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and properties of metahalloysite-
based geopolymer composites with micro/nano-
Fe3O4 contents: effect of the mixing procedure

Rodrigue Cyriaque Kaze, *abc Joël Donkeng-Dazie, a Abdolhossein Naghizadehb

and Mohend Chaouchec

In this study, the effects of micro- and nano-sized iron powders, as well as the mixing procedure, on the

fresh and hardened properties of metahalloysite-based geopolymer composites were investigated. Iron

powders were incorporated at dosages of 2, 4, and 6 wt% of the binder, and two distinct mixing

procedures were adopted for specimen preparation. In the first procedure, metahalloysite was dry-

blended with the iron powder prior to the addition of the alkaline activator. In the second procedure, the

iron powder was first dispersed in the alkaline solution, after which metahalloysite was gradually

introduced into the mixture. Afterwards, the resulting paste samples were subjected to mechanical

properties evaluation. Furthermore, both the raw materials and the synthesised binders were

characterised in terms of phase composition and microstructure using Fourier-transform infrared

spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The results

indicated that compressive strengths of 55 and 58 MPa were achieved with the addition of 2 wt% nano-

sized and 6 wt% micro-sized iron powder, respectively, when the first mixing procedure was applied. In

contrast, for the second procedure, compressive strengths of 55 and 56 MPa were obtained at the

corresponding iron powder contents. Overall, the findings suggest that nano-sized iron powder can

effectively enhance the mechanical performance of geopolymer composites. The relatively high strength

observed in specimens incorporating micro-sized iron powder is attributed to a filler effect that

promotes pore refinement and results in a more compact, denser microstructure. Conversely, pre-

dissolution of iron powder in the alkaline solution prior to the addition of metahalloysite was found to

hinder the geopolymerisation reaction and the development of a well-connected geopolymer network,

resulting in reduced compressive strength.
1. Introduction

Geopolymer binder, an alternative to Portland cement, is
formed from a mixture of an aluminosilicate powder and an
acidic or alkaline solution at moderate temperatures.1

Compared with conventional Portland cement, geopolymer
binders exhibit a lower carbon footprint, enhanced durability
under harsh conditions (e.g., saline and acidic environments),
and potentially higher mechanical strength, depending on the
chemical and mineralogical composition of the solid precursor.
Moreover, recent studies have reported the superior recycla-
bility of geopolymer binders compared with Portland cement.2–4
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Their structure is primarily composed of Al–O–Si bonds, with
Na+ or K+ cations balancing the negative charge within the
aluminosilicate framework.5 Commonly used aluminosilicate
precursors for geopolymer production include metakaolin
(derived from the thermal activation of kaolin), y ash, blast-
furnace slag, construction and demolition waste, and volcanic
ash.6 Recently, the use of metahalloysite, produced by the
thermal activation of halloysite at temperatures between 550
and 850 °C, has attracted signicant research interest.7,8 This
interest is primarily attributed to its excellent mechanical
performance and favourable microstructural stability under
both alkaline and acidic conditions.

The previous studies on metahalloysite-based geopolymer in
the literature have mostly focused on the mix proportion,9–11

varied heating temperature ranging between 450 and 850 °C,12

curing temperature range of 20–80 °C,13 concentration of alka-
line14,15 or acidic16,17 solutions. Several studies have reported
that employing the optimal temperature of 750 °C resulted in
better performance.7,8,18 Recent developments in nanomaterials
have made the use of such materials in enhancing geopolymer's
RSC Adv., 2026, 16, 15963–15978 | 15963
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Table 1 The summary of the effects of iron powders on properties of hardened geopolymers, as reviewed from the literature

Raw materials Iron source Activator Curing regime Obtained results

Metakaolin33 Ferric ions solution (10, 20,
30, 40 and 50 mL)

Sodium silicate Room temperature 71.59 MPa was achieved
using 13.2 mL of Fe3+ and
20 mL of sodium silicate

Metakaolin34 Ferric ions
(5, 10, 15 and 20 g)

Sodium silicate Room temperature 72.80 MPa was attained by
replacing the metakaolin
with 5 g of ferric ions

Volcanic tuff35 Iron powder (IPW)
waste at percentages
of 5%, 10%, and 20%

Sodium silicate
gel (SS) with SiO2 and
Na2O contents of
28.8% and 14.2%

Two curing time
temperatures of 25 °C and
80 °C for 24 h

The use of iron powder
reduces the compressive
strength by a percentage of
2.82%, 2.01%, and 22.479%
for samples blended with 5,
10 and 20% IPW cured at
25 °C and, 49.79%, 30.84%,
and 47.37% for those cured
at 80 °C

Metakaolin36 Hematite, magnetite
and goethite (5, 10 and
20 of each iron mineral)

Sodium silicate Room temperature 55 MPa achieved on samples
with 10% of hematite

Waste red clay brick and
metakaolin37

Hematite and rice
husk ash
(0 and 10 wt%)

Sodium silicate
(Ms = 1.6)

Room temperature For the metakaolin-based
geopolymers the
compressive strength
increased from 53.34 to
69.08 MPa when the Fe2O3/
SiO2 increased from 0 to 0.8
Those of geopolymer
materials derived from
waste red clay brick
decreased from 45.42 to
21.15 MPa when their Fe2O3/
SiO2 molar ratios rise from
0 to 0.6 increases from 21.15
to 24.11 MPa beyond 0.6

Metakolin32 Hematite, magnetite
and raw iron powders
(2, 5, 10 and 20%)

Sodium silicate
(Ms = 1.5)

20 °C 5% of hematite and raw iron
gave the highest strength
65 MPa whereas no any
increases was observed on
samples blended with raw
iron powder

Fly ash38 Waste iron powder
(10 and 20%)

Sodium silicate Room temperature 62.79 MPa achieved on
sample blended with 20% of
waste iron powder

High calcium y ash39 Waste iron powder
(5, 10, 15 and 20%)

Sodium silicate Oven curing between 30 °C
and 60 °C for 24 h

20% of iron powder ensured
the highest strength of
50.5 MPa, which was
approximately 76% of the
strength of the control

Kaolin-zeolite40 Micro Fe2O3

(4, 6, and 8%)
NaOH-based activator
containing 15% Na
(Na/binder) by weight

Cured at 110 °C for 24 h
using a furnace

Kaolin based geopolymer
blended with 8% of micro
iron powder was 5% higher
than sample reference

Fly ash41 Iron ore tailing
(10, 20 and 30%)

Sodium silicate 20 � 2 °C and 90 � 5%
relative humidity

50 MPa achieved on sample
blended with 20% of iron
ore tailing

Slag42 Hematite
(5, 10 and 15%)

Sodium silicate
(Ms = 1.8)

Oven cured at 60 °C for 8 h Replacing slag with
hematite decreased the
compressive strength from
73.6 to 32.46 MPa

Slag43 Iron lling (IF) obtained
from iron local
mechanical workshops
(10, 20, 30, 40 and 50 wt%)

Sodium silicate (Ms = 2) Room temperature 10% IF replacement ratio
showed the highest values of
39 and 6.2 MPa for
compressive and exural
strength with an increase of
12.1% and 25.5%

15964 | RSC Adv., 2026, 16, 15963–15978 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Raw materials Iron source Activator Curing regime Obtained results

respectively compared to the
control mixture

Volcanic ash44 0, 5, 10, 15, and 20% iron
waste powder residues from
a welding shop on the
properties of PIPs

H3PO4 (6 M) Room temperature Iron powders can be used as
a pore-forming agent as
observed in the decrease of
compressive strength from
28 to 2 MPa
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mechanical and microstructural properties.19 Various nano-
particles such as carbon nanotubes (CNTs), nano-silica, and
nano-alumina have been widely incorporated into polymer and
geopolymer composites to enhance mechanical performance,
durability, and microstructural stability. These nanomaterials
can improve matrix densication, crack resistance, and inter-
facial bonding within the composite structure.20–23

Some studies showed that the early and later age strengths of
geopolymer pastes,24 mortars, and concretes25 improved when
a small amount of nanomaterial powder, such as nano silica,
alumina, or iron, was used. The reported effect of nano-
materials was attributed to accelerated cement hydration26 and
pozzolanic reaction,26 reduced pores,27 and enhanced interface
bonding between binder phase and aggregates.28 For example,
Mohamed et al.24 reported that the inclusion of nano rutile or
anatase powders in mixtures increased the 28-day exural
strength of metahalloysite-based geopolymer pastes.

Nongnuang et al.29 observed an improvement in the mechan-
ical properties of a high-calcium y ash-based geopolymer due to
inclusion of up to 20 wt% waste iron powder (WIP) in the
mixtures. It was reported that y ash-based geopolymer binder
containing 20 wt% WIP gave 28-day exural strength of 8.5 MPa,
which was almost three times higher than the reference mixture
that was made without WIP addition. Khouadjia et al.30 investi-
gated the rheological behaviour and mechanical properties of
volcanic tuff-based geopolymer blended with WIP up to 20 wt%.
Results revealed that air content in the binder matrix increased to
3.5% with 20% iron powder (IP) substitution, accompanied by
a slight rise in ow time (0.8–2 s). While the compressive strength
and exural strengths at 25 °C decreased by up to 22.48% and
28.39%, respectively. However, the compressive and exural
strengths almost doubled when the samples were oven-cured at
80 °C. Prałat et al.31 evaluated the thermal parameters of geo-
polymer products modied with IP. They reported that intro-
ducing IP led to signicant changes in their thermal properties,
including thermal conductivity, specic heat, and thermal diffu-
sivity. Wu et al.32 produced Fe-based geopolymers by adding
hematite (HE), magnetite (MA), and reduced iron powder (RIP)
into metakaolin powder (MK) up to 20 wt% and evaluated their
inuence. They reported that RIP did not signicantly reduce the
strength of the geopolymer,maintaining performance close to that
of the reference (geopolymer without additive), compared with HE
and MA additives. Table 1 provides a summary of the parameters
inuencing the end properties of geopolymer blended with
different iron mineral sources, as reviewed in the literature. All of
© 2026 The Author(s). Published by the Royal Society of Chemistry
these reviewed experiments include substituting precursor mate-
rials with iron minerals from various sources and then adding an
alkaline solution activator to assess their effect on geopolymer
characteristics. The unique aspect of this work is that it assesses
the inuence of mixing in order to understand the behavior of
ferrous minerals in the geopolymer matrix. This would contribute
to the literature on the role of minerals in the synthesis of
geopolymers.

In the majority of previously reported studies, iron powder
was incorporated by direct blending with solid precursors,
without systematically considering the effects of particle size or
the dispersion of iron powder in the alkaline activator. In
contrast, the present study uniquely combines and compares
two distinct incorporation approaches: (i) partial substitution of
metahalloysite with micro- and nano-sized iron powders at
levels of 0, 2, 4, and 6 wt%, and (ii) pre-dispersion of iron
powder in the alkaline solution prior to the addition of the solid
precursor. This dual approach enables a systematic evaluation
of the inuence of both particle size and mixing procedure on
the fresh and hardened properties of metahalloysite-based
geopolymer composites. Furthermore, the study focuses on
the effects of iron powders on the setting time and later age (28
days) strengths of geopolymer mixtures, using iron powders
composed of micro- and nano-particles in comparison. As iron
particles are very ne and tend to agglomerate due to strong
surface interactions, the effects of dispersion methods for iron
powders were also investigated by dissolving the powders in an
alkaline solution before introducing them into metahalloysite
powder. In addition to compressive strength and setting time,
the owability of the mixtures was also studied and compared.
The study provides information for systematic analyses on: (i)
the effect of iron powder content, (ii) the effect of particle size of
the iron powder, and (iii) the effect of dispersion methods on
the properties of metahalloysite-based geopolymer binders.
2. Experimental program
2.1. Materials and geopolymer synthesis

Metahalloysite powder used as the main solid precursor for the
geopolymer production, thermal halloysite clay at 700 °C,
previously characterised by Kaze et al.7 The alkaline solution
was prepared by mixing 10 M NaOH with a commercial sodium
silicate at a mass ratio of 1 : 2, as selected from a previous
study.7 Two types of iron powders were used: micro and nano,
with particle diameters of −200 mesh (74 mm) and 50 nm,
RSC Adv., 2026, 16, 15963–15978 | 15965
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Table 2 Mixing procedure of geopolymer binders

ID
Calcined halloysite
(g) Micro or nano iron powder (g)

Alkaline solution
(g)

GMPH0 100 0 80
GPMH2 98 2 80
GPMH4 96 4 80
GPMH6 94 6 80
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respectively. These iron powders were supplied by Alfa Aesar
(micro iron powder) and Nanofer Star (nano iron powder). Two
mixing procedures were employed for the synthesis of the
geopolymer composites. In the rst procedure, metahalloysite
was dry-mixed with 2, 4, and 6 wt% iron powder, aer which the
alkaline activator was added at a solid-to-liquid ratio of 0.8. The
mixture was then mechanically stirred at 1000 rpm for 3 min.
The selected solid-to-liquid ratio was determined through
preliminary trial mixes to achieve adequate workability of the
fresh geopolymer paste. In the second mixing procedure,
different iron powders were mixed with an alkaline solution for
30 seconds before adding the metahalloysite powder. Both
Fig. 1 X-ray patterns of metahalloysite (a), nano- (b) and micro-Fe3O4 p

15966 | RSC Adv., 2026, 16, 15963–15978
procedures produced fresh geopolymer composite pastes,
which were poured into 20 mm cubic moulds, and stored in
room temperature. Aer 24 hours, the moulds were demoulded
and maintained at room temperature until a mechanical test
was performed 28 days later. The mixture proportions of the
geopolymer pastes containing micro- and nano-iron powders
are given in Table 2.
2.2. Characterisation techniques

A Bruker D8 XRD instrument with a LYNXEYE detector was used
to assess the mineral phases present in the raw materials and
the geopolymers produced. CuKa radiation at 40 kV and 40 mA
owders (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was used to perform each measurement for 2 hours, with 2q
ranging from 5° to 80° in 0.03° steps.

The functional groups within rawmaterials and geopolymers
were identied with a Bruker Vertex 80v infrared spectrometer
using the KBr technique, the pellet from each sample was used
for 32 scans at a resolution of 2 cm−1. About 1.2 mg of the
sample and 200 mg of KBr were combined to make each pellet.

The fresh geopolymer pastes were subjected to workability
measurements immediately aer mixing. A small cone with
a bottom diameter of 38 mm, a top diameter of 19 mm, and
a height of 57 mm was used for workability measurements, in
accordance with previous research.45,46

Compressive strength was determined using hardened geo-
polymer paste cubes. Mechanical testing was performed with an
Instron® 5965 universal testing machine under a constant
displacement rate of 3 mm min−1. The reported compressive
strength, water absorption, porosity and bulk density values
represent the average of ve specimens tested for each geo-
polymer formulation. In addition, water absorption, apparent
porosity, and bulk density were measured using an electronic
Fig. 2 Infrared spectra of calcined halloysite (a), micro (b) and nano (c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
balance (Sartorius, model 1712001) with a sensitivity of
±0.001 g, in accordance with the Archimedes principle. Prior to
these measurements, the specimens were oven-dried at 40 °C
until a constant mass was achieved.
3. Results and discussion
3.1. XRD and FTIR results

Fig. 1 presents the XRD patterns of metahalloysite (Fig. 1a), nano-
Fe3O4 (Fig. 1b) and micro-Fe3O4 (Fig. 1c) powders. In the case of
metahalloysite, the dominant mineral phases were quartz (SiO2

PDF no. 00-046-1045) and hematite (Fe2O3 PDF no. 00-024-0072).
Near these crystalline phases, a halo peak was observed between
15° and 35° in the 2-theta range. This halo peak indicates the
formation of a reactive or amorphous phase upon heating at 700 °
C. The formation of reactive amorphous phases during calcina-
tion plays a crucial role in geopolymerisation, as these phases
readily dissolve in alkaline solution and provide the reactive silica
and alumina species required for the formation of the geo-
polymer network. A similar hump has been previously reported in
iron powders.

RSC Adv., 2026, 16, 15963–15978 | 15967
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other thermally activated clays, such as kaolin47 and tubular
halloysite.8 The iron powders exhibited reection peaks of
magnetite, indicating their purity. It should also be noted that the
XRD patterns of the nano- and micro-Fe3O4 powders are very
similar, indicating that both materials have the same magnetite
crystalline phase, with the primary difference between them
being particle size rather than phase composition.

Fig. 2 displays the FTIR spectra of calcined halloysite along
with micro- or nano-iron materials. In the case of meta-
halloysite powder, the broad band appearing at 3440 and
1625 cm−1 is assigned to vibrational modes of O–H belonging to
the residual halloysite mineral.9 The persistence of these
absorption bands suggests that they are not fully transformed
into metahalloysite. The broad absorption bands appearing at
1096 cm−1 are assigned to the asymmetric stretching band of
Si–O–Al, attributable to the amorphous phase related to the
transformation of halloysite mineral into metahalloysite.8,48 The
absorption bands located at 797, 694, 456 and 395 cm−1 are
assigned to asymmetric stretching vibrations of Si–O related to
quartz mineral.49,50 For the iron powders, the absorption bands
appearing at 3440 and 1625 cm−1 (Fig. 2b) are assigned to
Fig. 3 Flow values of fresh geopolymer pastes blended with micro and

15968 | RSC Adv., 2026, 16, 15963–15978
stretching bonds of surface water molecules or to an envelope
formed by hydrogen-bonded surface OH groups.51,52 The
absorption bands at 1120, 1123, and 1048 cm−1 are assigned to
C–O stretching vibrations (Fig. 2b and c).53 Finally, the absorp-
tion bands at 797, 694, 668, 589, 456, and 395 cm−1 are assigned
to the Fe–O stretching vibration mode (Fig. 2b and c).54–56

3.2. Fresh properties of geopolymer mixtures

The ow values for fresh geopolymer according to different
procedure mixes are shown in Fig. 3. It is clear that the
combined effects of powder type and mixing process signi-
cantly affected the ow performance of themixtures. Regardless
of the type of powder used, the inclusion of iron powder
reduced the ow workability of the fresh geopolymer mixtures.
This suggests that the addition of micro- and nano-Fe3O4 alters
the microstructure of geopolymer pastes, thereby increasing
viscosity. This is more evident in formulations that use the
second mixing procedure, in which the iron particles are di-
ssolved in an alkaline solution before being combined with the
calcined halloysite powders. The breakdown of iron particles in
alkaline solution would consume some of the latter, slowing the
nano iron powders applying procedure mix I (a and c) and II (b and d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Initial setting time of geopolymer binders blended with micro
and nano iron powders using the first (a) and second (b) mix
procedures. Fig. 5 X-ray patterns of geopolymer blended with micro (a) and nano

(b) Fe3O4 powders.
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solubility of calcined clay. The ow value decreased from 230 to
195 mm and from 230 to 188 mm, respectively, when adding
micro- and nano-Fe3O4 powders using the rst mixing proce-
dure. In the second mix procedure, the values ranged from 230
to 150 mm and from 230 to 188 mm, respectively. This work-
ability was likely due to the frictional effect of different iron
powders on thermally activated halloysite in an alkaline
medium. As a result, the workability of the different mixes
decreased with the further increase in iron powder, consistent
with other studies incorporating iron powder at different
percentages.38,57 Additionally, the roughness and neness
modulus of iron powders may have greatly enhanced the
cohesion of geopolymer binder ingredients. This would have
increased the solution demand in the mixture and reduced the
owability. Based on these above conclusions, the obtained
results can be compared with those reported in literature.43

Fig. 4 presents the initial setting times recorded for a fresh
metahalloysite-based geopolymer blended with micro- and
nano-iron powders at varying dosages (0, 2, 4, and 6 wt%). For
the rst mixing procedure, the initial setting decreased from
240 to 225 min for samples blended with micro-iron powder
© 2026 The Author(s). Published by the Royal Society of Chemistry
and from 240 to 215 min for those blended with nano-iron
powder. The reduced setting may be associated with possible
interaction between iron species (e.g. Fe3+ and Fe2+) and alka-
line solution, which may react with HO− to form Fe(OH)3 and
Fe(OH)2 (eqn (2) and (3)). Furthermore, in the highly alkaline
environment these iron hydroxides compounds can be di-
ssolved to form FeO2

− and FeO2
2−, respectively thereby

reducing the setting time. However, it should be noted the
present study does not directly quantify Fe dissolution or
speciation. Therefore, the role of Fe3+/Fe2+ species in modifying
the geopolymerisation kinetics should be considered as
a potential mechanism rather than a conrmed reaction
pathway. In samples incorporating the micro-iron powder with
high particle size, the homogeneity of the geopolymer binder
within the matrix was improved, accelerating setting and
resulting in the lower setting time recorded. The increased
initial observed in the second mixing procedure was likely due
to the dissolution of both iron powders into the alkaline solu-
tion. Their dissolution reduced the alkaline and then affected
the dissolution of calcined halloysite. In fact, the in situ disso-
lution of both iron powder types generated more nucleic sites in
RSC Adv., 2026, 16, 15963–15978 | 15969
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Fig. 6 Infrared spectra of calcined halloysite (MHA) and geopolymer
blended with 2, 4 and 6 wt% of micro (a) and nano (b) iron powders.
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different geopolymer mixtures, affecting the workability and
progressively delaying the setting time. In addition, the slight
increase recorded between GPMH4 and GPMH6 samples
(Fig. 4a) might be attributed to the competitive environment
created between the nano iron powders with metahalloysite.
The nano iron powders in contact with the alkaline solution will
release more iron with FeO2

− and FeO2
2− species in alkaline

medium interacted with Na+ to form 2NaFeO2 and Na2FeO2

compounds as described in eqn (1). This would limit the
availability of Na+ cations needed for balancing the negative
charge within the geopolymer framework prolonging the setting
time with a little longer condensation or polymerisation
process. This adverse effect impeded the creation of long poly-
merization chains and augmented the pore diameter and shape
of the nal geopolymer material post-geopolymerization, hence
diminishing its compressive strength development.

Fe3O4 + 4NaOH / 2NaFeO2 + Na2FeO2 + 2H2O (1)

Fe(OH)3 + NaOH / NaFeO2 + 2H2O (2)

Fe(OH)2 + 2NaOH / Na2FeO2 + H2O + H2 (3)
15970 | RSC Adv., 2026, 16, 15963–15978
3.3. Phases evolution

Fig. 5 shows the XRD patterns of geopolymer blended with 0, 2,
4 and 6 wt% of micro- (Fig. 5a) and nano- (Fig. 5b) iron powders.
It appears that the halo peak in thermally activated halloysite,
located between 15° and 35° 2-theta, shied to 20°–40° 2-theta
on the geopolymer diffractograms of the GMH0, GMH2, GMH4,
and GMH6 samples. This displacement is likely due to the
geopolymerization reaction that occurs aer mixing.58 All the
geopolymer specimens showed the same crystalline mineral
phases (quartz (Q) and magnetite (M)) present in the solid
precursor (thermally activated halloysite at 700 °C). This
suggests that these mineral phases are inert or partially di-
ssolved in alkaline medium during the geopolymerization
reaction.59 The intensity of the magnetite reection peaks in the
XRD patterns of the geopolymer samples slightly decreased with
increasing magnetite content. In addition, the characteristic
amorphous halo of geopolymers containing 2, 4, and 6 wt% iron
powder was noticeably less pronounced than that of the refer-
ence sample (GMH0, without additive). This reduction in the
amorphous phase intensity is consistent with the lower
compressive strength observed for the mixture containing
6 wt% nano-iron powder (Fig. 5b). The presence of crystalline
mineral phases within the geopolymer matrix can contribute to
structural reinforcement by acting as micro-aggregates, as
previously reported in ref. 60.

The FTIR spectra of calcined halloysite (MHA) and geopolymer
blended with 0, 2, 4 and 6 wt% of micro and nano iron powders
are shown in Fig. 6. It can be observed that the broad absorption
bands at 1649, 3458, 3459, 3467, 3466, 3461, 3470, and 3473 cm−1

are assigned to stretching vibrations of water molecules within the
geopolymer network.61 The broad at 1096 cm−1 on MHA spectrum
shied towards lower frequency aer alkaline action; 1024 cm−1,
1015 cm−1, 1017 cm−1 and 1022 cm−1 for GPMH0, GPMH2,
GPMH4 and GPMH6 blended with micro iron powders at varied
dosages (Fig. 6a). In case of geopolymer samples blended with
nano iron powders this band shied to 1010 cm−1, 1017 cm−1 and
1018 cm−1, respectively (Fig. 6b). This behaviour is likely attrib-
uted to stretching vibrations modes of Si–O–Al of geopolymer
network.49 The last bands observed at 778, 694, and 456 cm−1 are
attributed to the stretching vibration modes of Si–O–Si, Si–O–Al,
and Al–O.62–64 Finally, the XRD and FTIR analyses did not point out
any changes. This could be attributed to the milling effect of
hardened geopolymer samples cured at 28 days which ground and
sieved under 75 mm before running the measurement. Hence
running these analyses in situ on the fresh geopolymer pastes
blended with both iron powders should be hopeful for more
clarity. Furthermore, XRD results also showed the reection peaks
of magnetite suggesting their none total dissolution which could
act as inactive granular llers through the presence of unreacted
phases in geopolymer binder specimens as reported in ref. 40.
3.4. Mechanical properties

The 28-day compressive strength of geopolymers incorporating
micro- and nano-iron powders, prepared using the rst and
second procedures, is presented in Fig. 7 and 8, respectively. For
specimens produced using the rst procedure, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Compressive strength recorded on geopolymer made with first
procedure.

Fig. 8 Compressive strength recorded on geopolymer made with
second procedure.
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incorporation of 6 wt% micro-iron powder resulted in the
highest compressive strength (57.92 MPa, Fig. 7a), while 4 wt%
nano-iron powder yielded a strength of 55.42 MPa (Fig. 7b),
both exceeding that of the control geopolymer without additive.
The improved strength observed with micro-iron powder can be
attributed to the relatively coarse particles acting as micro-
aggregates, promoting better packing and enhanced homoge-
nisation between the geopolymer gel and the solid constituents
within the matrix. This contributes to improved connectivity
and densication, leading to higher strength development. In
the case of nano-iron powder, 4 wt% appears to be the optimum
content for compressive strength enhancement. In addition, it
noticed any changes when added 2 or 4% (Fig. 7a) of micro iron
powder which is consistent with previous study where the
authors replaced metakaolin with 2 and 4% of iron powder.32

However, a deeply detailedmicrostructural andmacrostructural
study of geopolymer binders from these specimens is needed to
establish such a phenomenon.

However, when the nano-iron powder content exceeded
4 wt% (Fig. 7b), a signicant reduction in compressive strength
was observed. This behaviour may be attributed to excessive
© 2026 The Author(s). Published by the Royal Society of Chemistry
iron species formed in the alkaline medium, which can interact
with Na+ ions and reduce their availability for balancing the
negative charges within the geopolymer framework.35 As
a result, the condensation and polymerisation processes may be
hindered, leading to the formation of a less compact matrix and
consequently lower compressive strength.36

For specimens prepared using the second procedure (in situ
mixing of the alkaline activator with micro- and nano-iron
powders), the incorporation of 2 wt% micro-iron powder and
4 wt% nano-iron powder resulted in the highest compressive
strengths of 56.03 MPa (Fig. 8a) and 55.63 MPa (Fig. 8b),
respectively. This strength enhancement is consistent with
previous studies suggesting the possible formation of iron–
silicate interactions within geopolymer systems.32,65,66 The
reduction in strength observed beyond these optimum dosages
might be associated with the excessive dissolution of iron
powder under alkaline conditions, leading to an increased
concentration of iron ions that can interfere with the geo-
polymerisation process and hinder the development of a well-
connected aluminosilicate network. Furthermore, during the
in situ mixing process, a portion of the alkaline activator could
RSC Adv., 2026, 16, 15963–15978 | 15971
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Fig. 9 Water absorption, porosity and bulk density values of metahalloysite based geopolymer composites blended with nano and micro Fe3O4

powder applying procedures I (a and b) and II (c and d).
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be consumed through reactions with the iron particles, thereby
limiting the effective dissolution of metahalloysite and nega-
tively affecting strength development. It is worth noting that in
the present study, the available characterisation techniques do
not provide direct evidence of Fe incorporation into the geo-
polymer gel structure. Therefore, the observed improvement in
mechanical performance may primarily arise from physical
effects such as particle packing and micro-ller action, while
potential chemical contributions of Fe species remain specu-
lative and require further investigation.

Also, the results indicate that, at their optimum dosages,
micro- and nano-iron particles act as reaction accelerators and
micro-llers, promoting a denser packing of the matrix and
leading to the development of a strong and compact geo-
polymer structure.67,68 The decrease in compressive strength
(Fig. 8a and b) observed in geopolymer samples when added 4
and 6% of both iron powders in the second procedure could be
attributed to the iron(II) dioxo ion, FeO2

2− (eqn (3)) which is
more pronounced in nano than micro powders. Finally, the
release of H2 during the premixing would provide the air
15972 | RSC Adv., 2026, 16, 15963–15978
bubbles as seen in the matrix, which are detrimental for the
strength development, demonstrating the optimum at 2% of
both iron powders added.
3.5. Water absorption, porosity and bulk density

Fig. 9 presents the water absorption, apparent porosity, and
bulk density of metahalloysite-based geopolymer composites
incorporating micro- and nano-iron powders at dosages of 0, 2,
4, and 6 wt%. For specimens prepared using the rst procedure,
water absorption decreased from 27.5% to 26.6% (Fig. 9a) and
from 27.5% to 25.82% (Fig. 9b) with the addition of 2 wt%
micro-iron powder and 4 wt% nano-iron powder, respectively.
However, at higher iron contents, water absorption increased to
approximately 27% and 28%, respectively. The initial reduction
in water absorption suggests a pore-lling effect of iron parti-
cles, contributing to a denser and more compact geopolymer
matrix. Correspondingly, the values of apparent porosity and
bulk density ranged between 39–44% and 1.70–1.85 g cm−3

(Fig. 9a), and 35–44% and 1.68–1.82 g cm−3 (Fig. 9b), respec-
tively. The observed increase in water absorption and porosity at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images (10 mm) of geopolymer blended with 0, 2, 4 and 6 wt% of micro iron powder (a–d) and nano-iron powder (e) from first
procedure.
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higher dosages is consistent with the trend in compressive
strength, which decreased beyond the optimum iron content.
Similar behaviour has been reported in the literature, where
excessive incorporation of iron powder in cementitious systems
adversely affects the development of mechanical properties due
to increased pore connectivity within the matrix.69,70

For samples prepared using the second procedure (Fig. 9c),
water absorption and apparent porosity ranged from 26.5–
28.5% and 38.02–43.5%, respectively, for mixtures containing
micro-iron powder. For those incorporating nano-iron powder
(Fig. 9d), the corresponding ranges were 24.80–27.50% and
36.80–43.50%. The bulk densities obtained from both proce-
dures were within a similar range of 1.68–1.82 g cm−3 and 1.68–
1.83 g cm−3, respectively. It is noteworthy that porosity and
water absorption followed comparable trends and exhibited
© 2026 The Author(s). Published by the Royal Society of Chemistry
similar magnitudes regardless of the mixing procedure.
However, iron dosages exceeding 4 wt% were found to be
detrimental, as excess particles are unlikely to effectively
participate in the geopolymerisation process. This leads to the
formation of a less compact matrix with increased open voids
and pore connectivity, which promotes higher water uptake
during testing. Conversely, the incorporation of iron powder at
optimum levels contributes to progressive matrix densication
and reduced porosity. Previous studies also reported the
increase in bulk density of hardened geopolymer binders with
the increased iron powder from different sources.35,39,71,72 These
authors claimed that the increase in bulk density is owing to the
ller effect of micro or nano iron powders used, resulting in
densied geopolymer specimens with less open voids.
RSC Adv., 2026, 16, 15963–15978 | 15973

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01146b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 2

:0
7:

36
 A

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
3.6. SEM analysis

Fig. 10 presents SEM micrographs of metahalloysite-based
geopolymer binders incorporating micro- and nano-iron
powders aer 28 days of curing. As observed, the microstruc-
tures appear heterogeneous, characterised by the presence of
some unreacted particles and minor microssures. These
features suggest an incomplete reaction of the calcined halloy-
site, while the incorporation of iron powders contributes to the
formation of a comparatively denser and more compact matrix.
For geopolymer samples prepared using the rst procedure (i.e.,
dry mixing metahalloysite with 2, 4, and 6 wt% micro-iron
powder), the micrographs indicate reduced porosity and
improved matrix densication compared with those incorpo-
rating nano-iron powder. This observation is consistent with
the compressive strength development. In contrast, the
Fig. 11 SEM images (10 mm) of geopolymer blendedwith 0, 2, 4 and 6wt%
procedure.

15974 | RSC Adv., 2026, 16, 15963–15978
geopolymer sample containing 6 wt% nano-iron powder (Fig.
10e) exhibits extensive microcracking within the matrix, which
correlates with the lower compressive strength observed at this
dosage. This microcracking may be associated heat release
associated with the exothermic reactions occurring during the
dissolution and oxidation of nano-iron particles in the alkaline
medium, as reported in previous studies.73 The exothermic
reactions occurring during the dissolution of nano-iron parti-
cles generated air bubbles that were difficult to eliminate,
leading to the formation of open voids and pores within the
geopolymer matrix and consequently reducing strength devel-
opment. In contrast, the progressive densication observed in
samples containing micro-iron powder correlates well with the
measured strength improvement. This behaviour can be
attributed to the larger particle size and lower dissolution rate
ofmicro iron powder (a–d) and nano-iron powder (e) from the second

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of micro-iron particles in the alkaline medium, which enables
them to act as effective pore llers and contribute to rein-
forcement of the geopolymer structure.

Fig. 11 presents SEM micrographs of reference geopolymer
mixture (Fig. 11a) along with those made using micro- (Fig. 11b)
and nano-iron powders (Fig. 11c–e) at various dosages, prepared
using the second procedure in which the iron powders were rst
dispersed in the alkaline activator prior to the addition of
calcined halloysite. The microstructures appear more homoge-
neous in samples containing nano-iron powder than in those
with micro-iron powder, indicating the higher dissolution rate
of nano-sized particles in the alkaline medium. The pre-
dissolution of iron powders in the alkaline solution promotes
improved dispersion within the geopolymer matrix and
enhances cohesion between the reaction products. As
mentioned in the foregoing, observed improvement in the
binder matrix may be attributed to a combination of mecha-
nisms. One possible contribution is the formation of iron–sili-
cate (ferri-/ferro-silicate) interactions within the geopolymer
matrix, which could contribute to matrix reinforcement and
improved mechanical performance. In addition, the ne
particle size of the iron powders may also promote a packing or
ller effect, leading to a denser binder matrix. Further studies
using advanced characterization techniques would be required
to conrm the relative contribution of these mechanisms.
However, iron contents beyond the optimum level were found to
be detrimental to strength development. This can be attributed
to excessive consumption of the alkaline activator by the di-
ssolved iron species, leaving insufficient alkalinity to effectively
dissolve the calcined halloysite. As a result, a less compact and
poorly densied structure is formed.

At an addition level of 2 wt% for both micro- and nano-iron
powders, the micrographs reveal the presence of numerous
nucleation sites favourable for geopolymerisation, promoting
enhanced polycondensation between Al, Si, and Fe species and
resulting in a stronger matrix (Fig. 11b and c). In contrast,
higher dosages led to the appearance of microssures and pores
within the matrix (Fig. 11d and e), consistent with the observed
reduction in compressive strength.
4. Conclusion

The present study investigated the inuence of two mixing
procedures comprising procedure I (dry blending of meta-
halloysite with iron powder followed by the addition of the
alkaline activator) and procedure II (pre-dispersion of iron
powder in the alkaline activator followed by metahalloysite
addition), on the fresh and hardened properties of
metahalloysite-based geopolymers incorporating micro- and
nano-iron powders at dosages of 0, 2, 4, and 6 wt%. The
following conclusions can be drawn:

� Flowability decreased with increasing iron powder content
due to the associated rise in mixture viscosity.

� Under procedure I, the incorporation of micro-iron powder
up to 6 wt% resulted in the highest compressive strength (57.92
MPa), outperforming nano-iron powder. This behaviour is
© 2026 The Author(s). Published by the Royal Society of Chemistry
attributed to the ller effect of the coarser particles, which
enhances matrix densication.

� Under procedure II, the addition of 2 wt% of either micro-
or nano-iron powder provided the most favourable matrix
cohesion and strength development.

� Iron powder contents exceeding the optimum level (2 wt%
for procedure II) were detrimental to strength, primarily due to
reduced workability and excessive consumption of the alkaline
activator, which limited effective geopolymerisation.

� Geopolymers produced using procedure II consistently
achieved compressive strengths above 40 MPa, indicating their
suitability for structural and engineering applications.

� SEM observations conrmed that samples incorporating iron
powders exhibited a more compact and densied microstructure
compared with the reference geopolymer, with the degree of
densication strongly inuenced by the mixing procedure.

� Overall, bothmicro- and nano-iron powders can be effectively
utilised at low dosages to enhance the performance of
metahalloysite-based geopolymer binders, provided that the mix-
ing procedure and iron content are carefully optimised to avoid
adverse effects on geopolymerisation and strength development.

� The nal products developed compressive strengths
exceeding 48MPa, indicating their potential use as construction
materials for engineering applications such as road pavements
and building components, while aligning with sustainable
construction principles by reducing reliance on energy-
intensive cement production.

Notwithstanding the enhanced performance of the devel-
oped geopolymer composites, further investigation using
advanced spectroscopic techniques such as XPS, Mössbauer
spectroscopy, SEM-EDSmapping, or ICP-OES would be required
to directly determine the dissolution behaviour of Fe species
and their possible incorporation into the geopolymer gel phase.

Conflicts of interest

There are no conicts to declare.

Data availability

The datasets generated and/or analysed during the current
study are available from the corresponding author upon
request.

Acknowledgements

Rodrigue Cyriaque Kaze gratefully acknowledges the nancial
support of the Jean D'Alembert Junior Fellowship for 2023–2025
for his stay in LMPS, ENS Universit́e Paris Saclay. This work has
been supported as part of the France 2030 Program ANR-11-IDEX-
0003.

References

1 N. Ranjbar, et al., Hardening evolution of geopolymers from
setting to equilibrium: A review, Cem. Concr. Compos., 2020,
114, 103729.
RSC Adv., 2026, 16, 15963–15978 | 15975

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01146b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

5/
20

26
 2

:0
7:

36
 A

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
2 A. Naghizadeh, et al., Re-activation of recycled y ash-based
geopolymer binder to enhance mechanical properties, Case
Stud. Constr. Mater., 2025, e04967.

3 A. Naghizadeh, et al., Effective recycled binder produced
upon thermal activation to enhance mechanical properties
of y ash-based geopolymer mortars, Dev. Built Environ.,
2025, 100688.

4 A. Naghizadeh, et al., Circular production of recycled binder
from y ash-based geopolymer concrete, Constr. Build.
Mater., 2024, 415, 135098.

5 J. Davidovits, Chemistry of geopolymeric systems
terminology, in Proceedings of Geopolymer, 1999, vol. 99,
pp. 9–39.

6 J. N. Y. Djobo, D. Stephan and A. Elimbi, Setting and
hardening behavior of volcanic ash phosphate cement, J.
Build. Eng., 2020, 31, 101427.

7 C. R. Kaze, et al., Reaction kinetics and rheological behaviour
of meta-halloysite based geopolymer cured at room
temperature: Effect of thermal activation on
physicochemical and microstructural properties, Appl. Clay
Sci., 2020, 196, 105773.

8 N. Ranjbar, et al., Halloysite reinforced 3D-printable
geopolymers, Cem. Concr. Compos., 2023, 136, 104894.

9 B. Zhang, et al., Effect of the SiO2/Al2O3 Molar Ratio on the
Microstructure and Properties of Clay-based Geopolymers:
A Comparative Study of Kaolinite-based and Halloysite-
based Geopolymers, Clays Clay Miner., 2022, 70(6), 882–902.

10 Z. Zhang, et al., Effects of halloysite in kaolin on the
formation and properties of geopolymers, Cem. Concr.
Compos., 2012, 34(5), 709–715.

11 C. R. Kaze, et al., Reactivity and mechanical performance of
geopolymer binders from metakaolin/meta-halloysite
blends, Constr. Build. Mater., 2022, 336, 127546.

12 V. Zivica, M. T. Palou and T. I. Ľ. Bágěl, High strength
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