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ionalized manufactured sand as
the novel additive for enhancing the properties of
cement-based composites

Jiangang Wo,a Di Wang,b Ting Zhang,a Chengfang Shi,a Zhengfa Zhou, a

Aiguo Wangb and Wenping Wang *a

The extensive applications of manufactured sand (AS) in cement-based composites were restricted

because of its coarse surface texture, poor gradation and inevitable agglomeration. In this paper,

a specifically designed polycarboxylate superplasticizer (PCE) decorated manufactured sand (AS-PCE)

composite was synthesized via radical polymerization. The AS-PCE composite was characterized by

FTIR, TGA, XPS and SEM. The load of PCE on the surface of AS was ∼12 wt%. Our results show that AS-

PCE can promote cement hydration reaction and refine the microstructure of a cement-based material,

thus, reinforcing its mechanical strength. Meanwhile, the fluidity of cement mortar with 1 wt% AS-PCE

particles was increased by 35% after 1 h hydration, due to the steric hindrance effect provided by

polycarboxylate superplasticizer affiliated with AS-PCE. The AS-PCE can also significantly enhance the

mechanical strength (especially, the flexural strength was about 25% increased after curing for 28 days)

of mortar. The excellent improvements result from the synergistic effects of AS-PCE including superb

dispersibility, promotion of cement hydration reaction and the repair of interfacial defects between AS

particles and the cementitious material. The research provides a promising method for the AS application

in cement-based materials.
1. Introduction

Cement-based composite materials are the most commonly
used building materials in human society and have become an
indispensable civil engineering material for construction
infrastructures, such as bridges and buildings.1–3 With the
natural aggregate resource depletion and environmental
pollution aggravating in the last few decades, currently, it is
a hot topic to develop sustainable aggregates to replace natural
aggregates. Apart from articial geopolymer ne aggregates,
manufactured sand also produced from crushing can be an
alternative replacement of natural sand as well.4–6 It is
mentioned that such materials show a good suitability to
produce strain-hardening cement-based materials. The manu-
factured sand usually produced from hard crushing rock
depositions is generally more angular and has a rougher surface
texture than natural aggregate, which always affects the work-
ability of cementitious materials.7–9 Normally, manufactured
sand can enhance the compressive strength of concrete by
increasing biting force between aggregates.10 However, the
concrete material tends to shrink and easily causes cracks
ing, Hefei University of Technology, Hefei

eering, Anhui Jianzhu University, Hefei

08
under alkaline and low temperature conditions.11 The coarse
surface texture, poor gradation and agglomeration of manu-
factured sand always weaken the interfacial transition zones
between the manufactured sand and other aggregates in
concrete, which limits the reinforcing effect of manufactured
sand on concrete material.12,13 Consequently, the extensive
application of manufactured sand in cement-based materials is
restricted. As we know, the agglomeration and coarse surface of
microne can be weakened by incorporating some anionic
surfactants, such as polyether-based superplasticizers, poly-
carboxylate, and polycarboxylate superplasticizers.14,15

The macromolecular polycarboxylate superplasticizers are
comb-like polymers with a specic structure consisting of
a backbone holding carboxy groups and pendant polyether
chains.16,17 It can not only adsorb the inorganic powders to keep
the dispersion stable but also provide steric hindrance effects
and electrostatic repulsion effects between the cement particles
and other inorganic particles suspended in solutions, which
can signicantly improve the workability of cementitious
materials without additional water, thereby optimizing rheo-
logical behavior to accelerate the degree of cement hydro-
thermal reaction.18–20 The addition of polycarboxylate
superplasticizers can provide a stress reduction in alkali-
activated materials and also can improve the uidity of fresh
cement paste with stone powder.21,22 However, the manufac-
tured sand as an inorganic powder is difficult to keep
© 2023 The Author(s). Published by the Royal Society of Chemistry
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compatible with superplasticizers by physical blending modi-
cation. The weak interaction between inorganic powders and
superplasticizers cannot essentially solve secondary agglomer-
ation in cement matrix materials.23 Besides, the low adsorption
efficiency between the powder and the modier,24 especially the
impairment of PCE in alkaline medium,15 is difficult to ensure
the effective dispersion of inorganic powder in cementitious
materials. And superuous surfactants also may delay the
hydration process and damage the mechanical performances of
the mix.25 Therefore, the surface of manufactured sand should
be further modied to strengthen the bonding between man-
ufactured sand and mortar or concrete matrixes, so as to
improve the mechanical strength of cement matrix composites
while keeping excellent workability. Numerous types of research
have indicated that inorganic powders with decorated macro-
molecular superplasticizers can generate synergistic effects in
cement-based materials, such as better dispersion stability,26,27

excellent mechanical property,28 and promotion of hydration,29

which endows the cement-based composites with multiple
superiorities. For example, S. H. Lv et al.30 fabricated the gra-
phene oxide nanosheet decorated by polycarboxylate to rein-
force tough cement by copolymerization. Gu et al.31 graed
shrinkage reducing admixture onto the surface of nano SiO2 to
increase the strength of cement paste at later ages. However,
there has been surprisingly little research about manufactured
sand as an additive to improve the property of cement-based
materials. In this study, the macromolecular superplasticizers
were graed on the surface of manufactured sand. The obtained
modied sand can not only serve as a supplementary cementi-
tious material with excellent dispersity to ll the slight voids
between the aggregate and cementitious material, but also act
as an adhesion promoter to enhance the interactions between
different aggregate particles, which can effectively enhance the
mechanical strength of concrete material.

The chemical composition of the manufactured sand
powder is comprised of silicate minerals and mainly made of
silicon dioxide. As we know, piranha solution with strong
oxidation capacity and high acidity is formed by a mixture of
sulfuric acid and hydrogen peroxide by controlling their
proportions, which usually was used to metal etching and clean
organic pollutant from the surface of glassware and sintered
glass.32,33 Besides, the piranha solution also can create silanol
groups on inorganic matter surface by modifying the surface
structure of silicon dioxide building blocks.34–36 The silanization
of manufactured sand is inuenced by the amounts and
densities of hydroxyl group, due to the lack of hydroxyl groups
on the outer layer of manufactured sand. Thus, we used the
piranha solution to activate the manufactured sand surface. In
this study, the surface of manufactured sand powder was
functionalized by piranha solution to generate functional
moieties (hydroxyl); then the silane coupling (KH570) with
unsaturated bond was graed on the surface of hydroxylated
manufactured sand. Subsequently, the obtained composite (AS-
PCE) was prepared by isoprenyloxy polyethylene glycol, acrylic
acid, and 2-hydroxyl ethyl methacrylate phosphate. The comb-
like macromolecular affiliating to AS-PCE can provide excel-
lent dispersibility for the AS-PCE and cement particles because
© 2023 The Author(s). Published by the Royal Society of Chemistry
of the steric-hindrance effect. In the specic structure of the
organic–inorganic hybrid, the water-soluble polymer intro-
duced on the surface of manufactured sand can act as an
adhesion promoter that enhanced the interactions between the
modied sand and mortar or concrete matrixes, which can
effectively improve mechanical properties, such as the bending
strength and toughness of cement-based materials. Meanwhile,
during the hydration process, the macromolecules on the
modied sand surface can entangle the hydration products,
further can prevent the generation and the development of
microcracks in mortar or concrete composites. The AS-PCE
composite material is expected to further promote the exten-
sive application of manufactured sand serving as a ne aggre-
gate in cement composites.
2. Experimental
2.1. Materials

Acrylic acid (AA, 98%), hydrogen peroxide solution (H2O2, 30%),
3-(methylacryloxy)propyltrimethoxysilane (KH570) and iso-
prenyloxy polyethylene glycol (TPEG, Mw = 2400) were grade
products. Toluene, hydroquinone and ascorbic acid (VC) used
in this study were all analytical reagents. 2-Hydroxyethyl
methacrylate phosphate (HEMAP) was provided by Shanghai
Aladdin Chemical Technology Ltd. Ordinary Portland cement
(Po 42.5R) was provided by Anhui Conch Cement Co. Ltd.
Manufactured sand which was passed from the 75 mm sieve and
superplasticizer were provided by Anhui Tianqi Technology Co.,
Ltd.
2.2. Preparation process of AS-PCE

Firstly, the hydroxylated manufactured sand (AS-OH) powders
were prepared by dispersing manufactured sand in a “piranha”
solution (a mixture of H2SO4 and H2O2 at a 3 : 1 rate) for 4 h.
Subsequently, the AS-OH powders were isolated by centrifuga-
tion, rinsed by water and placed in a vacuum drying oven at 50 °
C overnight. Then, AS-OH (10 g), KH570 (10 g), hydroquinone
(0.1 g) and toluene were put into a suitable three-point ask
equipped with a magnetic stir bar and a condensing tube at
100 °C for 12 h (shown in Fig. 1(I)). Aerwards, the AS-KH570
was isolated by ltration and rinsed with ethanol. Finally, the
obtained AS-KH570 was dried to remove moisture in a drying
oven at 50 °C overnight.

The synthesis of modier comb-PCE graed onto the surface
of manufactured sand involves detailed steps as follows (shown
in Fig. 1(II)). Firstly, 20 g AS-KH570 was put into a three-necked
ask. Beforehand, 20 g TPEG and distilled water were added
into the ask. Then the above compound solution was vigor-
ously stirred for 15 minutes, during when 0.24 g H2O2 was
dropped. At the same time, solution A was obtained by blending
2.39 g AA, 0.7 g HEMAP and distilled water. Solution B was
obtained by adding 0.12 g VC to the distilled water. Aerwards,
the obtained solutions A and B were dropwise added into the
above ask at room temperature via peristaltic pumps. The
addition time of solutions was controlled about 2 h. When the
addition was nished, the reactant was fully stirred for another
RSC Adv., 2023, 13, 8398–8408 | 8399
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Fig. 1 Preparation process of manufactured sand coated with polycarboxylate superplasticizer.
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3 h. Finally, the obtained product was separated by centrifuga-
tion, rinsed by distilled water, then placed in a vacuum drying
oven at 60 °C for 24 h.
2.3. Preparation process of cement mortars and pastes

Cement mortars were prepared by mixing cement, water,
manufactured sand (AS), modied sand (AS-PCE) and PCE
according to Chinese standard GB 50119-2013, in which the AS-
PCE accounted for 1%, 2%, 3%, 4% and 5% of manufactured
sand by mass respectively. The sand was twice the mass of
cement. The content of PCE in cement mortar is 0.3% of cement
by mass. As shown in Table 1, the required water and PCE in
preparation of the mortar without modied sand could be ob-
tained when the mortar initial uidity was controlled at 350
mm. The specic contents are shown in Table 1. According to
the standard of GB/T 8077-2012 of China, water to cement ratio
was controlled at 0.29 by mass in this research, in which the AS
and AS-PCE accounted for 2% cement by mass respectively. The
content of water reducer in mixture is 0.3% of binder by mass.
The blending procedure is as follows: AS or AS-PCE, water and
water reducer were put in stainless steel mixer together; then,
cement was added into the above mixer at a rotation rate of
60 rpm. Aer 15 s interval, the obtained fresh cement paste was
Table 1 Mix design of different cement mortars

Cement AS (g) Water (g) PCE AS-PCE
Initial uidity
(mm)

1 h uidity
(mm)

600 1200 230 0.3% 0 350 260
600 1188 230 0.3% 12 370 350
600 1176 230 0.3% 24 372 355
600 1164 230 0.3% 36 375 360
720 1152 230 0.3% 48 376 362
720 1140 230 0.3% 60 380 365

8400 | RSC Adv., 2023, 13, 8398–8408
further stirred for additional 60 s at 500 rpm, then stirred for
another 60 s at 1500 rpm.
2.4. Characterization

The samples were dried to remove moisture at 60 °C for 24 h.
FT-IR spectrum was tested on a Nicolet spectrum analyzer by
the method of KBr holder. The graing ratio of super-
plasticizers on AS-PCE was analyzed by a simultaneous thermal
analyzer (STA449F5, Jupiter, Germany) in the N2 atmosphere
from 20 °C to 800 °C at a heating rate of 10 °C min−1.
Furthermore, AS, AS-OH, AS-KH570 and AS-PCE were dried to
constant weight in a drying oven at 50 °C for 24 h. X-ray
photoelectron spectroscopy (XPS) was carried on a Thermo
Scientic™ K-Alpha™+ spectrometer (amonochromatic Al Ka
X-ray source (1486.6 eV) running at 100 W). Samples were
measured under vacuum condition (P < 10−8 mbar which
equipped with a transmission energy of 150 eV (survey scans)).
All sample peaks would be adjusted with C 1s peak, and its
binding energy was at 284.7 eV for adventitious carbon. The
detective peaks were all tted with advantage soware. The data
was tted by XPSPEAK soware. The static surface water contact
Angles of AS and AS-PCE were computed by automatic contact
angle detector of Dataphysics OCA20 (Germany). The range of
measurement is 0–180°, and the accuracy is ±0.1°. The SEM
morphologies of AS and AS-PCE samples were obtained by
Regulus 8230 high resolution eld emission scanning electron
microscope, and the acceleration voltage was about 20 kV.
2.5. Tests of cement pastes properties

X-ray diffraction (XRD) and resolution eld emission scanning
electron microscopy (SEM) were used to investigate the degree
of cement pastes hydration process and microstructure. Three
cement pastes (plain-cement sample, AS cement samples, AS-
PCE cement samples) were prepared according to the above
© 2023 The Author(s). Published by the Royal Society of Chemistry
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cement paste mix design. Before test, these hardened pastes
were put in ethanol overnight to cease the cement hydration
process. Subsequently, the samples were dried out in a vacuum
at 50 °C for 24 h to removemoisture. The cement pastes with AS,
AS-PCE early heat of hydrations in cement were analyzed by
isothermal calorimeter (TAM Air, US). Control the temperature
of the samples store to 25 °C for 72 h.
2.6. Tests of cement mortars properties

The prismatic specimens (4 cm × 4 cm × 16 cm) for all cement
mortars were cast and stored in plastic wraps at 25 °C. All the
samples (totally 36 specimens were divided into two groups)
were prepared by the proportions of Table 1, and carried out for
the periods of 7 and 28 days measurements. Aer 24 h, the
above cement mortars were demolded and subsequently cured
under standard environment (humidity > 90%, temperature 20
± 3 °C). The measurement is followed by the standard of the
Chinese standard GB/T17671, the rate of loading for compres-
sive strength was 2400 N s−1, and the compressive and exural
strength in this research were the average values of three
replicates. The toughness (three-point bending, 3PB) of the
specimens (4 cm × 4 cm × 16 cm) were conducted using elec-
tronic universal testing machine (Model, CMT6103). The
loading rate was set up to 0.02 mm min−1, and the data
collection frequency was 2 times per second. The distance
between the centers of two fulcrums was 100mm. All specimens
were cured for 7 days under standard environment (humidity >
90%, temperature 20 ± 3 °C). The average value of the three
samples in one group was regarded as the toughness of this
group.
Fig. 2 (a) FTIR spectra of AS, AS-KH570 and AS-PCE; (b) TGA curves of
AS, AS-KH570 and AS-PCE. Inset plots: the enlargement of AS and AS-
OH; (c) XRD patterns of AS and AS-PCE.
3. Result and discussion
3.1. AS-PCE characterization

The FT-IR spectra analysis was executed to conrm the subtle
conversion of AS, AS-KH570, and AS-PCE in reaction process
and the spectra was shown in Fig. 2(a). Obviously, the broad
peaks at 1060 cm−1 resulted from the characteristic absorption
peak of Si–O bond, and the broad peaks at 3390 cm−1 were
ascribed to the stretching vibration of O–H. Aer reaction with
KH-570, several distinct peaks emerged in the relative spectrum
when compared with that of pristine AS. Peaks at 1412 and
1613 cm−1 could be ascribed to the bending vibration frequency
of CH2 and C]C, respectively. Besides, the other peak at
2917 cm−1 could be caused by the stretching vibration of CH2.
Upon treatment with polycarboxylate superplasticizer (PCE), the
stretching vibrations at 1385 and 2920 cm−1 affiliating to AS-
PCE became more intensive, resulting from that PCE which
has a great abound of CH2 has been graed onto the AS surface.
Furthermore, the characteristic peaks of AS-PCE also appeared
at 1651 and 1720 cm−1 due to the graing of C]C and COOH,
which also demonstrates the excellent bonding of AS-PCE.

TG curves of AS, AS-OH, AS-KH570, and AS-PCE were
analyzed by TGA, and the relative results were presented in
Fig. 2(b). The curve of AS indicates a slight loss at 100–200 °C
because of the removal of the absorbed water. The weight loss of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the AS-OH was higher than pure manufactured sand (AS)
ascribing to the numerous hydroxyl group enriched on the
surface of AS-OH. While the relative weight loss of AS-KH570
resulted from the removal of the coupling agent on AS-KH570
composite surface. And the thermogravimetric curve of AS-
PCE exhibited a remarkably higher weight loss compared with
that of the AS-KH570, which implied that ∼12 wt% PCE was
efficiently coated onto the AS. The phenomenon above indi-
cated that the graing modication process of AS took place
and the PCE polymerization has been successfully attached to
the surface of AS, which is more benecial to the performance
of the composite material and a strong guarantee for good
dispersion performance in the cement-based composites.
RSC Adv., 2023, 13, 8398–8408 | 8401
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Fig. 2(c) shows the XRD patterns of pristine manufactured
sand power and modied sand powder. The chemical compo-
sition of the manufactured sand powder is comprised of silicate
minerals. As shown in Fig. 2(c), the manufactured sand used in
this study is mainly made of three different crystalline forms of
silicon dioxide. The samples indicated similar XRD spectro-
grams, showing that the crystalline structures of manufactured
sand remain unchanged aer gra modication. The peaks at
26.8° and 22.1° became weaker and the intensities of crystalli-
zation peaks decreased when compared with the pristine
manufactured sand, indicating the phase of the manufactured
sand was disturbed by the proximity of PCE.37

Surface analysis of the manufactured sand was carried out
using X-ray photoelectron spectroscopy. The peaks at 102.77 eV,
149.3 eV, 285.2 eV and 532.46 eV belong to Si 2p, Si 2s, C 1s and
O 1s on the manufactured sand surface, respectively. The curve
in Fig. 3(a) which displays Si 2p, Si 2s and O 1s peaks can
correspond to pristine manufactured sand components.
Meanwhile, Fig. 3(b) and (c), display the XPS overlapping peaks
of C 1s and O 1s scans on the AS-PCE, respectively. As shown in
Fig. 3(b) C 1s of AS-PCE was tted with three peaks at 284.7,
286.3, 288.5 eV,38,39 which corresponds to the bond of C–C, C–
OH and O–C]O, severally. And O 1s XPS spectra was tted with
two peaks at 532 eV (O–C]O) and 533.2 eV (C–OH),40 respec-
tively (±0.1 eV). Apparently, the AS-OH loaded with coupling
reagent KH-570 can polymerizate with PCE, thus generating
C–C bond in the AS-PCE structure, in which the obtained peak
was concentrated at 284.7 eV. The appearance of C–OH and
O–C]O components in Fig. 3(b) and (c), conrmed that the
interaction between polycarboxylate superplasticizer and AS
had successfully occurred.

The water absorption of manufactured sand is closely asso-
ciated with the working performance of mortar and concrete
materials. The surface wettability of pristine manufactured
sand and the modied sand were shown in Fig. 4(a). The
contact angle of pristine manufactured sand is almost 0°, which
represents the high water absorption, because of its coarse
surface texture and the rough edge and corner. Aer the PCE
modication treatment, the contact angle became 26.9°, which
indicates that the gra modication can reduce the water
absorption. This may be due to the hydrophilic macromolecular
Fig. 3 The XPS survey spectra: (a) wide scan, (b) C 1s (narrow scan), and

8402 | RSC Adv., 2023, 13, 8398–8408
polymer introduced on the surface of the modied manufac-
tured sand, which provided steric hindrance from agglomera-
tion. And, the smoother surface of modied manufactured with
graed superplasticizer can further reduce the adsorption of
water. Thus, the gra modication process can effectively
reduce the negative impact of the high water absorption on
manufactured sand, which is conducive to enhancing the
dispersing performance of cement-based materials.

Fig. 4(b) presents the SEM images of pristine sand and the
modied sand, in which clusters and angular morphologies of
pristine manufactured sands are observed. Whereas the image
of AS-PCE hybrid particles shows that the AS-PCE has a much
smaller particle size and better dispersion performance, and
essentially smoother surface morphology. This implies that
graing modication decreases the surface energy of AS parti-
cles, thus avoiding the agglomeration due to manufactured
sand powder and achieving a more uniform size.
3.2. Dispersing properties of AS/AS-PCE in alkaline
conditions

Fig. 5(a) shows the peak absorbance values of UV-vis spec-
trometer for AS-PCE and AS with coincident concentration of 1
g/100 mL in pore, Ca(OH)2, KOH and NaOH solutions with
regard to time. Before the test, the above solutions were ultra-
sonically dispersed for 15 minutes. Signicantly, the values of
AS-PCE samples were evidently higher than the correlative
values for AS samples in all instances. The relative results
showed that the dispersion property of AS-PCE was better than
that of AS in alkaline environment. Whereas the peak absor-
bance results of AS and AS-PCE were no remarkable difference
in the Ca(OH)2 solutions. This can be due to the reduction of the
steric hindrance effect provided PCE as a result of calcium-
crosslinking with carboxy and phosphate affiliating to AS-PCE.
Unlike the AS solutions, in which initial agglomerations were
observed, no immediate agglomerations for AS-PCE solutions
were detected upon its addition into the above solutions in
Fig. 5(b). During the rst 60 min, the values of absorbance
decreased, relating to the deposition of AS and AS-PCE in the
cuvettes. At 1 h aer shaking the solutions, the absorbance of
AS-PCE can be greatly recovered than that of AS. The better
(c) O 1s (narrow scan) of AS-PCE.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The contact angles of AS and AS-PCE; (b) SEM images of AS and AS-PCE.

Fig. 5 (a) Peak absorbance of AS/AS-PCE in pore, KOH, NaOH and
Ca(OH)2 solutions; (b) visual observation of AS/AS-PCE dispersion in
different solutions were captured at t = 0 min, 1 h and 1 h with
immediate shake, respectively.

Fig. 6 Effects of AS-PCE on cement mortar initial and 1 h fluidities.
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dispersity and stability of AS-PCE in alkaline environments were
because of the structure of macromolecular chain coating on
AS-PCE which provides steric hindrance and some Pore KOH
NaOH Ca(OH)2 Pore KOH NaOH Ca(OH)2 Pore KOH NaOH
Ca(OH)2 functional groups. The synergistic function of
hindrance effects and hydrolysis of ester group in alkaline
environment guaranteed superb dispersion. The results above
© 2023 The Author(s). Published by the Royal Society of Chemistry
mean during the initial and 60 min mixture procedure, AS-PCE
can be well dispersed in cement matrix, which guarantees the
excellent workability of cement-based materials.
3.3. Workability

Proverbially, the excellent workability is an essential indicator
to guarantee the homogeneity of the cement matrix composites.
Nevertheless, the inclusion of pristine AS with a much rough
surface texture in cement-basedmaterials demanded additional
water to moisten the coarse surface and seriously decreased the
uidity, leading to the increase of viscosity and porosity. In this
research, the uidity of fresh mortars at different AS-PCE
dosages replacing AS was assessed using a “mini-slump”
measurement. The results about initial and 1 h uidities were
presented in Fig. 6. The mortar without AS-PCE presented poor
uidity. The reason is that the manufactured sand as an inor-
ganic powder is difficult to keep compatible with super-
plasticizers by physical modication. And the weak interaction
between the pristine sand and superplasticizer cannot essen-
tially solve secondary agglomeration and poor gradation of
manufactured sand. As expected, it can be clearly observed that
Inset plot: the increase rate of mortar fluidity.
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the initial and 1 h slurry uidities of mortars gradually
increased with the adulteration of AS-PCE. The uidity of
cement mortar with 1 wt% AS-PCE particles was increased by
35% aer 1 h hydration. The carboxylic and phosphate groups
in PCE structure graed on the manufactured sand surface can
be served as adsorption groups to improve the adsorption
capacity, hence the dispersing performance of modied sand
for mortar materials can be enhanced. And, the large molecular
polyether chains coated on AS-PCE also provided a larger steric
hindrance, through which the agglomeration of the inorganic
powder was weakened. Meanwhile, the water-soluble polymers
on the surface of AS-PCE also can better disperse cement
particles, causing better fresh cement mortars uidity. Aer 1 h
hydration, compared with the samples without AS-PCE, the
uidity with AS-PCE had increased by ∼35% only at a dosage of
1% wt of AS, and the uidity also increased gradually with the
increase of AS-PCE. The reason is sufficient anionic groups have
been introduced to the surface of modied sand and increased
the negative charge density, thus the electrostatic repulsive
dispersion between cement particles and the modied sand can
be increased. Besides, the interaction between PCE and man-
ufactured sand was stronger by the formation of chemical
bonds, and the secondary agglomeration in powders was diffi-
cult to occur, causing better slurry uidity retention behavior.
Finally, the hydrolysis of ester group on the surface of AS-PCE in
alkaline environment also can effectively postpone the loss of
uidity, which could explain why AS-PCE doped in cement
mortar exhibited excellent slurry uidity than plain mortar.
3.4. Hydration process

The XRD characterizations for Blank, AS and AS-PCE hardened
cement paste samples aer curing 3 and 7 days were presented
in Fig. 7. As shown in Fig. 7(a), it can be signicantly noted that
the lower relative peak intensities of unhydrated C2S and C3S in
Fig. 7 (a) XRD patterns of hardened cement pastes with AS and AS-
PCE; (b) their crystal sizes of CH at different Miller index in XRD after
curing for 3 and 7 days respectively.

8404 | RSC Adv., 2023, 13, 8398–8408
samples containing AS-PCE with respect to the samples con-
taining AS and blank samples indicated a higher hydration
degree of cement paste. Besides, the CH peak intensities of all
samples decreased gradually as a function of the hydrated
period when hydrated for a consistent period. The hydrated
product C–S–H gels were always amorphous because of the
inherently poor crystallinity.31 Thus, it is difficult to distinguish
the diffraction peaks of C–S–H on the XRD pattern. Ghafari41

and Kim42 thought the cement hydration and pozzolanic effect
can be measured by the variations of CH peak intensity. The
crystal planes (001), (011) and (012) homologous to the three
angles of CH hydration products at 18.2°, 34.2° and 47.3° were
chosen to calculate the crystal size of CH.43 The crystal size of
CH can be calculated by the Scherrer equation:44

D ¼ Kg

Bcosq
:

where D is the crystal size corresponding to the crystal plane, g
is the wavelength of incident X-ray (g = 0.15406), q represents
the relative diffraction angle from the incident X-ray to the
crystal plane, B represents the half-height-width (FWHM) of the
diffraction peak value, and K equals to constant 0.89. Fig. 7(b)
indicates the crystal size of CH. It is obviously observed that the
crystal sizes of CH on (001), (011) and (012) planes present the
results of AS > Blank > AS-PCE crystal aer curing for 3 and 7
days. The results show that the manufactured sand modied by
PCE made the crystal size of Ca(OH)2 smaller, indicating the
adequate hydration reaction. The inadequate pozzolanic reac-
tion in AS cement paste could be attributed to the bad incom-
patibility of AS with cement particles and the decrease of
cement dispersion in the system. Aer the PCE modication of
AS, the peripheral polymer shell can provide some functional
groups, such as carboxyl and phosphate, to react with calcium
hydroxide, meanwhile, the polymer graed on AS-PCE is inter-
spersed in the whole system, causing the obvious improvement
of cement dispersion in the system, thus, the higher degree of
the pozzolanic reaction occurred between the modied sand
and the cement matrix.

Fig. 8 shows the inuence of the inclusion of AS and AS-PCE
particles on the hydration process of cement pastes with 2%
replacement dosage by mass of solids. The result shown in
Fig. 8(a) displays that AS particles slowed down the cement
hydration at the rst one hour. The reason why the hydration
reaction was delayed is that the rough surface of pristine
manufactured sand absorbed the water in the system.
Compared to the paste with the same addition of AS particles,
the paste incorporating AS-PCE presented a longer hydration
process at the rst one hour. This reason is polymer chains
introduced on the modied manufactured sand were adsorbed
on the surface of AFt covering layers with positive charges,
which hinders the transmission of SO4

2−, thus delaying the
formation of AFm.45 Besides, the water-soluble polymers with
multi-branched held the water layers adsorbed on the surface of
the modied sand, which is conducive to the retention of water
and hinders the release of water, thereby delaying the cement
hydration process. And, the reason why the paste with AS
particles tended to have the minimum cumulative heat in all
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Air isothermal calorimeter measurement of (a) heat flow and,
(b) cumulative heat of hydration. Inset plot: the enlargement of
cumulative heat hydration of cement.
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cases is that the cement components involved in the hydration
reaction were reduced when the manufactured sand partially
replaced the cement. From Fig. 8(b), it can be found that the
relative hydration heat release intensively happened at the rst
35 h. Then it increased slowly until the cumulative heat became
stable. Compared with another two samples, the paste con-
taining AS-PCE had the largest heat ow peak value and
cumulative heat of hydration. As for the inuence mechanism
of ne powder on the cement hydration behavior, it is generally
believed that the promotion effect of ne powder on early
cement hydration mainly lies in nucleation effect, which
reduces the nucleation barrier and provides more nucleation
sites for the growth of hydration products.46,47 The modied
manufactured sand with smoother surface and excellent dis-
persibility can reduce the absorption of water, which avoids the
adverse effect on cement hydration reaction. The poly-
carboxylate superplasticizer which anchored on manufactured
sand surface can make the particles more stable and better
dispersed in cementitious environment than pristine sand. The
AS-PCE with lower degree of agglomeration size would have
space to ll in. Consequently, the modied sand can provide
additional surface areas for the growth of hydration products
and the nucleation effect can be more produced. The largest
heat ow and cumulative heat curves of the AS-PCE sample
indicate the addition of modied manufactured sand is
conducive to the hydration of cement paste.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5. Microstructure

The microstructures of early hydrated cement products with AS
and AS-PCE were investigated using scanning electron micros-
copy (SEM) at different magnications. The results presented in
Fig. 9 reveal the hydrated cement productions mixed with AS
and AS-PCE at 3 and 7 days. Aer curing 3 and 7 days, Fig. 9(c)
and (d) show the microstructures of the AS hardened cement
paste with loose structures and amounts of microcracks. Due to
the inadequate hydration of the AS-cement sample, large
amounts of needle-like crystal products appeared in the system.
It can be observed that a great number of obvious transition
zones incorporating porosity and pore size distribution
appeared between hydration products and AS. However,
Fig. 9(a) and (b) show that the hydrated cement products mixing
with AS-PCE formed compacted microstructures. The inter-
weaving and cross-linking microstructures caused fewer
microstructures to occur in the system. With the process of
hydration, the surface of AS-PCE has been coated with cement
hydration products, so the hydrated cement products can bind
to the AS-PCE more rmly. And fewer formations of ettringite
precipitating at the cement hydration process can promote the
AS-PCE-cement early-age hydration. Moreover, AS-PCE with
smaller particle size distribution can ll in the interstice of
hydrated cement products, and interlaced with acicular ettrin-
gite, which forms the reticulate structure between transition
zones. This is due to the fact that the polycarboxylate super-
plasticizers were chemically bonded to the AS-PCE surface,
which increases the interactions between manufactured sand
particles and the cementitious material. Therefore, the whole
system presents a continuous dense structure.
3.6. Mechanical behavior of cement mortars with AS-PCE

The toughness of cement-based materials is an essential guar-
antee for their applications in engineering. In this study, the
toughness of mortars with modied sand was characterized by
bending strength. Fig. 10 indicates the experimental stress–
strain curves of the mortars with doping different additions of
AS-PCE. The toughness of doping the modied sand became
higher, and the mortar with 2% AS-PCE had the best bending
strength. Possible reasons are (a) the lling effect of AS-PCE
particles, (b) the macromolecular superplasticizer coated on
the modied sand surface can crosslink with hydration prod-
ucts, (c) AS-PCE caused the improvement of cement particles
dispersion, which makes the sufficient hydration reaction.
However, adding more modied sand will cause a decrease in
strength. The reason is the superuous macromolecular
network structure on AS-PCE absorbed and constrained the free
water reducer or cement particles, impeding the hydration of
cement and impairing the enhancement of AS-PCE on
toughness.

The impact of AS-PCE in cement mortar on the variation in
compressive and exural strengths at 7 and 28 days was studied
respectively. The curves of mechanical strength of mortar in
Fig. 11(a) and (b) present rst an increase and then decrease
trend with the increase in AS-PCE replacement level. All the
mechanical strength increased to the maximum value with the
RSC Adv., 2023, 13, 8398–8408 | 8405
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Fig. 9 SEM images of the microstructure of hydrated cement pastes: (a and b) AS-PCE hardened cement pastes and (c and d) AS hardened
cement pastes at 3 and 7 curing days, respectively.

Fig. 10 Stress–strain curves of the mortars with modified sand.

Fig. 11 (a) Compressive and (b) flexural strength evolution of the
mortars with AS-PCE.
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dosage of AS-PCE being 2%. And, the mortar compressive
strength increased by 9% and the exural strength increased by
25%. The improved strength of mortar with AS-PCE can be
attributed to rened microstructure and excellent interfacial.
The bulky molecular structures of the PCE graed on manu-
factured sand surface could provide additional steric repulsion,
which can prevent the early aggregation of AS-PCE particles.
Compared with the sample without AS-PCE samples, the
proposed de-aggregation functionality endowed by PCE also can
enable AS-PCE particles to enter microcracks and pack pores
more closely in cement-based materials. The gra modication
of manufactured sand with PCE makes the AS-PCE particles
disperse better in cement-based materials. This can provide
additional nucleation for C–S–H. Besides, abundant carboxyl,
phosphate introduced into the surface of AS-PCE can combine
with calcium ions in cement in the form of ionic bond, which
can improve aggregate interface properties and increase the
bonding force between the modied sand and cement-based
materials, which could explain why the mortar with AS-PCE
can exhibit higher strength than plain samples. Moreover, the
8406 | RSC Adv., 2023, 13, 8398–8408
polymer graed on the surface of AS was interspersed in the
whole structures, which can tightly adhere to the cement
hydration products and achieve stronger bonding force in the
system. It prevented the generation and expansion of micro-
cracks in the hardened cement mortar materials, increasing the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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toughness and exural strength of the cement-based composite
materials. But, it can be observed that no further increase in
mechanical strengths occurred once the content of AS-PCE
reaches 2%. The reason is that the superuous macromolec-
ular network structure on the surface of AS-PCE absorbed and
constrained the polycarboxylate superplasticizer or cement
particles, reducing the dispersion of polycarboxylate super-
plasticizer and impeding the hydration of cement, which
weakens the strengthening effects of AS-PCE on cement mortar
materials.

4. Conclusion

In this study, a specically designed polycarboxylate decorated
manufactured sand (AS-PCE) composite was synthesized via
radical polymerization. TG curves indicated that the load of
water reducer on AS-PCE surface was ∼12 wt% by chemical
bond. Moreover, AS-PCE incorporated in the cement-based
materials prevented manufactured sand particles and cement
particles from agglomerating by exhibiting strong steric
hindrance effects of PCE's macromolecular branched chains.
The uidity of mortar signicantly improved with the increase
of AS-PCE, and the collapse resistance of cement mortar with
1 wt% modied sand increased by nearly 35% aer 1 h hydra-
tion. The addition of AS-PCE can promote the cement hydration
reaction and increase the release of hydration heat. The AS-PCE
with better dispersibility can provide additional nucleation for
hydration products. Meanwhile, the excellent dispersion of AS-
PCE caused the obvious improvement of cement dispersion in
the system, which makes the cement hydration reaction more
sufficient. With AS-PCE addition, the toughness also can be
enhanced. Improved mechanical performance with AS-PCE was
conrmed by a 9% increase in mortar compressive strength and
a 25% increase in mortar exural strength, when compared to
the control samples without AS-PCE aer curing for 28 days.
The reason is the modied sand can be stacked more closely in
cement-based materials owing to its excellent dispersibility.
Meanwhile, the interweaving and cross-linking microstructures
of [AS-PCE-CSH] prevented the generation and expansion of
microcracks in the hardened cement paste, which increases the
toughness and exural strength of the cement-based materials.
The research provides a promising method for the AS extensive
application in cement-based composite materials.
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