a novel and sustainable technique that can
autonomously fix structural concrete cracks and fill small pores,
extending the service life of concrete structures." Concrete self-
healing systems rely on chemical and biological healing agents,
of which the biological pathway is considered the most
sustainable. Biological concrete self-healing relies on calcium
carbonate precipitation by alkaliphilic spore-forming bacteria
that can withstand the harsh cement environment. Calcium
carbonate precipitation is triggered only after structural faults
introduce water and oxygen into the cement matrix, resulting in
spore germination.

When the self-healing system is concentrated on the struc-
ture's outer surface, this trigger is no longer needed to initiate
biomineralization as the bacterial spores would readily germi-
nate. Bacterial self-healing concrete systems can also increase
calcium-silicate-hydrate (CSH) gel formation in concrete.'®
Alongside the increased calcium carbonate formation, this
aspect can improve concrete's structural resistance and surface
complexity.

Biological healing agents are susceptible to the harsh alka-
line cement environment and therefore require protection,
often provided by solid carriers such as expanded clay,** nano-
clay,” lightweight aggregate,”® and hydrogels such as calcium
alginate (CaAlg) microcapsules.>*** Alginate is harvested from
brown algae and readily cross-links into a biopolymer with
divalent cations such as calcium ions. As a hydrogel, CaAlg can
store water beneficial for biological activity and cement hydra-
tion through internal curing. Also, cross-linked CaAlg capsules
possess a complex surface that may benefit coral settlement and
attachment. However, CaAlg can degrade due to the high alka-
linity of the cement environment,” and can benefit from
structural reinforcement by additives such as halloysite clay
nanoparticles (HNT).>** HNTs can further add to the surface
complexity of CaAlg microcapsules and improve coral attach-
ment while strengthening the cement matrix and CaAlg-cement
bonding through pozzolanic reactions.”®*° Other pozzolans,
like metakaolin, can also benefit coral attachment by providing
complex surfaces and pozzolanic reactions that improve the
cement matrix.*"** Another interesting aspect is the potential of
CaAlg to be colonized by beneficial reef microorganisms that
can help sustain a healthy reef.*
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In the current report, the impact of metakaolin (MK) and
various microcapsules added to cement paste samples on the
health and attachment of coral fragments and the structure of
the cement paste samples were investigated. The summary of
the samples is presented in Table 1. A full description of the
cement paste samples preparation and constituents has been
provided in ESI Appendix A, Table SI2.7 Adding metakaolin to
the cement paste resulted in a loss of structural order in met-
akaolin. The metakaolin in-plane Si-O-Si stretching band at
1035 cm™' disappeared after cement paste incorporation
(Fig. 1b). The band at 3620 cm ™ is attributed to the stretching
vibration of the inner -OH groups, and the bands at 3696 cm™*,
3669 cm ™" and 3656 cm ™', that are attributed to the stretching
of inner octahedral surface -OH groups all experienced inten-
sity loss, and peak broadening (Fig. 1a). This observation has
been previously considered as a sign of geopolymerization.**

The intensity of the bands attributed to CaCO; increased
after the addition of metakaolin to the cement paste; however,
the relative intensity of 873 cm™" was lowered while the relative
intensity of 855 cm ' increased in metakaolin-containing
cement paste samples, indicating higher vaterite content rela-
tive to calcite (Fig. 1¢).>*** Comparison of the relative intensities
of the 873 cm ™' and 855 cm ™' peaks suggests a higher calcite
proportion in T2, T3, T4, and T5 samples than in cement paste
control samples (Fig. 1c).

FTIR spectra of microcapsules separated from cement paste
samples after nine weeks of artificial seawater exposure dis-
played evidence of CaCO; formation in all microcapsules, with
greater intensity of the corresponding peak for the ASHY
microcapsules. Furthermore, Ca-alginate de-crosslinking is
evidenced by shifts in 1575 cm™" and 1418 em™" peaks towards
wavenumbers associated with Na-alginate for all microcapsules
(Fig. 2b). The trend in peak shift suggests that AH microcap-
sules display the highest resistance to de-crosslinking than
other microcapsules. The likely reason behind Ca-alginate de-
crosslinking is the substitution of Ca** with Na" and Mg>*
(Fig. 2c). The presence of HNTs in the AH microcapsules seems
to decrease the rate of dissociation of Ca®>" from the Ca-alginate
polymer chains, hypothetically by carrying forward Ca>* ions
from the Ca’"-alginate crosslinking step of the microcapsule
preparation process, into the cement-embedded microcapsules
(Fig. 2¢). The presence of an intense band at 3692 cm ™" in the
spectra of CaAlg and ASHY microcapsules can be attributed to

Table1 Description of sample series and the elements presentin each
treatment, wherein MK denotes metakaolin, Alg denotes sodium
alginate, HNT denotes halloysite nanotubes, YE denotes yeast extract,
and S denotes bacterial spores

Capsule
Cement paste series type MK Alg HNT YE S
C — — — — — —
T1 — + — — - —
T2 CaAlg + + - - -
T3 AH + + + — -
T4 ASHY + + + + +
T5 ASY + + — + +
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Fig. 1 FTIR spectra of (a and b) the matrix of C and T1 samples after
nine weeks of artificial seawater (ASW) exposure and pristine meta-
kaolin, and (c) the matrix of all cement paste types after nine weeks of
ASW exposure with CaCOgz peaks highlighted in the red rectangle.
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Fig. 2 (a) FTIR spectra of different microcapsules removed from

cement paste samples after nine weeks of ASW exposure, (b) the
possible interplay between ASW, HNTSs, crosslinked Ca®*, environ-
mental ions (e.g., Na*) and CaAlg chains.

non-structural -OH (Fig. 2a),* which also indicates the pres-
ence of Na or Ca hydroxides in the CaAlg and AH microcapsules.

No significant differences were detected in coral color scores
between treatments throughout the experiment between
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Fig. 3 Nine-week measurements of mean coral (a) health score and
(b) attachment score. The error bars for health score measurements
are based on standard deviation.
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treatments or across different weeks (Fig. 3, statistics in ESI
Appendix Bf). The highest coral health scores observed were
from coral fragments attached to C and T4 cement paste
samples, reaching the approximate mean health score of 5.3
after six weeks. Coral fragments attached to different cement
paste samples recovered to varying degrees from the stress of
sampling and transplantation. The assessment-wide drop in the
health scores at week nine occurred possibly due to an increase
in water and atmospheric temperatures caused by a local
heatwave. Such stresses were experienced by all coral frag-
ments, and all fragments had recovered from the initial stress
prior to the experiment. The stresses and recovery were judged
based on significant colour changes, visible signs of stress post
fragmentation, transportation and during treatment.

The coral health score findings confirm that the elements in
the artificial reef samples, i.e., the cement, metakaolin, calcium
alginate, halloysite nanotubes, the bacteria, and the nutrients,
may have no adverse effects on coral health.

It should be noted that among all components, only the
bacteria, the nutrients, and minute quantities of calcium ions
or calcium lactate leftover from the capsule formation steps
would diffuse into the aqueous phase. No sudden changes in
water parameters were observed during the initial days of
placing the cement paste samples into the closed aquarium
systems despite the expected diffusion of constituents, such as
Ca(OH), and Ca®". Therefore, the constituents of the cement
paste samples can be considered safe for coral attachment.

Coral attachment to different cement paste samples was
visually evident after three weeks (Fig. 3 and 4). Coral fragments
in all treatments gradually initiated the attachment process, as
evident from the formation of soft tissue in the fragment-
cement paste interface (Fig. 4). The retraction of this new

Fig. 4 Photographs of the attachment sites of different corals on Day
1, Day 46, and Day 66 in descending order; (a—c, black box) C corals,
(d—f, blue box) T3 corals. The green and red boxes highlight areas of
tissue growth.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tissue formation was also observed in some fragments (Fig. 4b
and c). Overall, no significant differences were detected in
attachment scores between treatments on any day of the
experiment (Fig. 3 and 4, statistics in ESI Appendix Ct). Coral
attachment first became noticeable in control samples after 18
days, and all fragments initiated attachment after 36 days. This
finding suggests that the microcapsules did not negatively
impact coral attachment. The findings infer that the coral
attachment was not affected by the increase in the surface
complexity brought upon by the inclusion of the microcapsules,
as well as the presence of varying textures, surface charges, and
active chemical groups on the cement surface.

This study found that 25% cement replacement by hydrogel
microcapsules and the nanoclays did not significantly impact
either measurement or result in any mortality of the coral.
Hence, it can be concluded that cement replacement with
metakaolin and hydrogel microcapsules had no negative impact
on coral health and attachment and can therefore be consid-
ered a valid cement replacement for artificial coral reefs. The
findings can have substantial implications in the regions where
coral reefs are the most vulnerable, particularly in tropical
South East Asia.

Moreover, the potential of geopolymers
sustainably-sourced nanoclays such as kaolin and halloysite,

based on

biomineralized CaCOj;, hydrogels, and pozzolanic nanoclays as
artificial coral reef materials can be elucidated from the find-
ings of this study. Future research is needed to more clearly
ascertain the influence of these constituents on coral health and
attachment, and to assess the durability of artificial coral reefs
composed of such materials.
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