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Abstract
A new polycarboxylate, PCE, based superplasticizer was synthesized with added silica sub-microspheres, Ss (Ss-PCE), from
the synthesis of these two components, for use in Portland-cement materials. PCE was synthesized from the copolymerization
of methacrylic-acid and poly(ethylene-glycol)-methacrylate. Ss (≈200 nm) were synthesized from Stöber-method. Ss-PCE was
obtained with the addition of Ss (5% by weight-PCE). Four cement pastes and mortars were prepared. The characteristic bonds
of PCE, Ss and Ss-PCE were identified (FT-IR), the average size (HRTEM) and structure (XRD) of Ss were defined. The
hydration products of cement pastes (3, 7 and 28 curing days) were identified (XRD). The compressive strength of the mortars
was obtained (ASTM-C109/C109M-20). The success of our work was to synthesize PCE and Ss to form Ss-PCE, and to improve
the performance of cementitious materials modified with them, this offers the possibility of continuing this research later because
both PCE and Ss were synthesized, and it will be possible to delve into its behavior. In addition, was defined that the initial
hydration process of C3S in Portland cement slowed down significantly and the compressive strength of the modified mortars
was increased (3, 7 and 28 days) due to Ss-PCE.
Keywords: Portland cement, silica sub-microspheres, polycarboxylates, hydration products.

Resumen
Se sintetizó un nuevo superplastificante basado en policarboxilato, PCE, con sub-microesferas de sílice añadidas, Ss (Ss-PCE),
a partir de la síntesis de estos dos componentes, para su uso en materiales de cemento-Portland. El PCE se sintetizó por
copolimerización de ácido-metacrílico y poli(etilenglicol)-metacrilato. Ss (≈200 nm) se sintetizaron por el método de Stöber.
Ss-PCE se obtuvo por adición de Ss (5% peso-PCE). Se prepararon cuatro pastas y morteros de cemento. Se identificaron los
enlaces característicos de PCE, Ss y Ss-PCE (FT-IR), se definió el tamaño promedio (HRTEM) y la estructura (XRD) de Ss.
Se identificaron los productos de hidratación de las pastas de cemento (3, 7 y 28 días-curado) (XRD). Se obtuvo la resistencia
a compresión de morteros (ASTM-C109/C109M-20). El éxito de nuestro trabajo fue sintetizar PCE y Ss para formar Ss-PCE
y mejorar el comportamiento de los materiales cementicios modificados con ellos, esto ofrece la posibilidad de continuar esta
investigación más adelante porque se sintetizaron PCE y Ss, y se podrá profundizar en su comportamiento. Además, se definió
que el proceso inicial de hidratación del C3S en cemento Portland se ralentizó significativamente e incrementó la resistencia a
compresión de los morteros modificados (3, 7 y 28 días) debido al Ss-PCE.
Palabras clave: Cemento Portland, sub-microesferas de sílice, policarboxilatos, productos de hidratación, superplastificante.

*Corresponding author. E-mail: jalmaral@uas.edu.mx
https://doi.org/10.24275/rmiq/Proc2348
ISSN:1665-2738, issn-e: 2395-8472

Publicado por la Academia Mexicana de Investigación y Docencia en Ingeniería Química A.C. 1

mailto:jalmaral@uas.edu.mx
https://doi.org/10.24275/rmiq/Proc2348


Ungsson-Nieblas et al./ Revista Mexicana de Ingeniería Química Vol. 22, No. 3(2023) Proc2348

1 Introduction

Silica particles can be synthesized from alkoxide
precursor sources, including tetraethyl orthosilicate
(TEOS), by different mechanisms such as sol-gel
and Stöber method (Castruita-de León et al., 2018;
Reyna-Martínez et al., 2020; Huynh et al., 2020).
The silica nanoparticles added to the cement-based
materials have influence in the following aspects: a)
the compressive strength is increased, due to the fact
that they reacted with the Ca(OH)2, also known as
portlandite (P), to form additional hydrated calcium
silicate (CSH) gel, (Najigivi et al., 2013; Yu et al.,
2020) b) hydration and setting time are reduced
(Lavergne et al., 2019; Singh et al., 2013) because
improve resistance to water permeability (Ardalan
et al., 2017), c) the modified concrete durability
is enhanced since the cohesion of the interfacial
transition zone (cement paste-aggregate) is increased
because the nanopores present in them can be filled
with the silica nanoparticles (Zhuang & Chen, 2019)
and d) improve the microstructure of the cement
paste by granting greater homogeneity, density, and
compaction (Haruehansapong et al., 2014), in addition
to providing a more stable and stronger bonding
(Shih et al., 2006). The mortar and concrete, with
nanosilica (nS) dosages of 1.5% to 2.0% by weight
and coarser nanoparticles (264 nm) provide enhanced
in mechanical and durability properties compared to
the finer nanoparticles (36 nm). (Puerto Suárez et
al., 2022). In other works, nS dosages of 0.5-2% by
weigh, enhanced in 25% the mechanical properties
in cement concrete, and dosages of 4% enhanced
the compressive strength at 28 days (Raheem et al.,
2021). Cement mortar compressive strength increased
by the use of microsilica (2.8%) and nanosilica (9%)
contents, by weight, as replacement of cement content
(Kooshkaki & Eskandari-Naddaf, 2019).

A superplasticizer is structured by high molecular
weight long chain anionic surfactants with numerous
polar groups in its hydrocarbon chain, which
significantly reduces the surface tension of water
around concrete making it more fluid. The use of
superplasticizer in mixing concrete can reduce the
amount of water mixture by 20-30%, compared to the
5-10% reduction achieved with common plasticizer
admixtures, maintaining its high consistency (Kumar
Mehta & Monteiro, 2006). Superplasticizers are
classified into four major types, according to their
chemical composition: a) sulfonated melamine-
formaldehyde (SMF), b) sulfonated naphthalene-
formaldehyde condensates (SNF), c) modified
lignosulfonates (MLS), and d) polycarboxylate ether
derivatives (PCE) (Zhu et al., 2022).

The PCE are composed of two main elements:
a) the carboxylate group, which is anionic and

allows interaction with the cement surface to produce
dispersion and b) a polyethylene oxide side chain or
a mixture of polyethylene-polypropylene to increase
dispersion (Lei et al., 2022). PCE eliminates the
segregation of concrete, gives it excellent dispersion
of cement particles in water and accelerates the
rate of hydration, setting and hardening (Khudhair
et al., 2018), therefore, it increases the compressive
strength and workability of concrete (Pereira et al.,
2012), which increases the surface potential force,
the solid-liquid affinity, and the steric hindrance
(Sathyan et al., 2018; Tian et al., 2019), and
prolongs the initial and final setting times (Zhao
et al., 2018). PCE superplasticizers were used to
modify the surface of the sand in the preparation
of the cement mortar and increased its compressive
strength at 7 and 28 days of age (Noaman et al.,
2020). Cement pastes treated with polycarboxylate
synthesized with ester-based had better behaviour
of dispersibility, fluidity retention and viscosity than
those treated with polycarboxylate with amide-based
(Lin et al., 2021). PCE copolymers based on isoprenyl
ether, vinyl, allyl, and methacrylate macromonomers
were synthesized and it was found that those with
higher hydrophilic-lipophilic balance (HLB) values
significantly reduced the plastic viscosity of mortars
and concretes and low water-to-cement ratios. PCEs
based on allyl ether-maleic acid showed very high
HLB values, while methacrylate-ester and PCE vinyl
ether were very low (Lange & Plank, 2015). A low
sensitivity PCE (P-DMG) was synthesized from the
copolymerization of esterified macromonomers with
hydroxyethyl acrylate, acrylic acid, 4-hydroxybutyl
vinyl polyoxyethylene ether, and acryloyloxyethyl
trimethyl ammonium chloride, and the P-DMG
showed better performance than the conventional
polycarboxylates, because it reduced the water/cement
ratio, the temperature and its workability (Guan
et al., 2020). A PCE with longer polyoxyethylene
side chains was synthesized and less retarding
influence on cement hydration and rapid early strength
development of hardened concrete were achieved
(Xia et al., 2020). A polyamidoamine dendrimer-
based polycarboxylic superplasticizer (DPC) with a
crosslinked emanative structure was synthesized by
simple free radical polymerization. Its addition to the
cement paste produced a delay in the heat of hydration,
reducing it at an early age (3 and 7 days) and with
a substantial increase in its compressive strength than
blank cement samples (Zhao et al., 2018).

The nS were modified with PCE under microwave
irradiation conditions and the PCE was grafted on the
nS surface, they were compared with unmodified nS,
both in the saturated solution of calcium hydroxide,
and it turned out that the modified nS had better
dispersion, stability, also better compatibility with
PCE, with improved fluidity of the fresh cement

2 www.rmiq.org



Ungsson-Nieblas et al./ Revista Mexicana de Ingeniería Química Vol. 22, No. 3(2023) Proc2348

paste (Huang & Wang, 2017). nS colloidal amorphous
particles dispersed in commercial PC (GnS) 15%
solids (with particles ranges between 3 and 150
nm) was used in quaternary cement formulations
comprising Portland cement (PC), limestone powder
(LS) and fly ash (FA) (Papatzani & Paine, 2018).

In an exhaustive review of the literature, we only
found one work about the synthesis and properties of
nS-doped polycarboxylate superplasticizer, however,
nS is commercial reagent with mean particle size
of 12 nm and PCE was synthesized from other
precursors different from our work, and the cement
hydration process was not analyzed (Ren et al.,
2020). The success of our work was to synthesize
the two components, PCE and Ss (average size 200
nm) to form Ss-PCE, and improve its properties
for use in cementitious materials, which offers the
opportunity to continue this research subsequently,
improve their composition (because both, Pc and
Ss are syntethyzed) and optimize the properties of
the Ss-PCE. Ss were characterized by XRD and
HRTEM. Ss, PCE and Ss-PCE were analyzed by FT-
IR. Hydration process of cement pastes was analyzed
by XRD, and compressive strength of the mortar
was obtained at 3, 7 and 28 days. In this work, a
superplasticizer was synthesized from the coupling
of 200 nm mean size silica sub-microspheres (Ss)
with PCE, both synthesized and added to mixing
water to make cement-based materials. Ss were
characterized by XRD and HRTEM. Ss, PCE, and Ss-
PCE were analyzed by FT-IR. Hydration process of
cement pastes was analyzed by XRD, and compressive
strength of the mortar was obtained at 3, 7, and 28
days.

2 Material and methods

2.1 Materials

The superplasticizer additive was elaborated from
synthesis of Ss and PCE. For synthesis of Ss
were necessary: tetraethylorthosilicate (TEOS,
Si(OC2H5)4), CAS No. 78-10-4 (reagent grade, 98%),
as SiO2 source, ammonium hydroxide (NH4OH), CAS
No. 1336-21-6 (ACS reagent, 28.0-30.0% NH3 basis),
as catalyst, deionized water (H2O), CAS No. 7732-
18-5, and pure ethyl alcohol (CH3CH2OH), CAS No.
64-17-5 (200 proof, anhydrous, ≥99.5%) as solvents.
For the synthesis of PCE, the following reagents were
used: poly(ethylene glycol)-methacrylate (PEG-MA,
H2C=CCH3CO2(CH2CH2O)nCH3), CAS No. 25736-
86-1 (average Mn 500, contains 900 ppm monomethyl
ether hydroquinone as inhibitor), to form the main

chain, sodium persulfate (SPS, Na2S2O8), CAS
No. 7775-27-1 (reagent grade, ≥98%), as initiator,
methacrylic acid (MAA, H2C=C(CH3)COOH), CAS
No. 79-41-4 (contains 250 ppm MEHQ as inhibitor,
99%), and 2-methyl-2-propene-1-sulfonic acid sodium
salt (MPSA, H2C=C(CH3)CH2SO3Na), CAS No.
1561-92-8 (98%), as catalysts and deionized water
as solvent. All reagents are from the Sigma-Aldrich
brand and were purchased from the Merck company.
For the manufacture of the mortar specimens, natural
sand extracted from the river and type III ordinary
Portland cement established by ASTM C150 (CPC)
CEMEX brand were purchased from the local
company, Materiales y Agregados Guasave, S.A. de
C.V., and potable water were used.

2.2 Synthesis of silica sub-microspheres
(Ss)

The Ss were synthesized by the Stöber method at room
temperature (Huynh et al., 2020; Mohammadpour et
al., 2019; Stöber et al., 1968) from 23.43 ml of
TEOS, 40 ml of EtOH, 55 ml of H2O, and 20 ml
of NH4OH. The synthesis began with the hydrolysis
of TEOS in a mixture of EtOH, H2O, and NH4OH
(catalyst), which stabilized the reaction, by generating
electrostatic repulsion due to ammonia ions (NH+4 ),
to convert the methoxy groups (SiOCH3) in silanol
(SiOH), then, this solution was stirred for 1 h, until
condensed and a gel was obtained, which was washed
in alcohol to remove chemical residues, filtered for
24 h, then centrifuged to separate the solids from the
solvent to obtain powders (Ss). In Figure 1 is shown
the obtaining powders (Ss) by the Stöber method.

2.3 Synthesis of the polycarboxylate (PCE)
and superplasticizer (Ss-PCE)

The synthesis of PCE and Ss-PCE. PCE was
synthesized by free radical copolymerization of MAA
and PEG-MA, following procedures described before
(Plank et al., 2008, 2009). 100 ml of deionized water,
12.9 ml of MAA, and 50 ml of PEG-MA were added
in a Vessel-type reactor; this solution was stirred for
5 minutes, then, 3 gr of MPSA (dissolved in 15 ml
of deionized water) was added and stirring continued
for 15 minutes. Subsequently, the pH was set to 9
and an aqueous solution of 1.5 g of SPS, as initiator,
in 15 ml of deionized water was added, to start the
polymerization, which was carried out at 80 °C for 1
h. The reaction mixture was then allowed to cool down
to room temperature.Ss-PCE was synthesized from a
mixture of PCE and Ss. This mixture was formed by
adding 5 % by weight of Ss to the PCE, then stirred
for 15 minutes at room temperature (Figure 2).
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2.4 Cement paste mixes and mortar mixes

Four cement pastes mixes were prepared according
with ASTM C305-20: 1) Cement paste without
additives (CP), 2) Cement paste with the addition of
Ss (SsP), 3) Cement paste with the addition of PCE

(PCEP), and 4) Cement paste with addition of Ss-PCE
(Ss-PCEP). The mixing water was modified for SsP,
PCEP, and Ss-PCEP, with the addition of correspond
dosage of Ss, PCE, and Ss-PCE, respectively, and
stirred by 30 minutes (Figure 3). Table 1 shows the
dosages of the compounds for each paste mixture type.

Table 1. The dosages of the compounds for each paste mixture type.
Sample w/c Ss (%wt, Portland cement) PCE (%wt, Portland cement) Ss-PCE (%wt, Portland cement)

CP 0.4 - - -
SsP 0.4 1 - -

PCEP 0.4 - 1 -
Ss-PCEP 0.4 - - 1

4 www.rmiq.org



Ungsson-Nieblas et al./ Revista Mexicana de Ingeniería Química Vol. 22, No. 3(2023) Proc2348

 

Manuscrito sometido a la Revista Mexicana de Ingeniería Química                  6 
 

 189 
Figure 3. Elaboration of cement pastes modified with PCE, Ss and Ss-PCE. 190 
Table 1 shows the dosages of the compounds for each paste mixture type. 191 
 192 
Table 1. The dosages of the compounds for each paste mixture type. 193 
Sample w/c Ss 

(%wt, 
Portland 
cement) 

PCE 
(%wt, 
Portland 
cement) 

Ss-PCE 
(%wt, 
Portland 
cement) 

CP 0.4 - - - 
SsP 0.4 1 - - 
PCEP 0.4 - 1 - 
Ss-PCEP 0.4 - - 1 

 194 
Four types of mortar mixtures were designed according with ASTM C305-20. A reference 195 
mortar, RM and three modified mortars with PCE (PCEM), Ss (SsM) and Ss-PCE (Ss-196 
PCEM) at cured age of 3, 7 and 28 days were made. The addition of the superplasticizer was 197 
carried out under the same procedure as in the preparation of the cement pastes (Figure 4).  198 

 199 
Figure 4. Elaboration of cement mortars modified with PCE, Ss and Ss-PCE. 200 
Table 2 shows the dosages of the mixtures for 1 m3 of mortar, for RM, SsM, PCEM, and Ss-201 
PCEM. Ratio w/c, and amounts of cement Portland (kg) and fine aggregate (kg) are constants, 202 
while the amount of Ss, PCE, and Ss-PCE is 1% wt. cement Portland for SsM, PCEM, and 203 
Ss-PCEM, respectivelly. 204 
Table 2. The dosages of the mixtures for 1 m3 of mortar. 205 
Sample w/c Cement 

Portland 
(kg) 

Fine 
aggregate 
(kg) 

Ss (% wt. 
cement 
Portland) 

PCE (% wt. 
cement 
Portland) 

Ss-PCE (% 
wt. cement 
Portland) 

RM 0.4 1333 3667 0 0 0 
SsM 0.4 1333 3667 1 0 0 
PCEM 0.4 1333 3667 0 1 0 
Ss-
PCEM 

0.4 1333 3667 0 0 1 

2.5 Characterizations 206 

The microstructural, size and morphology of Ss were analyzed by high-resolution 207 
transmission electron microscopy (HRTEM) in a JEOL JEM-2200FS+Cs equipped with a 208 

Figure 4. Elaboration of cement mortars modified with PCE, Ss and Ss-PCE.

Table 2. The dosages of the mixtures for 1 m3 of mortar.
Sample w/c Cement Portland Fine aggregate Ss PCE Ss-PCE

(kg) (kg) (% wt. cement Portland) (% wt. cement Portland) (% wt. cement Portland)

RM 0.4 1333 3667 0 0 0
SsM 0.4 1333 3667 1 0 0

PCEM 0.4 1333 3667 0 1 0
Ss-PCEM 0.4 1333 3667 0 0 1

Four types of mortar mixtures were designed
according with ASTM C305-20. A reference mortar,
RM and three modified mortars with PCE (PCEM),
Ss (SsM) and Ss-PCE (Ss-PCEM) at cured age
of 3, 7 and 28 days were made. The addition of
the superplasticizer was carried out under the same
procedure as in the preparation of the cement pastes
(Figure 4).

Table 2 shows the dosages of the mixtures for 1
m3 of mortar, for RM, SsM, PCEM, and Ss-PCEM.
Ratio w/c, and amounts of cement Portland (kg) and
fine aggregate (kg) are constants, while the amount of
Ss, PCE, and Ss-PCE is 1% wt. cement Portland for
SsM, PCEM, and Ss-PCEM, respectively.

2.5 Characterizations

The microstructural, size and morphology of Ss were
analyzed by high-resolution transmission electron
microscopy (HRTEM) in a JEOL JEM-2200FS+Cs
equipped with a spherical aberration corrector in the
condenser lens and operated at an accelerating voltage
of 200 kV.

The main bonds of Ss, PCE, and Ss-PCE
were characterized by Fourier transform infrared
spectroscopy (FT-IR), using an Infrared spectrometer,
Bruker brand model Vertex70. For the analysis, the
samples were pulverized in an agate mortar and
deposited on the diamond surface of the attenuated
total reflectance (ATR) system, the analysis was
performed in the wavelenght range between 4000-400
cm−1, the instrument has a fixed spectral resolution of
4 cm−1.

The composition phase of Ss and cement pastes
mixes were identified for the powder X-ray diffraction
(XRD) technique. The analysis was carried out in a
Bruker D8 Discover brand diffractometer. The samples
were pulverized in an agate mortar and placed in
a sample holder, the powder was compressed to
compact. X-rays with a wavelength = 1.5406 Å,

operated at 35 kV and 25 mA, were used, the
crystalline phases were identified using the 2013 PDF4
+ database of the International Center for Diffraction
Data (ICDD).

The compressive strength was evaluated for the
mortar samples, according to ASTM C109/C109M-
20 (ASTM-International, 2021), using INSTRON
600DXR2081 universal testing machine at a crosshead
speed of 1 mm/min with a span ratio of 16:1. Three
5X5X5 cm cubic mortar specimens for each age (3,7,
and 28 days) were made, then covered with a plastic
film to prevent moisture loss and after 24 hrs they were
removed from the mold and cured in immersion until
they were tested.

3 Results and discussion

3.1 Ss size (High-resolution transmission
electron microscope, HRTEM)

Figure 5 shows a HRTEM micrograph of the silica
obtained by the Stöber method, this confirms the
synthesis of monodisperse and spherical particles with
an average diameter of 200 nm. This average was
obtained with the measure of 210 nanoparticles, which
showed homogeneous size distribution and uniformly
dispersed in the area and diameters in the range of 194
to 209 nm.

3.2 Ss structure (X-ray diffraction)

Figure 6 shows the XRD pattern corresponding to the
Ss obtained by the Stöber method. The diffractogram
shows a broad band with a maximum peak at 2θ =
23°, that confirms that the Ss are composed of non-
crystalline silica.
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spherical aberration corrector in the condenser lens and operated at an accelerating voltage 209 
of 200 kV.  210 
The main bonds of Ss, PCE, and Ss-PCE  were characterized by Fourier Transform Infrared 211 
Spectroscopy (FT-IR), using an Infrared spectrometer, Bruker brand model Vertex70. For 212 
the analysis, the samples were pulverized in an agate mortar and deposited on the diamond 213 
surface of the Attenuated Total Reflectance (ATR) system, the analysis was performed in the 214 
wavelenght range between 4000-400 cm-1, the instrument has a fixed spectral resolution of 4 215 
cm-1.  216 
The composition phase of Ss and cement pastes mixes were identified for the powder X-ray 217 
diffraction (XRD) technique. The analysis was carried out in a Bruker D8 Discover brand 218 
diffractometer. The samples were pulverized in an agate mortar and placed in a sample 219 
holder, the powder was compressed to compact. X-rays with a wavelength = 1.5406 Å, 220 
operated at 35 kV and 25 mA, were used, the crystalline phases were identified using the 221 
2013 PDF4 + database of the International Center for Diffraction Data (ICDD).  222 
The compressive strength was evaluated for the mortar samples, according to ASTM 223 
C109/C109M-20 (ASTM-International, 2021), using INSTRON 600DXR2081 Universal 224 
Testing Machine at a crosshead speed of 1 mm/min with a span ratio of 16:1. Three 5X5X5 225 
cm cubic mortar specimens for each age (3,7, and 28 days) were made, then covered with a 226 
plastic film to prevent moisture loss and after 24 hrs they were removed from the mold and 227 
cured in immersion until they were tested. 228 
3. Results and discussion 229 

3.1 Ss size (High-resolution transmission electron microscope, HRTEM) 230 

Figure 5 shows a HRTEM micrograph of the silica obtained by the Stöber method, this 231 
confirms the synthesis of monodisperse and spherical particles with an average diameter of 232 
~ 200 nm. This average was obtained with the measure of 210 nanoparticles, which showed 233 
homogeneous size distribution and uniformly dispersed in the area and diameters in the range 234 
of 194 to 209 nm. 235 

 236 

Figure 5. HRTEM micrograph of the silica obtained
by the Stöber method, where monodisperse and
spherical particles with a mean diameter of 200 nm
are observed.
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Figure 5. HRTEM micrograph of the silica obtained by the Stöber method, where 237 
monodisperse and spherical particles with a mean diameter of ~200 nm are observed. 238 

3.2 Ss structure (X-ray diffraction) 239 

Figure 6 shows the XRD pattern corresponding to the Ss obtained by the Stöber method. The 240 
diffractogram shows a broad band with a maximum peak at 2θ = 23°, that confirms that the 241 
Ss are composed of non-crystalline silica. 242 

 243 

Figure 6. X-ray diffraction pattern of Ss. 244 

3.3 Proposed Reaction Mechanism of Ss, PCE and Ss-PCE 245 

Figure 7 shows a scheme of proposed reaction mechanism. In a) Ss formation with OH 246 
groups by the Stöber method is shown. In b),  PCE formation by free radical 247 
copolymerization of PEG-MA and MAA is indicated, using MPSA as catalyst. In c), Ss-PCE 248 
formation from a mixture of PCE and Ss, which the Ss are coated with the carboxylate, 249 
through OH groups on the surface of the Ss. Then, if an alkaline medium is present, it enables 250 
the condensation of the PCE with the Ss, achieving anchorage through Si-O- covalent bonds 251 
(C. Ren et al., 2020). 252 
 253 

Figure 6. X-ray diffraction pattern of Ss.
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 254 
Figure 7. Scheme of proposed reaction mechanism of Ss, PCE and Ss-PCE. 255 

3.4 Ss, PCE, and Ss-PCE characteristics bonds (Fourier transform infrared 256 
spectroscopy, FT-IR) 257 

Figure 8 shows the FT-IR spectra of: a) Ss, b) PCE, and c) Ss-PCE. In a), the band at 3420 258 
cm-1 is attributed to OH bonding in stretch-type vibration mode in Si-structures. The bands 259 
observed at 1080 cm-1 and 800 cm-1 are associated to the stretching asymmetric vibration of 260 
Si-O-Si bonds and the band at 950 cm-1 can be attributed to Si-OH stretching (Vlasenkova et 261 
al., 2019). In b), the broad band observed at 3435-3410 cm-1 is attributed to stretching O-H 262 
bonds due to hydrogen bond formation (Lv et al., 2012; Ma, 2010), the bands shown at 2921-263 
2869 cm-1 are associated with CH2, CH3 bonds, present in the methyl/methylene group in the 264 
chain. In the interval 1728-1716 cm–1 appears a band corresponding to COO- and in 1647-265 
1634 cm-1 attributed to the –OH bonds present in H2O. The 1570-1549 cm-1 band is a 266 
characteristic of the asymmetric strain of COO–, part of a carboxylic group of a metal salt. 267 
The bands from 1116 cm-1 to 1102 cm-1 are attributed to ether-binding characteristics to C-268 
O-C asymmetric strain vibration of aliphatic ethers (B. Chen, 2013; Ghorab et al., 2012; 269 
Habbaba et al., 2013). The bands observed between 955-947 cm-1 are associated with the 270 
type of CH3 bending vibration, of the methyl functional group adjacent to a carbon atom, and 271 
at 849-835 cm-1 to the bending of CH3, the methyl group adjacent to an oxygen atom. In c), 272 

Figure 7. Scheme of proposed reaction mechanism of Ss, PCE and Ss-PCE.

3.3 Proposed Reaction Mechanism of Ss,
PCE and Ss-PCE

Figure 7 shows a scheme of proposed reaction
mechanism. In a) Ss formation with OH groups by
the Stöber method is shown. In b), PCE formation by
free radical copolymerization of PEG-MA and MAA
is indicated, using MPSA as catalyst. In c), Ss-PCE
formation from a mixture of PCE and Ss, which the Ss
are coated with the carboxylate, through OH groups
on the surface of the Ss. Then, if an alkaline medium
is present, it enables the condensation of the PCE with
the Ss, achieving anchorage through Si-O- covalent
bonds (Ren et al., 2020).

3.4 Ss, PCE, and Ss-PCE characteristics
bonds (Fourier transform infrared
spectroscopy, FT-IR)

Figure 8 shows the FT-IR spectra of: a) Ss, b) PCE,
and c) Ss-PCE. In a), the band at 3420 cm−1 is
attributed to OH bonding in stretch-type vibration
mode in Si-structures. The bands observed at 1080
cm−1 and 800 cm−1 are associated to the stretching
asymmetric vibration of Si-O-Si bonds and the band
at 950 cm−1 can be attributed to Si-OH stretching
(Vlasenkova et al., 2019). In b), the broad band
observed at 3435-3410 cm−1 is attributed to stretching
O-H bonds due to hydrogen bond formation (Lv et al.,
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the characteristic bands corresponding to Ss (950 and 800 cm-1) and PCE (3435-3410 cm-1, 273 
2921-2869 cm-1, 1728-1716 cm–1, 1647-1634 cm-1, 1570-1549 cm-1, 1116-1102 cm-1, 955-274 
947 cm-1 and 849-835 cm-1), which shows that Ss-PCE is formed, because were founded 275 
chracteristic bonds of both compose, Ss and PCE. In addition, a shoulder was identified at 276 
1150 cm-1, this is attributed to the presence of the Si-O-C bond (A.S. Zakirov et al., 2007; J. 277 
Essmeister et al., 2023) which indicates the condensation between the OH groups present on 278 
both, Ss surface and PCE (Figure 8), this confirms the successful formation of Ss-PCE.  279 
 280 

 281 
Figure 8. The FT-IR spectra of: a) Ss, b) PCE, and c) Ss-PCE. 282 

 283 

3.5 Hydration process of modified cement pastes (X-ray diffraction) 284 

Figure 9 show the XRD patterns of four series of samples, CP, SsP, PCEP, and Ss-PCEP, for 285 
curing ages of 3, 7 and 28 days. In CP and SsP , the intensity of the peaks of the crystalline 286 
phase that corresponds to Ca(OH)2, calcium hydroxide (Portlandite, P), increases with the 287 
curing time, which is attributed to continuous hydration of the C2S, dicalcium silicate 288 
(Larnite, L), and C3S, tricalcium silicate phases (Hatrurite, H). Furthermore, it is also possible 289 
to detect the characteristic XRD peaks of non-hydrated calcium silicates (L, H) and it is 290 
observed that the intensity decreases with the curing time. Meanwhile, the intensity of the 291 
peak that characterizes the CSH superimposed on that of CaCO3, calcium carbonate (Calcite, 292 

Figure 8. The FT-IR spectra of: a) Ss, b) PCE, and c)
Ss-PCE.

2012; Ma, 2010), the bands shown at 2921-2869 cm−1

are associated with CH2, CH3 bonds, present in the
methyl/methylene group of the chain. In the interval
1728-1716 cm−1 appears a band corresponding to
COO- and in 1647-1634 cm−1 attributed to the -OH
bonds present in H2O. The 1570-1549 cm−1 band is
a characteristic of the asymmetric strain of COO−,
part of a carboxylic group of a metal salt. The bands
from 1116 cm−1 to 1102 cm−1 are attributed to ether-
binding characteristics to C-O-C asymmetric strain
vibration of aliphatic ethers (Chen, 2013; Ghorab et
al., 2012; Habbaba et al., 2013). The bands observed
between 955-947 cm−1 are associated with the type
of CH3 bending vibration, of the methyl functional
group adjacent to a carbon atom, and at 849-835 cm−1

to the bending of CH3, the methyl group adjacent
to an oxygen atom. In c), the characteristic bands
corresponding to Ss (950 and 800 cm−1) and PCE
(3435-3410 cm−1, 2921-2869 cm−1, 1728-1716 cm−1,
1647-1634 cm−1, 1570-1549 cm−1, 1116-1102 cm−1,
955-947 cm−1 and 849-835 cm−1), which shows that
Ss-PCE is formed, because were founded chracteristic
bonds of both compose, Ss and PCE. In addition, a
shoulder was identified at 1150 cm−1, this is attributed
to the presence of the Si-O-C bond (A.S. Zakirov et
al., 2007; J. Essmeister et al., 2023) which indicates
the condensation between the OH groups present on
both, Ss surface and PCE (Figure 7), this confirms the
successful formation of Ss-PCE.

3.5 Hydration process of modified cement
pastes (X-ray diffraction)

Figure 9 show the XRD patterns of four series of
samples, CP, SsP, PCEP, and Ss-PCEP, for curing ages
of 3, 7 and 28 days. In CP and SsP , the intensity
of the peaks of the crystalline phase that corresponds
to Ca(OH)2, calcium hydroxide (Portlandite, P),
increases with the curing time, which is attributed to
continuous hydration of the C2S, dicalcium silicate
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C) increases with the age of hydration, this change is also related to the progress of hydration 293 
for 28 days (Madadi & Wei, 2022). The peaks that characterize to CaCO3 (C) could also be 294 
detected in the diffraction patterns and overlap with those CSHs. Finally, even when the 295 
percentage of Ss added to the sample (SsP) is low, a lower intensity of the C2S (L) phase is 296 
observed. In this sense, a pozzolanic reaction by the presence of the Ss was detected (L. Zhao 297 
et al., 2017). 298 
In PCEP and Ss-PCEP, is confirmed the formation of the CSH and Ca(OH)2 (P) phases as 299 
the main hydration products. The peaks that characterize the anhydrous cement clinker C2S 300 
(L) and CaCO3 (C) can also be clearly observed in the XRD patterns. It can be observed that 301 
the intensities of the diffraction peaks, which characterize C3S (H) and C2S (L) decrease with 302 
the curing time. It can be clearly seen that the characteristic peaks of Ca(OH) 2 (P) have a 303 
lower intensity of the XRD peaks, which is correlated with the presence of PCE in Portland 304 
cement, and that delays the evolution of this crystalline phase. The retarding effect on the 305 
hydration process is in agreement with the previous literature (Q. Ren et al., 2014). 306 

 307 
Figure 9. The X-ray diffraction patterns of the four series of samples, CP, SsP, PCEP, and 308 
Ss-PCEP. 309 

3.6 Compressive strength of mortars (ASTM C109/C109M-20) 310 

Figure 10 shows the compressive strength of RM, PCEM, SsM, and Ss-PCEM at cured age 311 
of 3, 7 and 28 days. The results of PCEM show that PCE did not influence in the compressive 312 
strength of cement mortar at 3 days of cured, compared with RM. This could be because the 313 
PCE present higher adsorption capacity and could be adsorbed through their functional 314 
groups in the cement (superficial layer of its particles) and this process hinders its early 315 
hydration and slows it (C. Ren et al., 2020). However, this property increased 19.2 and 16.7 316 
%, respectively, at 7 and 28 days. This behavior can be attributed to the fact that the 317 
polycarboxylate, due to their comb structure, were adsorbed on the surface of the cement 318 
particles and its side chains extended to the liquid phase, which produced a steric repulsion 319 
between the cement and thus generates an electrostatic repulsion to produce the glue 320 

Figure 9. The X-ray diffraction patterns of the four
series of samples, CP, SsP, PCEP, and Ss-PCEP.

(Larnite, L), and C3S, tricalcium silicate phases
(Hatrurite, H). Furthermore, it is also possible to
detect the characteristic XRD peaks of non-hydrated
calcium silicates (L, H) and it is observed that the
intensity decreases with the curing time. Meanwhile,
the intensity of the peak that characterizes the CSH
superimposed on that of CaCO3, calcium carbonate
(Calcite, C) increases with the age of hydration, this
change is also related to the progress of hydration
for 28 days (Madadi & Wei, 2022). The peaks that
characterize to CaCO3 (C) could also be detected in
the diffraction patterns and overlap with those CSHs.
Finally, even when the percentage of Ss added to the
sample (SsP) is low, a lower intensity of the C2S (L)
phase is observed. In this sense, a pozzolanic reaction
by the presence of the Ss was detected (Zhao et al.,
2017).

In PCEP and Ss-PCEP, is confirmed the formation
of the CSH and Ca(OH)2 (P) phases as the main
hydration products. The peaks that characterize the
anhydrous cement clinker C2S (L) and CaCO3 (C)
can also be clearly observed in the XRD patterns. It
can be observed that the intensities of the diffraction
peaks, which characterize C3S (H) and C2S (L)
decrease with the curing time. It can be clearly seen
that the characteristic peaks of Ca(OH)2 (P) have a
lower intensity of the XRD peaks, which is correlated
with the presence of PCE in Portland cement, and
that delays the evolution of this crystalline phase.
The retarding effect on the hydration process is in
agreement with the previous literature (Ren et al.,
2014).

3.6 Compressive strength of mortars
(ASTM C109/C109M-20)

Figure 10 shows the compressive strength of RM,
PCEM, SsM, and Ss-PCEM at cured age of 3, 7
and 28 days. The results of PCEM show that PCE
did not influence in the compressive strength of
cement mortar at 3 days of cured, compared with
RM. This could be because the PCE present higher
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 337 
Figure 10. Compressive strength of mortars: reference (RM) and modified (PCEM, SsM, 338 
and Ss-PCEM). 339 

Conclusions 340 

Polycarboxylate-based superplasticizer with added silica sub-microspheres for use in 341 
Portland cement materials was synthesized successfully, according to follow: 342 
The Ss were synthesized by the Stöber method, which was verified by observing their  343 
average size of 200 nm (HRTEM) and amorphous structure (XRD). 344 
A proposal for reaction mechanism were established about Ss formation with OH groups by 345 
the Stöber method is shown, PCE formation by free radical copolymerization of PEG-MA 346 
and MAA, using MPSA as catalyst, and Ss-PCE formation from a mixture of PCE and Ss, 347 
which the Ss are linked with the PCE through OH groups of both. 348 
The synthesis of PCE, Ss, and Ss-PCE was verified by identifying their characteristic bonds 349 
(FT-IR), CH2, CH3, C-O-C, and COO- for PCE, Si-O-Si, and Si-OH for Ss, and the presence 350 
of bonds of both components for Ss-PCE, moreover, a shoulder was identified at 1150 cm-1, 351 
this is attributed to the presence of the Si-O-C bond. 352 
The slowing down of hydration at early ages of cement in reference cement paste and 353 
modified with PCE, Ss, and Ss-PCE, was demonstrated by the identification of their 354 
hydration products (E, P, CSH, C, H, and L), at curing ages of 3, 7, and 28 days (XRD) , due 355 

Figure 10. Compressive strength of mortars: reference
(RM) and modified (PCEM, SsM and Ss-PCEM).

adsorption capacity and could be adsorbed through
their functional groups in the cement (superficial layer
of its particles) and this process hinders its early
hydration and slows it (Ren et al., 2020). However,
this property increased 19.2 and 16.7 %, respectively,
at 7 and 28 days. This behavior can be attributed to
the fact that the polycarboxylate, due to their comb
structure, were adsorbed on the surface of the cement
particles and its side chains extended to the liquid
phase, which produced a steric repulsion between the
cement and thus generates an electrostatic repulsion to
produce the glue breakdown. During this interaction,
an aqueous film composed of the dissolving agent
is formed on the surface of the cement particles,
which, in addition to presenting some mechanical
resistance, also has the characteristic of lubricating
the spaces between the particles and the aggregates
of the cement mixture. In addition, the structure of
the mortar become more compact because the cement
has a flocular structure that promotes the hydration
of its grout, which positively influences a uniform
dispersion. The carboxylate group present in the
polycarboxylate may have the ability to easily form a
complex with the hydrated Ca2+ present in the cement,
this increases the bond strength between cementitious
materials and allows reducing the amount of mixing
water needed, shrinkage in capillary and internal pore
size, this translates into more compact microcracks
that improve the resistance of the mortar (J. Chen et
al., 2022). The compressive strength of SsM decreased
slightly in 6.5 % at 3 days of cured , compared with
RM, however, increased 13.9 and 3.6%, at 7 and 28
days, respectively. This enhancing can be attributed
to pozzolanic reaction during the cement hydration
process. Also, the Ss would have the ability of fill the
pores present in the cement matrix (Haruehansapong
et al., 2014; Jo et al., 2007). The compressive strength
of Ss-PCEM increased, compared to RM, in 40, 46.7
and 32.35 %, for all curing ages studied, 3, 7, and

28 days, respectively. These results can be explained
by the particular behavior of PCEs and Ss, detailed
above. For the PCEs, by substantially improving the
dispersion of the cement particles in the Ss-PCEM,
they could have increased their compactness. On the
other hand, the Ss would favor a high polymerization
of the C-S-H gels, in addition, they could be released
from the Ss-PCE when the cement hydrates, producing
the additional pozzolanic reaction with the CH. The
previous contributions of PCE and Ss, together,
increased the compressive strength of the Ss-PCEM at
28 days (Papatzani & Paine, 2018; Ren et al., 2020).

Conclusions

Polycarboxylate-based superplasticizer with added
silica sub-microspheres for use in Portland cement
materials was synthesized successfully, according to
follow:

The Ss were synthesized by the Stöber method,
which was verified by observing their average size of
200 nm (HRTEM) and amorphous structure (XRD).

A proposal for reaction mechanism were
established about Ss formation with OH groups by
the Stöber method is shown, PCE formation by free
radical copolymerization of PEG-MA and MAA,
using MPSA as catalyst, and Ss-PCE formation from
a mixture of PCE and Ss, which the Ss are linked with
the PCE through OH groups of both.

The synthesis of PCE, Ss and Ss-PCE was verified
by identifying their characteristic bonds (FT-IR), CH2,
CH3, C-O-C and COO− for PCE, Si-O-Si and Si-OH
for Ss, and the presence of bonds of both components
for Ss-PCE, moreover, a shoulder was identified at
1150 cm−1, this is attributed to the presence of the Si-
O-C bond.

The slowing down of hydration at early ages
of cement in reference cement paste and modified
with PCE, Ss and Ss-PCE, was demonstrated by the
identification of their hydration products (E, P, CSH,
C, H and L), at curing ages of 3, 7 and 28 days (XRD) ,
due to Ca(OH)2 increased with the curing time, which
attributed to continuous hydration of the C2S and C3S.

The compressive strength of mortar add with Ss-
PCE increased, compared to reference mortar, for each
curing age (3, 7, and 28 days). due to the contribution
of its components (PCEs and Ss): the PCEs, by
substantially improving the dispersion of the cement
particles in the Ss-PCEM, and Ss would favor a high
polymerization of the C-S-H gels when the cement
hydrates, producing the additional pozzolanic reaction
with the CH.
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Nomenclature

C2S Dicalcium silicate
C3S Tricalcium silicate
CaCO3 Calcite, C
Ca(OH) 2 Portlandite, calcium hydroxide
CP Cement paste without additives
CSH Hydrated calcium silicate
DPC Polyamidoamine dendrimer-based

polycarboxylic superplasticizer
FA Fly ash
FT-IR Fourier Transform Infrared

Spectroscopy
GnS Commercial colloidal amorphous

polycarboxylate dispersed nS
particles

H - C3S Hatrurite phase
HLB Hydrophilic-lipophilic balance
HRTEM high-resolution transmission electron

microscopy
L - C2S Larnite, L
LS Limestone powder
MAA Methacrylic acid
MLS Modified lignosulfonates
MPSA 2-methyl-2-propene-1-sulfonic acid

sodium salt
nS Nanosilica
NS/PCE Nanosilica/polycarboxylate ether

derivatives
P Portlandite, calcium hydroxide
PCE Polycarboxylate
PC Portland cement
PCE Polycarboxylate ether derivatives
PCEM Mortar modified with PCE
PCEP Cement paste with the addition of

PCE
P-DMG Low sensitivity polycarboxylate

superplasticizer
PEG-MA poly(ethylene-glycol)-methacrylate
RM Reference mortar
SMF Sulfonated melamine-formaldehyde
SNF Sulfonated naphthalene-

formaldehyde condensates
SsM Mortar modified with Ss

SsP Cement paste with the addition of Ss
Ss-PCE Superplasticizers
Ss-PCEM Mortar modified with Ss-PCE
Ss-PCEP Cement paste with addition of Ss-PCE
Ss Silica sub-microspheres
TEOS Tetraethylorthosilicate
XRD X-ray diffraction
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