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This work aimed to study the effect of WTHs (Water treatment hematite-rich
sludge) additives on the properties of geopolymers cement. Three formula-
tions of geopolymer cement based on metakaolin powder substituted with 0,
5 and 10 wt.% of WTHs were investigated and the obtained pastes were char-

Properties of Metakaolin-Based Geopoly- acterized after curing times varying from 7 to 28 days. X-ray diffraction (XRD)

mer Cements. Journal of Materials Science
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and FT-IR patterns of metakaolin and WTHs dry powders indicate that they
were in the amorphous states with illite, lepidocrocite and quartz in low con-

centrations in metakaolin and mainly hematite in the sludge. The pastes
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demonstrated an accelerating effect of the WTHs. The specimens showed
weak linear shrinkage that increased slightly with sludge additive (from 0.5%
to 1.7%). Improved apparent density was obtained with increasing WTHs
contents (1.83 to 1.97 g/cm’). The Porosity was improved for 5% WTHs
(67% to 77%) with a slight drop for 10%. The optical microstructure exhibits

Copyright © 2026 by author(s) and
Scientific Research Publishing Inc.
This work is licensed under the Creative

Commons Attribution-NonCommercial
International License (CC BY-NC 4.0).
http://creativecommons.org/licenses/by-nc/4.0/

pores interconnectivity with appearance of some macropores favoured by
WTHs additives that promoted a three-dimensional porous structure. The
products exhibited a compressive strength of 14 MPa on day 28 and could
be used as structural and porous materials required for thermal and acoustic
isolation.
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1. Introduction

Sustainable development is a topic of global interest. Building and construction
sector is one of the most critical sector responsible for approximately 40% of CO,
emissions worldwide [1]. The massive use of ordinary Portland cement is consid-
ered to be environmentally unfriendly given the quantity of CO, produced and
energy consumed during the manufacturing process. To reduce the carbon foot-
print related to cement industries, research to produce ecological alternatives for
conventional cement is urgent. In that spirit, Joseph Davidovits introduced geo-
polymers as a family of less-polluting mineral binders [2]. Indeed, they are syn-
thetic alkali-activated aluminosilicate materials produced from the reaction of an
aluminosilicate precursor with a highly concentrated aqueous alkali hydroxide or
silicate solution [3]. They have been found to provide comparable performances
to traditional cementitious binders, but with significantly reduced greenhouse gas
emissions and also economic reasons [4] [5]. Their successful utilization in many
fields such as thermal insulators, high-tech ceramic and fire-resistant materials,
protective coatings, refractory adhesives has made them become challenging ma-
terials of high interest and common raw materials used are volcanic slag, pozzo-
lan, aluminosilicates as metakaolin and some industrial wastes [6] [7]. Various
additives are also considered with the aim of improving the properties of the prod-
ucts and broadening the areas of application [7]. On that line, the use of low-cost
and less polluting materials and methods by many workers today make the geo-
polymerization process to be more economically and environmentally valuable
[7] [8]. Hematite and red sludge hematite rich-laterites mixed to metakaolin or
fly ashes have been used in geopolymerization and the obtained results reveal
that all were favourable to efficient mechanical properties regardless of the alka-
line activating solution used [9]-[11]. Nevertheless, the studies on iron based ge-
opolymer are still limited as the current research and development of geopolymer
usually focussing on high silica and alumina based geopolymer due to its high
resistance against temperature and high durability. Water treatment hematite-
rich sludge (WTHS) are of little-known applications so far. However, it has been
found to be Si/Al-rich materials and have been tested in geopolymer formulation
with success [12]. WTHs are abundant low-cost materials and also of variable
compositions depending on their sources. Further understanding is needed re-
garding the effect of hematite contents of such wastes in geopolymer and evaluate
their potential to be used as precursors to make binders for stabilized and com-

pressed blocks.
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2. Materials and Experimental Procedures

2.1. Materials and Sampling

The Water treatment hematite-rich sludge (WTHs) is collected from Camwater
Co. Cameroon. The kaolin is from Kribi, locality of South Cameroon. The sludge
is left to settle for 24 hours in a plastic container, then dried in open air (24°C +
3°C), crushed and sieved to a particle size of 75 um. Meanwhile, the kaolinitic clay
was enriched in clay fraction by wet sieving to pass through a 75 pum mesh and
then dried in an oven for 24 hours at 105°C. The dry product obtained is heated
in an electric furnace of type NGS-SRL for 4 hours at 700°C with a temperature
rate of 5°/min. The thermal treatment allowed the kaolin to be transformed into
metakaolin which is more amorphous and reactive [4] [13]. The activating solu-
tion was prepared by mixing equal volumes of the aqueous solution of sodium
hydroxide (8M) and sodium silicate (SiO,: 28.7%; Na,O: 8.9% and H,O: 62.4%).

2.2. Preparation of Geopolymers Cement Pastes

The formulation of geopolymer cement is made by mixing metakaolin, the WTHs
powder and activating solution in the ratios shown in Table 1. The ratio is selected
as the best consistency after several tests using the Vicat apparatus. Three formu-
lations are then retained; the first one, labelled MKSO was made by mixing only
the solid precursor, namely metakaolin with the activator solution and was used
as reference cement. Two other formulations where 5% and 10% by mass of me-
takaolin were substituted with sludge powder and denoted MKS5 and MKS10
were done respectively. Above 10% substitution, the paste loses its homogeneity
and is transformed into small agglomerates. The mixture was stirred using an
M&O brand mixer, model N50-G until a homogeneous paste is obtained. One
part of the fresh paste was used to determine the setting times and the other
poured into cylindrical molds (diameters = 20 mm and heights = 40 mm) in PVC
for further analyses. After casting, the specimens obtained were covered with a
thin polyethylene film then left at room temperature in the laboratory (24°C %
3°C) for 24 hours. The mechanical measurements were carried out on cylindrical
specimens on day 28 according to standard EN 196-1 [14] [15].

Table 1. Formulations of geopolymer cement pastes.

Formulation % MK % Sludge L/S
MKSO0 100 0 0.8
MKS5 95 5 0.8

MKS10 90 10 0.8

2.3. Technical Characterization

The starting materials (MK and WTHS) were characterized using inductive Cou-
ple Plama (ICP) for chemical composition, XRD, amorphous phase content, Hu-
midity and dryness, FTIR spectroscopy for structural composition and the BET
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specific surface area (SSA).

Geopolymer cement performance were evaluated via the measurement of the
setting time according to the EN 196-3 using the Vicat device [16], linear shrink-
age using a digital caliper on cylindrical test discs, Archimedes measure of appar-
ent density and open porosity. The compressive strength is measured according
to standard EN 1961 [17] [18]. Optical microscopy was carried out using a Ce-
ramics Instruments Model 101T-M7 optical microscope equipped with a stere-

omicroscope, a binocular head and a tablet with integrated camera.

3. Results and Discussion

3.1. Characteristics of Starting Materials
The dryness rate and water content of the sludge powder were found to be 93.89%
and 6.49% respectively. These results indicate that the sludge used is classified as

dry because its dryness is greater than 85% [19].

The chemical composition of metakaolin is given in Table 2.

Table 2. Chemical composition of metakaolin.

Oxides Content (%)
SiO2 51.46
ALO:; 41.71
Fe:0s 2.66
CaO 0.10
MgO <0.01
Na,O 0.39
K20 0.70
TiO2 0.95
LOI* 2.03
Total 100

*LOLI: Loss of Ignition.

Metakaolin is mainly composed of silica (SiO) and alumina (AL,O3), the main
oxides for geopolymerization. The combination of Na,O and K,O values suggests
the presence of micaceous minerals and feldspars. The data also reveals a low LOI
value, which therefore suggests a low quantity of organic matter. The Si/Al molar
ratio of 2.1 is in quite good and is in accordance with other work specially that of
Fernandez-Jiménez et al (2005) who demonstrated that an aluminosilicate pre-
cursor reacts easily in the presence of an alkaline solution when Si/Al molar ratio
is less than 4 [20] [21].

Table 3 presents the values of the specific surface area (SSA) of the starting
materials. The specific surface area of MK is greater than that of WTHs powder,
which may lead to greater reactivity of the aluminosilicate powder compared to

the sludge.
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Table 3. SSA values of metakaolin and WTHs.

Raw sample MK WTHs
SSA (m?/g) 47.87 7.82

Figure 1 presents the structural phases of starting kaolin (Figure 1(a)) in com-
parison with those of metakaolin (Figure 1(b)).

Figure 1(a) highlights the presence of kaolinite [Si,OsAL(OH)], illite [¥-
FeO(OH)], lepidocrocite [Ky.y[(SisAl)O10(ALyFe(Il)y)(OH).]], and quartz (SiO,).
After the amorphization of the clay fraction at 700°C, the disappearance of the
kaolinite was observed (Figure 1(b)). The presence of a dome around 26 =15" -
25° on the MK curve was also noted, which expressed the existence of an amor-
phous phase in this material [11]. This amorphous phase is obviously that of me-
takaolinite following dehydroxylation. This observation corroborates the rate of
amorphous phase obtained which is 65.15%. The rate of 50.13% for the sludge
evidences that it is mainly made up of amorphous. This is in agreement with the
appearance of the diffractogram of Figure 1(c) which presents several halos char-
acterizing amorphous phases. The only crystalline phase observed is hematite, a

coloring oxide which could explain the reddish color of WTHs.
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Figure 1. XRD patterns of (a) Kaolin, (b) Metakaolin and (c¢) WTHs: Kaolinite (K), Illite (I), Lepidocrocite (L), Quartz (Q) and

Hematite (H).

Figure 2 presents the FTIR spectrum of the sludge. A broad band is observed
at 3288 cm™!, a band not assigned until now. The absorption bands around 1366 -
1603 cm™ are attributed to the stretching vibrations of the C=0, C=C, and C=0
groups which belong to organic matter [22]. The band observed at 906 cm™ which
expresses the deformation vibration of the Al-OH bonds and that at 999 cm™
which reflects the Si-O-Si bond vibration [23] [24]. Finally, the absorption band
at 515 cm™ indicates the vibration of Fe-O attributed to the hematite in accordance
with its XRD diffractogram. This high concentration of hematite also explains the
strong red color of the WTHs [25] [26].
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Figure 2. FTIR spectrum of the WTHs.

3.2. Characteristics of Geopolymers Cements

3.2.1. Setting Time

The initial and final setting times shown in Figure 3 exhibit the decreasing of set-
ting times with increasing WTHS contents from 69 - 105 min for 5% and 58 - 90
min for 10%. The formation of the geopolymer gel strongly depends on the avail-
ability of silicates and the aluminates ions which have a tendency to condense to
form Si-O-Si and Al-O-Al bonds respectively [27]. The sludge may promote the
dissolution of the aluminosilicates and reduce the alkaline cations by entrapping
them in the medium. It also promotes the process of polycondensation of the sil-
icate and aluminate monomers, hence the reduction in the setting time. In terms
of setting acceleration, the reduction in setting time observed in this study (58 -
90 min for MKS10) aligns with findings by Sekizkades et al (2025) for transition
metal oxide-modified geopolymers, where Fe,O; reduced setting times by 40-
60%. This setting accelerating effect could be advantageous for numerous appli-

cations where the use of the paste requires a reduced setting time for the work.

3.2.2. Fourier Transformed Infrared Spectra

Figure 4 shows the FT-IR spectra of the geopolymer cements. The bands at 3400
- 3450 cm™ and 1640 - 1650 cm™ correspond to deformation vibration of the H-
O-H bond and the elongation vibration of the O-H groups respectively [28]. The
absorption bands around 976 - 987 cm™! reflect the presence of aluminosilicate gel
in the products obtained [24]. The absorption bands around 773 - 776 cm™ cor-
respond to the vibrations of the connections Al(VI)-OH and Al(VI)-O where alu-
minum in VI coordination. Those around 666 - 692 cm™ express the symmetrical
elongation vibration of the Si-O and Al-O bonds, which shows that the aluminum

initially in coordination (VI) in metakaolin occupies the coordination (IV) in ge-
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opolymers [29]. The shoulder around 547 - 566 cm™ expresses the deformation
vibrations of the Si-O-Si and Si-O-Al bonds of the network [24]. Finally, the ab-
sorption bands around 408 - 428 cm™ and 382 - 392 cm™, characteristic of vibra-
tions of Ti-O and Fe-O bonds. No new link was established due to the presence of
sludge.
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Figure 3. Initial and final setting times.
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Figure 4. FTIR spectra of (a) MKSO0, (b) MKS5 and (c) (MKS10).
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3.2.3. Linear Shrinkage

Figure 5 indicates the changes of the linear shrinkage of the geopolymers as a
function of age. It increases very slightly with age for formulations without or
with 5% sludge and it increases rapidly with the addition of sludge to 10%. In
all cases, the linear shrinkage remains very low, 0.5% for MKS0, 0.6% for MKS5
and 1.7% for MKS10. The increase in shrinkage with the addition of sludge is
related to its humidity which is a measure of its water retention capacity in its
structure. That sludge used is quite high because its water content is 6.5%. In fact,
the shrinkage is due to the departure of the moisture water, a physicochemical
process of diffusion on the surface leaving voids to be filled, which generates an
internal readjustment of the system which evolves towards a more consolidated
and stable state. In general, these shrinkages remain relatively within the accepta-
ble limits of dimensional shrinkages for geopolymer binders reported by Elimbi
etal, 2011 [4].

BMKSO0 =MKSS =MKS10

Curing time (days)

Figure 5. Plots of linear shrinkage versus curing time.

3.2.4. Apparent Density

Figure 6 shows the evolution of the apparent density of the geopolymer specimens
as a function of sludge content and curing age. A decrease in apparent density is
observed, obviously with age but an increase with the addition of sludge is also
observed. This increase is more pronounced on the 21st day: 2.19 g/cm? for MKSO0,
2.49 g/cm® for MKS5 and 2.51 g/cm?® for MKS10, and on the 28th day: 1.83 g/cm®
for MKSO0, 1.90 g/cm® for MKS5 and 1.97 g/cm? for MKS10. This means that sludge
promotes the densification. Indeed, the sludge seems to promote the agglomera-

tion of particles and their rearrangement which results in a more compact struc-
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ture during the geopolymerization process, due to the progressive reduction of
water either by its integration into the poly-sialate network or by release due to
drying.

mDay21 =Day28

5 10
WTHs content (%)

Figure 6. Plots of apparent density versus WTHs content at day 21 and 28.

Figure 7 exhibits the open porosity of the cements as a function of the sludge
dosage and curing duration. There is an increase in porosity with increase in
sludge. This indicates that sludge, despite its effect of agglomeration and packag-
ing of particles, also promotes the creation of pores. Such a dense structure which
integrates pores indicates the presence of a three-dimensional interconnection
where the particles in grains are distributed inside the matrix. The whole giving a
dense network with pores which are close either to the matrix or to a grain and
others which are open [30]-[32]. Obtaining one or the other type of porosity de-
pends on several parameters including the addition of materials such as sludge in
the case of geopolymer formulations. In the present work, the sludge used was
directly introduced into the geopolymer paste. It has been demonstrated in previ-
ous works that this method generates open macroporosity characterized by pro-
nounced interconnectivity.

The porosity-density relationship in this study (1.83 - 1.97 g/cm® with 67% -
77% porosity) shows interesting parallels with S. Ma et al (2023) hierarchical po-
rous geopolymers. However, while their systems achieved porosity through tem-
plating methods, the WTHs naturally induces interconnected porosity, potentially

offering manufacturing advantages.
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Figure 7. Open porosity at day 21 and 28.

3.2.5. Compressive Strength of Geopolymer Cements

The mechanical resistance of the specimens as a function of the sludge content on
the 28" day is shown on Figure 8. The compressive strength values obtained
(14.36 - 20.04 MPa) are comparable to those reported by G. Liang et al (2022) for
lightweight geopolymer foams (8 - 15 MPa) but lower than optimized iron-rich
geopolymers such as those by reported by S. Ahmed et al (2020) achieving 25 -
35 MPa with red mud incorporation. This difference can be attributed to the
higher porosity (67% - 77%) in our WTHs-modified systems versus 45% - 60% in
red mud-geopolymers. Considering those results, the sludge acts globally as a
non-reactive filler, but with a noticeable impact on the compressive strength of
the geopolymers.

Figure 9 presents the micrographs of MKS0, MKS5 and MKS10. For a magni-
fication of 0.3X, pores are observed in all three geopolymer formulation while for
a magnification of 0.7X, pores are observed only in MKSO. This suggests that
MKSO0 has macropores while MKS5 and MKS10 have micropores. The decrease in
pore size of MKS5 and MKS10 could be explained by the addition of sludge which
occupies the voids and makes the material dense. Furthermore, it appears that in
all cases, the microstructure is more or less homogeneous with a slight difference
in the connectivity of the particles in the matrix. Macropores appear on the matrix
surface; this observation is correlated with the very high open porosity [33]. This
observation confirms the interconnected microstructure which results in a three-
dimensional structure, a configuration which is accentuated with the addition of

sludge.

DOI: 10.4236/msce.2026.142005

82 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.142005

G. Tchanang et al.

25 T
20.04

20 T
= 16.22
s
~15 1 14.36
=
i)
g
&
»
w
2
210 1
£
=3
Q

5 By

0 -

0 5
‘WTHs content (%)

Figure 8. Compressive strength versus WTHs content at day 28.

MES10 0.73 ' MES10 0.3X
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MES0 0.73 MES0 0.3X

Figure 9. Optical microscopy images of the cement pieces MKS10 ((a) and (b)), MKS5 ((c)
and (d)) and MKSO ((e) and (f)) at 0.7X and 0.3X magnifications.
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3.2.6. Physical Appearance

Figure 10 shows the physical appearance of the specimens. MKS0, the specimen
with no sludge had pale yellow color while the others are reddish due to the pres-
ence of hematite (containing Fe**) in the sludge.

The sample MKSO on the 28" day, presented some whitish areas with a saline
appearance. This observation is generally due to efflorescence favored by the fairly
slow rate of the geopolymerization process [34] [35]. Indeed, when dissolution is
slow, CO, from the air penetrates the geopolymer matrix and reacts with the al-
kaline cation to form bicarbonate. The salts formed during efflorescence are gen-
erally sodium or potassium bicarbonate or hydroxycarbonate. Regarding the source
of K* or Na* cations, they come from the solid and liquid precursors and consti-
tute the part of the initial mixture which is not involved in the geopolymer gel
network. Not only does it reduce the aesthetic appearance but also is a defect for
the durability of the product. This phenomenon did not appear on MKS5 and
MKS10 formulations which contain the sludge. This is very interesting given the
fact that efflorescence is a degrading effect. Considering that sludge contains very
little or no sodium ions to create excess of alkaline ions, hence the absence of ef-
florescence. Therefore, the role of the sludge is highlighted since it changed the
typical behavior of aluminosilicate precursors by limiting the excess of ions in the
system. The absence of efflorescence in WTHs-containing formulations contrasts
with many waste-incorporated geopolymers and suggests that the hematite-rich
sludge may act as an alkaline buffer [36], a phenomenon requiring further inves-

tigation through leaching studies and pore solution analysis.

Figure 10. Physical appearances of the samples at (a) day 1 (b) day 7 and (c) day 28.
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A Comparison has been done between some properties of the present geopolymer
cements and other works in the literature. Table 4 reports the comparison of com-

pressive strength, apparent density, and porosity values with some research works.

Table 4. Comparison of geopolymer cements properties after 28 days.

Geopolymer Cement composition

Compressive strength ~ Apparent density Related ref
elated references

(Mpa) (g/cm’?)
metakaolin + hematite rich-sludge 20.04 - 14.36 1.83-1.97 Present work
ground granulated blast furnace slag+paper sludge 42 [37]
Fly ash-based geopolymers 16.3 - 47.3 1.36 - 1.86 [38]
Rice husk ash + Blast furnace slag + Metakaolin + aggregate 48 2.070 [39]
Fly ash + Palm oil fuel ash 8.32-30.1 1.3-1.7 [40]
Class F fly ash + granulated blast furnace slag 3-48 0.72-1.6 [41]
Ground granulated blast furnace slag-based geopolymers 27 -39 1.74 - 1.77 [42]
Fly ash and slag 8.5 -47.50 1.50 - 2.45 [43]

4. Conclusion

Geopolymers cements-based metakaolin and hematite-rich sludge were made
with the aim of valorizing the sludge resulting from water treatment. Metakaolin
obtained by calcination of kaolin at 700°C, as a conventional solid precursor, was
substituted by 5% and 10% of sludge mass percentages respectively, in the formu-
lation of geopolymer cements and a formulation without 0% sludge was consid-
ered as witness. The study measured the initial and final setting times of the ce-
ments in the fresh state. Additionally, the physical, mechanical, and microstruc-
tural properties of the cement specimens after setting were compared to the ref-
erence cement without sludge. The results obtained showed that the sludge has an
accelerating effect on the setting. The aluminosilicate/sludge ratio is an important
factor to be considered to balance the low toughness of the products. The mechan-
ical resistance on day 28 was around 14 MPa with 10% sludge. The porosity and
the apparent density increased with increasing WTHs contents (up to 5% add for
porosity) (67% to 77%) and (1.83 to 1.97 g/cm?) respectively. Sludge makes it pos-
sible to obtain cements for structuring and porous materials, favorable for high
buildings and thermal insulation. These products can be used when a high poros-
ity and a low density are required, and where a limited mechanical resistance is
still acceptable. The geopolymer cements of this study are lightweight cementi-
tious materials due to the presence of the sludge. The latter is also an efficient
component due to its high reactivity and availability at a moderate environmental
cost. Numerous applications such as thermal and acoustic insulation, high-rise
construction, manufacture of membranes for filtration can be well explored beside

the well-known properties and advantages of classical geopolymers.
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