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l–organic interactions for eco-
friendly concrete alternatives: a radical concept

Peter Spencer, ab Hejie Li,a Scott Hocknull,c Gareth Chalmersa

and Tianfang Wang *ab

Concrete is central to the civil construction industry worldwide, which is facing increasing governmental,

social, and economic pressure to alleviate its considerable environmental impact. This impact centres

around Portland cement, the main binder of concrete. The production of a single tonne of Portland

cement generates 0.9 tonne of CO2 gas along with other negative environmental impacts. In the

quest for alternate construction materials, there is much focus on artificial geopolymers which use

aluminosilicate-based binders, the production of which does not liberate large amounts of CO2.

However, due to the use of dangerous alkaline chemicals and high curing temperatures, industry is

reluctant to implement artificial geopolymers despite their superior material properties. The research

into replicating natural geopolymers appears to be in its infancy, possibly due to the underappreciated

interaction between organic and mineral fractions. However, mineral–organic interactions are well

researched, and the materials produced have considerably favourable properties. This work proposes

the application of free radical chemistry to enhance and accelerate mineral–organic interactions to

produce analogues of natural rock. The use of free radicals greatly reduces the energy requirements

for reactions. They also efficiently degrade organic intermediates and promote mineral

polymerisation. The benefits of these rock analogues lie not only in their material properties but also

the potential re-use of waste building materials such as iron, aluminium, and glass. Therefore, the

environmental impact of these materials will be substantially lower than that of concrete, with

superior material properties. The implications of this study is a shift in conventional thinking away

from current Portland cement-based construction materials to considering analogues of natural

geopolymers.
Sustainability spotlight

This article presents an advancement in sustainable construction materials through the application of free radical chemistry. Our innovative theory enables us
to combine organic and inorganic compounds to create rock analogues, which can substitute for conventional concrete. This review aligns well with the UN's
Sustainable Development Goals 13 and 15 by addressing the environmental challenges associated with concrete production, including high CO2 production and
land degradation from limestone mining. The proposed new materials can be made from recycled construction waste, offer enhanced engineering properties,
while signicantly reducing the environmental impact of the construction industry. Our ndings highlight the potential of these rock analogues to reshape the
future of construction with a minimal ecological footprint.
Introduction

The urgent need to reduce greenhouse gas emissions from
human activities has become a focal point in global environ-
mental policy, with signicant attention directed at the
construction industry.1–3 A report by the United Nations
ering, University of the Sunshine Coast,

E-mail: twang@usc.edu.au; Fax: +61 7

Sunshine Coast, Maroochydore BC, QLD

ler Rd., Hendra, QLD 4011, Australia

064–2078
Environment Programme and the International Energy Agency4

underscores themagnitude of this challenge, noting the building
and construction sector is responsible for 36% of global nal
energy use and 39% of energy-related CO2 emissions. These
emissions encompass the entire lifecycle of construction mate-
rials, including their production and transportation. Civil
construction, a cornerstone of the industry, is a major part of the
building and construction industry, and concrete is central to
civil construction. Concrete is second only to water in terms of
human production and consumption.5 The key component of
concrete is Portland cement, a calcium carbonate (CaCO3)-based
binder. However, the environmental cost of Portland cement is
substantial; its production requires the calcination of limestone,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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a process that releases approximately 0.55 tonnes of CO2 per
tonne of CaCO3 according to eqn (1):6

5CaCO3 þ 2SiO2 ���!�1500 �C ð3CaO; SiO2Þð2CaO; SiO2Þ þ 5CO2 (1)
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In addition to this, approximately 0.40 tonnes of CO2 are
emitted per tonne of concrete due to the burning of fuel
required to power the reaction, as well as the energy consumed
by crushing and transportation machinery.7–11 These emissions,
combined with other environmental concerns such as water
extraction12 and wastewater generation, have intensied the
search for sustainable alternatives to traditional concrete.

As global efforts to combat climate change intensify, the
construction industry faces increasing pressure to adopt more
sustainable practices. This has spurred interest in nding viable
Gareth Chalmers

Dr Gareth Chalmers is a sedi-
mentary geologist and academic
at University of the Sunshine
Coast, Queensland, Australia. Dr
Chalmers obtained his PhD at
University of British Columbia,
Canada. His research includes
environmental and applied
geology in societal problems. Dr
Chalmers uses geochemistry,
petrophysics, Earth surface
processes and sedimentology to
investigate nature-based solu-
tions to climate change that

includes coastal wetland restoration and measuring peatland
resilience.

Tianfang Wang

Dr Tianfang Wang is a leading
researcher and educator special-
izing in biotechnology and
sustainability. Aer earning
a PhD in 2008 from the Univer-
sity of Science and Technology of
China, Dr Wang completed post-
doctoral research at the Univer-
sity of Adelaide, focusing on mass
spectrometry, ion chemistry,
computational chemistry, and
peptide chemistry. His work
addresses multidisciplinary
challenges, including parasitic

infections, aquaculture, antimicrobial resistance, cancer treatment,
and medical implant technologies. At the University of the Sunshine
Coast, Dr Wang leads research on bioactive peptides from Austra-
lian marine and terrestrial organisms. His work emphasises
sustainability by harnessing natural resources to combat multi-
drug-resistant bacteria and creating biodegradable, biocompatible
coatings for magnesium implants. These innovations minimise
reliance on synthetic materials and promote environmentally
friendly medical technologies. Dr Wang's research on host-defence
peptides has advanced sustainable cancer immunotherapies,
improving therapeutic vaccines and immune checkpoint blockade
treatments. He also led the rst single-nucleus transcriptomic study
of cervical cancer, paving the way for sustainable precision
medicine.

RSC Sustainability, 2025, 3, 2064–2078 | 2065

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00696h


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

12
:2

7:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
alternatives to traditional concrete, with a focus on reducing or
eliminating the environmental impact associated with Portland
cement. Emerging technologies, such as geopolymer cements,
mineral–organic composites, and the incorporation of recycled
materials, represent promising avenues for innovation.

The bulk of previous studies seeking to address the envi-
ronmental impact of Portland cement appear to be limited to
supplementing Portland cement with alternative binders. Such
binders centre around y ash which is an aluminium and silica
oxide-rich by-product of coal-red power generation. Problems
posed by the use of this material include limited availability and
the requirement of dangerous alkaline activators. Other
industrial waste products such as granulated blast furnace slag,
wood ash, waste glass, waste tire rubber, and recycled demoli-
tion waste are used as aggregates and bulking agents to reduce
mining virgin materials.7 However, demolition waste aggregates
poses problems such as stress concentration due to sharp
edges,13 compensation for varying porosity and water
absorption,14–16 and varying density of particulates.15–17

This review highlights several studies that explore the
chemical interactions between organic and inorganic
substances, producing materials with desirable properties for
construction. Such properties include chemical stability,
limited shrinkage, and high mechanical strength. Although the
number of studies investigating the application of biomolecules
to concrete is increasing18–22 there are very few that focus on the
chemical mechanisms of the organic–inorganic interaction.
The apparent limited interest in this area of research may be
responsible for its under-explored potential to solve the envi-
ronmental concerns of the civil construction industry. This
study seeks to spark further interest in the application of
organic–inorganic interactions and provide a practical appli-
cation for the civil construction industry.

As far as the authors of this study are aware, this is the rst to
propose the incorporation of free radical-induced organic–
inorganic interactions for the purpose of developing civil
construction materials. This innovative and practical approach
combines unrelated topics such as natural geopolymers,
organic templating in silica and metal oxide deposition, and
articial fossilisation with the development of a new construc-
tion material that is unlike the current CaO-based cements. The
success of this approach could eliminate the use of Portland
cement and thereby signicantly reduce the environmental
impact of the civil construction industry.7,13,14,17–22
Geopolymers

One of the most popular alternatives to traditional concrete is
use of geopolymers, which rely on polymerised alumina–sili-
cates as the main binder.6,23 This binder, also known as
alumina–silicate gel (or cement/binder) is formed by combining
an alkaline reagent consisting of sodium or potassium soluble
silicates with a molar ratio SiO2 to M2O (with M being Na or K)
greater than 1.65 and water.6 Geopolymer cements differ
signicantly from Portland-based cements, particularly in their
curing process. While Portland cement requires up to 28 days to
achieve maximum strength, geopolymer cements cure much
2066 | RSC Sustainability, 2025, 3, 2064–2078
more rapidly gaining most of their strength within just 24
hours.24,25

One of the environmental advantages of geopolymers is that
their ability to utilise y ash, a nely powdered silica and
aluminium oxide-rich waste product from coal-red electrical
power generation.6,7,9,11,26–28 However, the production of geo-
polymers oen requires the use of hazardous chemicals, such
as strong alkaline solutions (typically NaOH), to dissolve the
[SiO4]

4− and [AlO4]
5− ions before reforming them into the

desired cross-linked polymer matrix of Si–O–Al–O–Si.6,29 While
geopolymers offer advantages like short setting times, they also
have notable drawbacks. These include low owability, high
curing temperatures, and high shrinkage.7,29

It is worth noting that some natural geopolymers incorporate
organic biopolymers such as humic materials, polysaccharides,
and chitosan.18,30,31 It has been proposed that these natural
geopolymer formations may resist degradation due to cross-
linking between inorganic and organic components.18,19,30

Ancient civilisations, including the Egyptians, Romans, and
inhabitants of South America, reportedly used organic
substances such as plant- and animal-bres, proteins, and even
dried blood, to improve the durability of their concretes.31,32

This polymer combination may explain how such constructions
have withstood the test of time for over a thousand years.31 In
contrast, current Portland cement materials (without organic
additives) are only expected to last a maximum of 100
years.25,33,34

Organic–inorganic interactions

Recent studies on organic–inorganic polymer interactions
suggest that the partial degradation of biopolymers can lead to
crosslinking, which enhances the overall strength and chemical
stability of geopolymers.18,30 Nodules surrounding fossilised
organisms are excellent examples of such interaction, as they
tend to resist weathering better than the surrounding host
matrix.35–38

The mechanisms by which organic and inorganic
compounds interact are of great interest in material science,
especially in organisms that use silicon dioxide as a structural
material. Examples include sea sponges, diatom algae, and rice
plants. Intriguingly, biogenic silica found in organisms such as
diatom algae have a density (2.07 g cm−3) similar to that of
amorphous quartz glass (2.18 g cm−3).39 This is signicant
because articial analogues of such material can only be syn-
thesised at temperatures above 1000 °C,40 demonstrating that
biogenic silica synthesis is far more efficient than articial
processes.

In non-biogenic silica, condensation (or polymerisation)
occurs through a relatively simple process, as depicted in Fig. 1.
A neutral silicic acid monomer (Si(OH)4) reacts with a deproto-
nated silanol group of a Si(OH)3O

−, forming a pentacoordinate
transition state. A hydroxyl ion is expelled, resulting in the
formation of a silicic acid dimer. This condensation process
continues, creating larger polysilicic acid molecules (dimers,
trimers, and larger particles).40 pH plays a signicant role in this
process,40 under acidic (∼pH 5) or very dilute conditions,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Condensation of silicic acid (left) to polysilicic acid (right) via
a pentacoordinate intermediate (centre). Adapted from ref. 40.
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Si(OH)4 remains stable, but as pH increases (becomes more
alkaline), it ionises more readily into Si(OH)3O

−. Larger poly-
silicic acid molecules, with more hydroxyl groups, are prone to
polymerisation, even at neutral pH.40

In contrast, biogenic silica formation relies on specic
biomolecules that bind to and stabilise silica precursors, facil-
itating and directing condensation. In diatoms, proteins such
as silaffins and long-chain polyamines41 interact with silicic (or
polysilicic) acid by hydrogen and/or ionic bonds depending on
the basicity of the functional groups (Fig. 2).40–44 These
biomolecules “trap” silicic acid, creating opportunities for it to
polymerise and form silicic acid polymers, effectively acting as
templates for silica deposition.45 Depending on the properties
of the biopolymer (e.g. isoelectric point, length), the resulting
silica can be rapidly precipitated as a solid or stabilised in
solution.40,42,46

This concept of templating is utilised in the synthesis of
zeolites, microporous crystalline aluminosilicate materials used
as adsorbents, ion exchangers, catalysts, and fertilisers. Zeolites
have the general formula (Mn+)x/n[(AlO2)x(SiO2)y]$mH2O,
where M is a positively charged metal ion such as Na+, K+, Ca2+,
and Mg2+.47 Organic compounds are key in the synthesis of
zeolites due to their cationic and anionic regions. Thus, the
mineral ions (i.e., SiO−, M+) can bind to the larger organic
molecules where they are immobilised, allowing other mineral
ions to bind to their stationary counterparts, and a mineral
network is created around the organic molecules. Through this
process, the organic compounds act as templates.48,49 Once the
structure is stabilised, the organic template is oen removed
either via calcination or chemical degradation, leaving a porous
solid with pore size and shape determined by the template and
reaction conditions.50,51

Notable examples of detailed silica structuring via organic
templates include studies by Townson et al. and Kaehr et al.43,52
Fig. 2 Polyamine molecule interacting with surface silanol groups of
a silicic acid dimer (right) by hydrogen and ionic bonds. Adapted from
ref. 42.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Their experiments involved using 0.1 M silicic acid in an acidic
saline solution (0.9% saline, pH 3) to stabilise monomers,
reducing the likelihood of polymerisation without external
inuence. Thus, silica deposition is only governed by hydrogen
bonding and other noncovalent silica/molecular interac-
tions.43,44,52 In the presence of complex organic molecules,
proteins capture and concentrate silica precursors, promoting
their condensation and conversion into covalently bonded
siloxanes.43 Removal of the templating organic components was
then achieved by high temperature calcination (500–600 °C)
under oxidising conditions. By this process, so biological
tissues were replicated by solid silica structures on the size
range of subcellular to whole organism (e.g. chicken
embryo).43,52 Organisms such as diatom algae and sea sponges
use a specialised enzyme called silicatein to hydrolyse the C–Si
bonds, releasing the newly formed silica structure from the
organic template.53 This process is much more efficient than
thermal calcination or reacting with acids or bases but is diffi-
cult to replicate on a practical scale.

In a similar experiment that investigated the fossilisation
process of microorganisms, bacterial cells were silicied aer
reacting with an aqueous 10 mM FeCl3$6H2O solution. It was
found that the biomaterial that bonded to the ferric iron
preserved its morphology and structure during drying and
calcination in the silicication process. This was not the case
for biomaterials without ferric ion exposure, which exhibited
signicant shrinkage and structural degradation.45 Table 1
provides a summary of studies highlighting enhanced material
properties derived from organic–mineral interactions. It should
be noted that the organic fractions mentioned in Table 1 cover
a wide range of biomatter from simple organic acids (e.g. oxalic,
citric, and malonic) to polysaccharide hydrogels (e.g. xanthan
gum, guar gum) to the complex proteins of microorganisms and
chicken embryos. With this in mind, and in keeping with the
environmental focus of this study, it is not unreasonable to
assume that industrial biowaste (e.g. biochar, sewage sludge,
and straw husks etc.) could be utilized in the processes
mentioned in this study. This in turn would further improve the
environmental footprint of biowaste-generating industries.

Free radical chemistry

It is of particular interest that iron and other transition metals
play multiple roles in the synthesis of new metallosilicate
materials. That is, supporting the structure of organic scaf-
folding during silicication, integrating into the silica matrix,
and catalysing the formation of molecular radical species.102,103

Molecular radicals are known to efficiently and rapidly degrade
organic substances,79,104–107 accelerate the formation of metal-
losilicate matrixes,49,108–110 and initiate cross-linking between
organic polymers.104 Radicals, which are highly energetic
species with unpaired electrons (e.g. OHc), are generated
through homolytic ssion. This process requires energy inputs
such as heat, UV light, electrical elds, and/or ultrasonic
irradiation.111–116 Unlike heterolytic cleavage, where the more
electronegative atoms gains both bonding electrons, homolytic
ssion results in the even splitting of electrons between atoms.
RSC Sustainability, 2025, 3, 2064–2078 | 2067
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An example of heterolytic cleavage is the production of a methyl
ion and a hydroxyl ion from methanol, as shown in eqn (2).

CH3–OH / CH3
+ + OH− (2)

In this case, the more electronegative oxygen retained both
the bonding electrons, creating the negatively charged hydroxyl
ion (OH−) leaving the methyl ion with a positive charge (CH3+).

Conversely, homolytic cleavage of chlorine gas (Cl2), for
example, causes each atom to retain one of the bonding elec-
trons as depicted in eqn (3).

Cl� Cl
����������!heatðDÞ or UV lightðhvÞ

Clcþ Clc (3)

Radicals undergo three stages, initiation, propagation, and
termination (see Fig. 3). Once created (initiated), the radical can
react with another molecule, thereby transferring its unpaired
electron to the secondmolecule (propagation). This then causes
the secondmolecule to become radicalised as depicted in Fig. 3.
Radical propagation can continue as long as there are organic
molecules present.77,117

By joining one radical species to another the electrons are
now paired and stable. Therefore, the radicals are terminated.
By this process larger molecules can be created. Polymerisation
occurs when multiples of the same radical species are joined.
Conversely, larger molecules can be oxidised to smaller, simpler
molecules. Complete oxidation of organic molecules produces
CO2 and H2O. These reactions and their products depend on
reaction conditions such as pH, temperature, variety and
concentration of other radical species and the nature of the
reacting organic molecules.

As mentioned above, initiating radicals is energy intensive.
This is oen in the form of intense heat, UV light, electrical
eld, and ultrasonic irradiation (sonication).114,116,118–120

However, transition metals such as iron, copper, cobalt, and
manganese have been found to play a catalytic role in the
formation of radicals, particularly when bound to organic
molecules.79,106,107

Of these metals, iron is oen used as an efficient and cost-
effective catalyst.77,102 Iron is commonly used in its oxidised
Fig. 3 Radical initiation, propagation, and termination.

2070 | RSC Sustainability, 2025, 3, 2064–2078
(Fe2+, Fe3+) and unoxidized forms (Fe0).77,121–125 A classic example
of an iron-catalysed radical reaction is the Fenton reaction.126 In
the Fenton reaction, ferrous iron (Fe2+) catalyses the degrada-
tion of hydrogen peroxide (H2O2) to generate hydroxyl and
hydroperoxyl radicals (cOH, HO�

2) through eqn (4) and (5), with
a secondary hydroxyl–peroxide reaction shown in eqn (6).127

Fe2+ + H2O2 / Fe3+ + OH− + HOc (4)

Fe3þ þH2O2/Fe2þ þHO
�

2 þHþ (5)

HOc þH2O2/HO
�

2 þH2O (6)

It can be seen from eqn (4) and (5), the iron cycles between
ferrous (Fe2+) and ferric (Fe3+) species. The reaction of H2O2

with Fe3+ is slower compared to Fe2+ (ref. 127 and 128) but can
be accelerated by applying UV light by which Fe3+ is reduced
back to Fe2+.103,111,129 This is known as the photo-Fenton reaction
and an example of which is shown in eqn (7).103

Fe(OH)2+ + hv / Fe2+ + HOc (7)

It should be noted that UV light required for the photo-
Fenton reaction could be (and oen is) sourced freely from
sunlight. This factor alone greatly reduces the energy demands
of free radical-based processes.130–134

Fenton reactions

Fenton and Fenton-like reactions (involving alternate or addi-
tional metals) are widely used in industrial wastewater treat-
ment to oxidise organic compounds into smaller, less harmful
molecules, ideally CO2 and H2O.127 While much focus is on
hydroxyl radical (HOc), a study by Varanasi et al.135 highlights
the generation of other radicals by using UV/H2O2, such as
atomic chlorine (Clc) and sulphate radicals (SO4c

−), each dis-
playing unique selectivity. For instance, Clc targets high
electron-donating groups (double bonds, aromatic groups,
phenolic groups, and carboxylate functional groups) via single
electron transfer.136 HOc reacts with non-aromatics through
hydrogen abstraction, and SO4c

− is more reactive towards
aromatic and olenic groups over aliphatic groups.135 To
maximise organic degradation in Fenton-like systems, using
a combination of metal salts is recommended.

In silica–organic composites, the degradation of organic
components by various radicals facilitates condensation and
polymerisation of silica precursors, which is further enhanced
by radical interactions.49,108–110 Transition metals from Fenton-
like reactions can then be incorporated into the developing
silica matrix, forming rock-like metallosilicate structures.78,81

The nal material's properties depend on the concentrations of
metals and silica, the nature (size and complexity) of retained
organic molecules, and presence of ller particles.

Lowmolecular weight organic acids, such as oxalic, glyoxylic,
maleic, acetic, and formic acids, oen accumulate due to
incomplete oxidation, especially in dark Fenton reactions, while
photo-assisted Fenton reactions offer more complete oxidation.
Also, the mineralisation of organic substrates containing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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heteroatoms (e.g. Cl, N, S, and O) leads to the formation of
inorganic acids.127 In both cases, the solution pH decreases.
This is particularly important when the initial pH is high ($7)
as the optimal pH for the photo-Fenton reaction is ∼3.0.137,138

Therefore, the reaction is likely to be slow to start but will
become more efficient as the pH decreases. Additionally, the
presence of NaCl in the photo-Fenton reactions can contribute
to the formation of Clc radicals, which are effective oxidisers
under neutral to high pH conditions.137

Mechanical activation

In addition to the above-mentioned means of generating radi-
cals, there is also mechanochemical activation through various
milling processes (i.e., ball, planetary ball, ring) or simply
grinding with mortar and pestle. By fracturing silica particles,
the mechanical separation of silicon ions from their neigh-
bouring oxygen atoms does not allow the transfer of electrons to
the more electronegative ion. Thus, solid-state siloxyl (SiOc) and
silicon (Sic) radicals are formed as depicted in eqn (8).139–142

hSi�O� Sih
���!Fracture

hSi�Ocþ cSih (8)

where h = silicon valence bonds.
Eqn (9) shows how the surface-bound siloxyl radical can

react with H2O to generate cOH.139,140,143

hSiOc + H2O / SiOH + OHc (9)

Also possible is:

hSic + H2O / SiOH + Hc (10)

It is important to note that without mechanochemical acti-
vation or extreme temperatures (>300 °C), the silica surfaces
remain relatively inert.144

Free radicals

As demonstrated, free radicals play key roles in both oxidation of
organic compounds and the polymerisation ofminerals. They are
key components of “advanced oxidation processes” (AOP), which
are used to treat waste waters from domestic and industrial
sources. The primary goal of AOP is to separate heavy metals
from organic fractions (via precipitation) and oxidise organic
matter into CO2 and water.145,146 In many cases, however, the AOP
is optimised to reduce harmful organic compounds into less
environmentally damaging substances, rather than achieving
total mineralisation. In this research context, if organic matter
acts as an intermediate between silicates andmetals, free radical-
based oxidation and polymerisation could be essential for
developing metallosilicate rock analogues. The oxidation of
organic intermediates allows mineral fractions to bond together.

Much of the literature on AOP focuses on the hydroxyl
radical (OHc) due to its high energy, low selectivity, and
minimal environmental impact.145,147,148 OHc is particularly
relevant in aqueous environments,149 and can be easily gener-
ated through various methods, such as UV light expo-
sure,112,127,130,150 electrical elds,151 sonolysis,118,120,152 and ozone
© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption.145,146,153 In water bodies exposed to natural light
(sunlight), especially UV, OHc can form naturally.111,129,149,154

Transition metal ions such as iron(II, and III),111,128,155 copper(II),
cobalt(II) and manganese(II),148,156,157 act as catalysts to enhance
the formation of these radicals.

Hydroxyl radicals primarily oxidise organic compounds by
abstracting hydrogen from CH, NH, or OH bonds, or by adding
to C]C bonds (shown in eqn (11) and (12) (ref. 127)), or adding
to aromatic rings.127

HOc + R − H / H2O + Rc (11)

HOc + C]C / HO − C–Cc (12)

where R = organic compound.
Through these reactions, the unpaired electron in radicals is

transferred to organic molecules,127,158 initiating a chain reac-
tion that oen leads to the formation of various inorganic
radicals. Each radical displays unique properties, such as redox
potential, pH range stability, and selective reactivity.135,158

However, hydroxyl radicals are not always the ideal oxidiser
in all conditions. For instance, a study by Anipsitakis and Dio-
nysiou159 compared the effectiveness of HOc to the sulphate
radical (SO4c

−). It was found that the HOc is effective near 3 but
lose efficacy at pH values above 6. Cobalt-catalysed sulphate
radicals were found to degrade 2,4-dichlorophenol and atrazine
more efficiently than OHc under a wide range of conditions.159

In contrast, for the degradation of the contaminant naphtha-
lene, HOc was more efficient in acidic conditions, while SO4c

−

performed better at neutral pH.159 Additionally, both radicals
react with atrazine at the same rate.159

Transition metals also vary in their ability to activate radi-
cals. For example, when iron(II or III) concentrations are low and
sulphate ions are high, HOc production may be limited. In such
cases, Co(II) and Ru(III) are the ideal for activating perox-
ymonosulphate, while Ag(I) is effective in activating persulphate
to generate SO4c

−.160

While the redox potential of sulphate radicals (2.6–3.1 V) is
similar to that of hydroxl radicals (2.6 V), the reaction rate of
hydroxyl radicals with organic compounds is generally higher
(108–109 per mole, per second (M−1 s−1)) than sulphate radicals
(106–107 M−1 s−1).148

From this, as well as the information in Table 2, it becomes
evident that different radicals require specic conditions and/or
activators (e.g., metal oxides and UV light) for optimal reactivity.
For complex organic compounds, a combination of radical
types may be necessary for effective mineralization.135
Organic intermediates

As shown in Fig. 3, the termination of radicals can result in the
formation of larger molecules. Silica radicals, in particular, can
covalently bond with organic molecules to form siloxane (Si–C)
groups,141–143,180 and/or to metal oxides via a bridging oxygen
atom (Si–O–Mn+). Organic acids such as oxalic, humic, fulvic,
and citric acids are excellent metal chelators. They not only
bond to (complex with) and solubilise silica particles but also
RSC Sustainability, 2025, 3, 2064–2078 | 2071
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Table 2 A brief summary of some of the commonly utilised radicals in AOP's, their effective pH range, selectivity, and metal activators

Radical Redox potential (V)148 Optimum pH range Selectivity Metal activator

Hydroxyl (HOc) OHc + e− / OH− 1.8 V
(ref. 147)

∼3 (ref. 159 and 161) H atom abstraction135 TiO2 photocatalyst
162,163

OHc + e− + H+ / 2.7
(ref. 147)

Fe0 (ref. 121–124, 164 and 165)
Fe3+/Fe2+, Co3+/Co2+, Cu2+/
Cu+, Mn4+/Mn3+ (ref. 151)

Sulphate (SO4c
−) 2.5–3.1 (ref. 158) Neutral166 Aromatic and olenic groups

(C]C)135,167
Cusolid

2+ (ref. 168)
Fe0, Fe2+, Cu2+, Co2+, Ag+

(ref. 166)
Superoxide (O2c

−) 2.4 (ref. 169) ∼4.8 (ref. 170) C–C bonds171,172 From the breakdown of H2O2

(ref. 105 and 127)4.8–9.5 (ref. 173)
Singlet oxygen (1O2) 2.2 (ref. 169) 3.8 (ref. 169) C]C, and a-ethereal C–H

bonds174
Mo0 (ref. 169)

Hydroperoxyl (HO2c) (the
acid form of superoxide)

1.7 (ref. 158) 4 (ref. 175) Abstracts H+ to form H2O2 and
peroxidises other
compounds.176

From the breakdown of H2O2

(ref. 127, 138 and 177)

Peroxymonosulphate
(SO5c

−)
1.1 (ref. 158) 2–8 (ref. 159) Oxidises to form sulphate

radicals148,159,160,166,168
Co3+/Co2+ (ref. 168)

Chlorine (Clc) 2.03 (ref. 178) <7 (ref. 131) H abstraction of C–H bonds,
single electron transfer with
OH– functional groups, and
carbonyl (C]O) groups135,179

Ni3+/Ni2+ (ref. 178)

∼7 (ref. 179) Chlorine addition179
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form complexes with metal oxides.55–57,61,67,181 This process
allows the combination of metal oxides and silicates in a water-
based solution with an organic intermediate (e.g. Si–R–O–M+,
where R = organic molecules). A critical feature of this organic
intermediate is that the transition metal and silica fractions can
coexist in solution at the same pH.46 While silicates are gener-
ally alkaline, the addition of acids can lead to the precipitation
of solid silica particles. Transition metal salt solutions, which
are typically acidic, also tend to precipitate solid particles when
mixed with other solutions, unless signicantly diluted. This
bonding of metal and organic ions is the basis of chemical
coagulation such as is commonly used in the wastewater
treatment process.182,183 The precipitated sludge (metal–organic
mixture) is easily removed from the water by ltration before
further processing to remove the organic fractions (decontam-
ination). A very common decontamination process in waste-
water treatment is the Fenton reaction (or Fenton-like
reactions).125,184 In this, and similar reactions, the metal ions
present in the sludge (as inexpensive metal salts) play a crucial
role in the decontamination process.77,79 Transition metal ions,
such as iron and aluminium, can catalyse the formation of HOc
and other radicals in water, especially when exposed to UV light
(freely available as sunlight).77,129,130,134,154 These radicals are
capable of degrading (oxidising) the organic intermediate to
CO2 and H2O.127,128,184–186 This oxidation process not only
removes the organic fractions, thereby enabling the bonding of
metal and silica fractions to form metallosilicates, but also
allows for the release of CO2 into the atmosphere or adjacent
water bodies. The CO2 can also be reduced by the iron catalysts
to form simple organic acids.187 The degradation of complex
organic molecules into simpler by-products such as CO2 and
esters is noteworthy as these products are used as setting agents
for sodium silicate (water glass) in the metal foundries.188 Thus,
2072 | RSC Sustainability, 2025, 3, 2064–2078
these degradation by-products may contribute to the solidi-
cation of silica precursors.

Material development

The physical and chemical properties of the nal metal–silicate
composite may be tuned by altering the concentrations of its
mineral and organic constituents. Factors such as the addition of
llers and aggregates, reaction temperatures, reaction times, and
additional Fenton-like reactions (e.g. electro-, magneto-, and
photo-Fenton) can further inuence the material's properties.
Simple methods such as high-speed ultrasonic irradiation
(sonication), heating and UV–C irradiation (200–280 nm wave-
length) are envisioned for the necessary reactions. Techniques
like blending and sonication not only accelerate general chemical
processes but also fracture the silica particles, generating solid-
state radicals that contribute to the degradation of organic
components.143,180,189,190 This approach has the added advantage
of utilising recycled building materials like glass (silica), iron,
and aluminium, which are abundant in most rocks. Challenges
such as setting times, curing temperatures, and shrinkage are not
fully understood for the proposed material. However, studies by
Kaehr et al.43 and Townson et al.52 suggest that mildly acidic
conditions might yield a material that is dimensionally preserved
with no shrinkage, down to the nano scale. This research holds
the potential to reduce environmental harm while maintaining
compatibility with building methods.

Recycling construction and demolition
waste

Generally, recycled construction and demolition (C&D) mate-
rials are used in the form of aggregates for new concrete.191,192
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The reuse of C&D waste is considered to be a more environ-
mentally sustainable approach as it seeks to conserve natural
resources and reduce harmful environmental impacts associ-
ated with gravel and sand mining.15–17,192,193 In addition to this,
extraction and processing of C&D aggregate consumes less
energy compared to that of virgin aggregates, leading to lower
carbon emissions during production.194,195 There is also the
benet of reduced landll volume, and other disposal issues,
generated from construction sites.195

However, the use of C&D waste-derived aggregates poses
signicant challenges. The recycled materials are oen more
porous than concrete and include cracks and ssures.15,16,194

These features can lead to reduced mechanical strength and
weakened bonding between the aggregate and new
concrete.15,16,194 The weakening of material strength is due to
preexisting cracks in the aggregate which can initiate cracking
in the new concrete matrix.15,16,194 Also, the variability in source
materials makes it challenging to predict the behaviour of the
recycled aggregate concrete (RAC).194 This is because different
materials (wood, glass, metals, brick, plastic, etc.) have different
mechanical properties, porosity, and densities, and their
varying concentrations within the concrete mix will be reected
in the mechanical properties of the overall structure.15,16,192,194

A number of studies have investigated ways to improve the
properties of RAC by lling the pores, cracks, and ssures with
mineral admixtures such as y ash, meta kaolin, silica fume,
ground granulated blast furnace slag (GGBS), and nano silica.194

Although these methods show potential there remains the
problem of variation within the sourced aggregate materials.
Thus, precise characterisation and quality assurance would
need to be implemented to reduce the amount of variation in
aggregate material properties. This in itself may pose an
economical and logistical challenge. Conversely, it may be
efficient enough to compete with the natural resource mining
industry. Further research is required to determine if such
implementation is feasible.

The different approach proposed by this study focusses on
recycling materials such as glass, iron, and aluminium in
chemical form as opposed to aggregate form. That is, metal and
glass waste can be chemically dissolved into solution form
which allows for greater chemical bonding during the forma-
tion of the solid binder cement. This may seem to exclude
concrete and ceramic waste as they are difficult to dissolve.
However, it may be possible to pretreat C&D waste aggregate
with rock analogue whilst in solution, thereby reducing stress
points by lling unwanted micro-cavities, rounding sharp
edges, as well as mineralising any organic components. The
dissolution process is very simple, requiring inexpensive acids
(for metals) and bases (for glass) and can be conducted in vats
or a ow-through system. The energy requirements for disso-
lution are low as glass dissolves in NaOH at ∼130 °C, and the
acid–metal reaction creates its own heat (exothermic). This is
substantially simpler and less energy demanding than the
calcination process required for converting CaCO3 to CaO as
mentioned above.

Although not directly related to the construction industry,
waste from the biological sectors also poses environmental
© 2025 The Author(s). Published by the Royal Society of Chemistry
concerns which can be somewhat alleviated by the processes
mentioned in this study. For example, waste from biochar, meat
processing, and recalcitrant plant bres could be oxidized to
simpler organic acids and humic substances that are able to
interact with mineral ions (e.g. Fe3+, Al3+, and Si–O− ions).
Indeed, this same process is employed by wastewater treatment
plants, as mentioned above. Therefore, both the mineral and
organic fractions could be sourced from readily available waste
materials. It is granted that chemical preprocessing would be
required in both fractions, but catalysts and catalytic processes
(e.g. metal oxides and solar-Fenton reaction systems) could
easily be applied to reduce energy requirements and reduce
reaction times.129,133,134,155,196

Economic feasibility

Needless to say, the economic feasibility of recycled aggregate
concrete is yet to be determined due to the number of unmet
challenges. Likewise, the novelty of this study also makes it
difficult to determine its economic feasibility. Also, early
implementation of any materials and methods developed may
also be economically risky on a large scale. Therefore, initial
small scale implementation may be more prudent. However,
since waste metals and glass (silica) can be easily dissolved by
acids and bases, respectively, the conversion of these materials
to useful solutes does not pose a daunting economic challenge.
Also, due to the ease by which free radicals can be produced (e.g.
solar irradiation and inexpensive iron oxide catalysts), pro-
cessing of organic substances is equally nancially attain-
able.112,129,137,149,151,154,197 Furthermore, the wide array of radicals
that can be generated increases the range of organic substances
that can be oxidised. Therefore, the complex substances
produced by wastewater treatment systems could be employed
in the production process. Again, this is an inexpensive and
easily attainable option. With these things in mind, the explo-
ration of the concepts proposed in this study is invitingly
inexpensive.

A further consideration is that the product will be tempo-
rarily in the form of a mineral slurry of similar consistency to
wet cement. Therefore, it is likely that no costly adaptation to
existing pumps and transport vehicles will be required. Finally,
in order for the product to be adopted commercially, it will
undergo the same mechanical testing as conventional concrete.
It is envisaged that by adjusting the chemistry of the process the
material will meet, and possibly surpass, the mechanical
properties of concrete at a substantially reduced cost.

Health and safety factors

Working silica-based materials has long been known to
generate respitory problems associated with inhaled silica dust.
Even simple sand grains pose health threats due to surface-
bound silicon-centred radicals which can propagate to, and
oxidise, organic matter.143,180,190,198 Most rock types (natural and
synthesised) contain silica and are therefore prone to gener-
ating respirable crystalline silica (RCS) when cut, broken, or
drilled. This is similar to other construction materials such as
RSC Sustainability, 2025, 3, 2064–2078 | 2073
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concrete, tiles, bricks, and clay. Therefore, dust control and
exposure mitigation procedures are enforced by governments
when working such materials.199 Such controls would also apply
to applications of this study. However, this study focusses on
use of metals and silicates in solute form. As such, particulates
capable of generating respiratory problems cannot be created.
On the other hand, such solutions are generally highly acidic or
alkaline which do pose health risks. Therefore, during the
dissolution of metals and silicas, protective systems and
protocols should be applied. Such protections are already in
place for wastewater treatment plants when applying metal salt
coagulants and radical-based decontamination processes.

Similar to concrete, reinforcing iron bars may need to be
applied to the nal rock product to prevent sudden mechanical
failure of the material. The oxidation of these bars could cause
them to expand, causing destructive pressure within the mate-
rial, similar to what is known as “concrete cancer”. Although
such considerations may be outside the scope of this explor-
atory study, it may be possible to reduce the porosity of the
material by altering its chemical composition and thereby
prevent water penetration. This is something that can be
explored during the initial experimentation. Similarly, envi-
ronmental impacts could be mitigated by ensuring that leached
salts and metal oxides are considered during the material
preparation. These could also be identied during initial
experimentation.

Conclusion

The persuit of concrete alterenatives is driven by the need to
reduce CO2 and mitigate other environmental impacts caused
by traditional construction materials. Articial geopolymers
have emerged as a promising solution, utilising industrial waste
products like y ash (rich in silicon and aluminium oxides) to
form alumina–silicate gels, which serve as stronger binders
than the calcium oxide-based binders found in Portland
cement. Despite this, the widespread adoption of geopolymers
has been hindered by challenges such as high temperature
curing, material shrinkage, and the need for highly alkaline
activators, which pose safety risks.

Research into replicating natural geopolymers is still in its
early stage, though evidence of their long-time endurance
abounds. Indeed, organic–mineral interactions are well
researched showing strong evidence of structural templating
and silica polymerisation. The product of such interactions are
structures that resist weathering more than surrounding inor-
ganic materials and maintain morphology even on the nano-
scale. The complexity of organic molecules allows them to act as
structural intermediaries between ionised silica and metals.
The oxidation of these organic intermediaries will, in turn,
allow the mineral fractions to bind, forming metallosilicates
like natural rock.

This study aims to catalyse a paradigm shi in construction
material science, moving away from the dominance of Portland
cement-based systems and toward sustainable analogues
inspired by natural rock. Our review highlights the undervalued
potential of organic chemistry to address the environmental
2074 | RSC Sustainability, 2025, 3, 2064–2078
challenges currently facing the construction industry. We
suggest that leveraging easily available free radical chemistry
could signicantly enhance organic–mineral interaction,
organic oxidation, and mineral polymerisation, leading to the
development of rock-like construction materials that surpass
the performance of concrete. By integrating low-energy chem-
ical processes with the recycling of waste materials such as
aluminium, iron, and crushed glass (SiO2), as well as waste-
water by-products, the civil construction industry could
substantially reduce its environmental footprint while deliv-
ering durable and sustainable building materials. We
acknowledge that implementing such transformative changes
within the well-established civil construction industry presents
considerable challenges. These include the restructuring of
supply chains, modications to equipment, and chemical
processes, and potential adjustments in the application of nal
products. However, the escalating environment crisis may
necessitate these expenses and investments. Also, utilising low-
cost factors such as free radical chemistry and waste recycling
could signicantly reduce the initial nancial outlay, thereby
making the implementation of this study more inviting. Alter-
nately, gradual adoption, beginning with small-scale applica-
tions, accompanied by proven performance and growing social
acceptance, could drive incremental progress.
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162 C. Carlsson, B. Fégeant, E. Svensson, L. Wiklund and
M. Jonsson, J. Phys. Chem. C, 2022, 126, 12435–12440.

163 H. Hu and K. Xu, in High-risk Pollutants in Wastewater,
Elsevier, 2020, pp. 169–207.

164 N. Ohta, M. Kobayashi and Y. Kawase, Environ. Sci. Pollut.
Res., 2023, 30, 38819–38831.

165 X. Sun, T. Kurokawa, M. Suzuki, M. Takagi and Y. Kawase, J.
Environ. Sci. Health, Part A: Toxic/Hazard. Subst. Environ.
Eng., 2015, 50, 1057–1071.

166 J. Wang and S. Wang, Chem. Eng. J., 2018, 334, 1502–1517.
RSC Sustainability, 2025, 3, 2064–2078 | 2077

https://doi.org/10.1002/0471238961.1915141519211912.a01.pub2
https://doi.org/10.1002/0471238961.1915141519211912.a01.pub2
https://doi.org/10.1002/0471238961.1915141519211912.a01.pub2
https://doi.org/10.1002/0471238961.1915141519211912.a01.pub2
https://doi.org/10.1007/978-3-030-42284-4_15
https://doi.org/10.1007/978-3-030-42284-4_15
https://doi.org/10.1016/B978-0-12-810499-6.00004-8
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00696h


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

12
:2

7:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
167 S. Luo, Z. Wei, D. D. Dionysiou, R. Spinney, W.-P. Hu,
L. Chai, Z. Yang, T. Ye and R. Xiao, Chem. Eng. J., 2017,
327, 1056–1065.

168 T. Zhang, H. Zhu and J.-P. Croué, Environ. Sci. Technol.,
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