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According to the principle of radical polymerization reaction, different polycarboxylates
with comb structures were synthesized. With the other two commercial polycarboxylates
(C-PCE-1 and C-PCE-2), the effects of all the polycarboxylates on adsorption, hydration,
zeta potential, liquid surface tension, and flowability in Portland cement were determined.
Compared to O-PCE and C-PCEs, the adsorption value of M-PCE increased by 14.1%
and the adsorption rate increased by 24% maximum. O-PCE, C-PCE-1, and C-PCE-2
have a delayed effect on the hydration of the cementitious materials, but M-PCE does not.
Due to higher adsorption amount, M-PCE with siloxane groups has an excellent
comprehensive performance of zeta potential, liquid surface tension, and flowability in
cementitious materials.
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INTRODUCTION

Polycarboxylate superplasticizer (PCE) has been extensively used in concrete technology since the
1980s (Plank and Bian, 2010). The side chain of PEO is suspended between the Portland cement
particles to exert its steric hindrance effect, thereby dispersing Portland cement (Li et al., 2005;Wang,
2009). Compared with other plasticizers, PCE has advantages in water reduction, slump retention,
and compatibility. During the synthesis of polycarboxylates, the active groups can react with the
-COOH groups on the main and side chains of the polycarboxylate, and -C�C- double bond can be
connected to the main chain.

Many scholars are devoted to improving the structure and performance of PCE. Yu et al.
(2016) conducted synthesis using butenyl alkylene polyoxyethylene-polyoxypropylene ether
(BAPP) as the macromonomer and 2,2′-azoisobutyronitrile as the initiator for 48 h at 70°Cin
N2 atmosphere, which greatly accelerated cement hydration of polycarboxylate. In Liu’s
research (Liu et al., 2014), at 130–150°C, polycarboxylate (amide-type PCE) of five amide
structures was produced by the amidation reaction between polyacrylic acid (PAA) and
amino-terminated methoxy polyethylene glycol (amino-PEG). It was found that the amide-
type PCE significantly facilitated the formation of strong hydrogen bonds between amide and
polyether chains. Plank et al. (Plank et al., 2016) used acrylic acid and isoprenoxy polyethylene
glycol (IPEG) to synthesize polycarboxylates at 60°C and used 13C NMR spectroscopy in
characterization, finding that optimal PCE dispersion effect was obtained when the molecular
weight (Mw) was about 40,000 in narrow distribution. Lange and Plank (2016) used acrylic acid and
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ω-methoxy polyethylene glycol methacrylate to synthesize non-
adsorbent polycarboxylate within 4 h at 80°C. Research results
showed that such non-adsorbent polycarboxylate can also
significantly improve the Portland cement flowability at a low
water–binder ratio.

In addition to polycarboxylate synthesis by heating, in terms of
synthesis at indoor temperature, Jiang et al. (2013) used the redox
method to synthesize PCE at indoor temperature (20–40°C).
When the dosage was 0.2%, the initial flowability could reach
295 mm. Yang et al. (Yang et al., 2011) used free radical
copolymerization of dendritic activated macromers and acrylic
acid to synthesize PCE at indoor temperature. However, due to
the indoor temperature changes and restrictions in synthesis
conditions, the synthesized PCE exhibited unstable
performance. Therefore, they believed that PCE synthesized at
indoor temperature is still inferior to PCE synthesized at high
temperature.

In this study, organosiloxane modified polyurethane with
appropriate molecular weight was used as the side chain to be
connected with the polycarboxylate acid backbone, while other
functional groups such as carboxyl, hydroxyl, and
polyoxyethylene group were introduced into the molecular
structure of polycarboxylate. The best indoor temperature
synthesis process of polycarboxylate was obtained through
orthogonal design. Also, this article studied their interaction
with Portland cement and the law of influence, which lays a
theoretical basis for the structure design, synthesis, and selection
of water reducers.

EXPERIMENT

Raw Materials
P·I 42.5 cement, with an average particle size of 36.96 μm, is
shown in Table 1. Common commercially available
polycarboxylates, C-PCE-1 and C-PCE-2, are shown in Figure 1.

The used synthetic raw materials include isophorone
diisocyanate, hydroxy-terminated siloxane, polyether glycol,
N-methylpyrrolidone, 1,4-butanediol, dimethylolpropionic
acid, P·I 42.5 cement, isopentenyl polyether (TPEG) with
molecular weight 2,400; analytically pure acrylic acid (AA),
mercaptoacetic acid, p-toluene sulfonic acid, hydroquinone,
benzoyl peroxide, polyethylene glycol-200 (PEG-200),
hydrogen peroxide, ascorbic acid (Vc), ammonium persulfate,
dibutyltin dilaurate, and deionized water. All chemicals are of
analytical purity.

Synthesis of Side Chain
In the synthesis of the side chain, alcohol and amine compounds
containing hydroxyl or amino groups were introduced in the
main chain of polycarboxylate molecules, which increased the
number of short branches, promoted alternate distribution of
polyether long branches, and branched short chains of the chain
extender of alcohol and amine compounds, thereby increasing
dispersibility and adaptability of the water reducer. The specific
operations are as follows.

Place 22.2 g of isophorone diisocyanate in a three-necked flask,
and use a dropping funnel to dropwise add polyethylene glycol

TABLE 1 | Chemical composition of PI 42.5 Portland cement w/%.

Material Chemical composition w/%

SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 K2O Na2O Total Loss

Cement 21.18 4.73 3.41 62.49 2.53 2.83 — — 0.56 97.73 1.76

FIGURE 1 | Chemical structure of commercial polycarboxylate (C-PCE-1 and C-PCE-2).

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7253282

Xiang et al. Polycarboxylate Synthesis and Its Interaction

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


1,000 containing dibutyltin dilaurate (25 g polyethylene glycol
1,000 contained 0.2 g dilaurate and N-methylpyrrolidone
solution of dimethylolpropionic acid; 3.35 g dimethylolpropionic
acid was dissolved in 5 ml N-methylpyrrolidone). Then, add 50 g
water, heat to 70°C, and keep warm, and after that dropwise add a
mixed solution of hydroxyl-terminated polysiloxane and 1,4-
butanediol (9 g hydroxyl-terminated polysiloxane mixed with
3 g 1,4-butanediol), 2.5 g ethylenediamine, and 1.5 g sodium
dodecylbenzene sulfonate. Stir after the addition was complete,
and when the mass percentage of free -NCO in the mixed solution
was detected to be 16%, stop heating to obtain a polyurethane
prepolymer. The principle of side chain reaction was shown in
Figure 2.

Preparation of Polycarboxylate
The designed polycarboxylate molecular structure is shown in
Figure 3. To ensure equal molar concentration of double bonds
in the system, the molar ratio of acrylic acid to TPEG was
adjusted. TPEG 120g, purified water 80ml, and PEG -200 10 g
were stirred well in a 250 ml four-necked flask. Then, 0.1 g
dibutyltin dilaurate, 1.2 g p-toluenesulfonic acid, and 30%
hydrogen peroxide were added to prepare A and B two-
component solutions for later use.

Group A: 10.8 g AA, 0.384 g thioglycolic acid, and 25 g
deionized water.

Group B: 3.4 g Vc, 0.3 g ammonium persulfate, and 25 g
deionized water.

Components A and B were added into the beaker at a rate of
2 ml/min using a peristaltic pump, and the process lasted for
about 2.5 h. After keeping it for a period of time, adjust the PH
value to 6-7 with NaOH to obtain the polycarboxylate mother
liquor M-PCE. The radical polymerization reactions and
chemical structure of M-PCE are shown in Figure 3.

In addition, for comparison experiments, the above step 1.3
can be performed separately to synthesize a common unmodified
polycarboxylate (O-PCE), as shown in Figure 4. Moreover, in
order to control the chain reaction and carry out future research,
the concentration of free radicals and the molar ratio of AA and
TPEG needed to be adjusted. Please find the orthogonal
experiment study in Section 2.1 for details.

Determination of the Adsorption Amount of
Polycarboxylate
The adsorption equilibrium was obtained using a constant
temperature shaker before performing suction filtration. The

FIGURE 2 | Side chain reaction and its molecular structure.
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resulting filtrate was centrifuged, and the supernatant was taken
out and centrifuged twice. The residual concentration of
polycarboxylate in the clear liquid was measured. Then,
calculate the amount of polycarboxylate adsorbed to the
surface of cement particles using the following formula:

Qe � (C0 − Ce)V
M

, (1.1)

where Qe is the adsorption capacity, unit mg·g−1; C0 is the
concentration of polycarboxylate solution before adsorption,
unit mg·g−1; Ce is the equilibrium concentration of
polycarboxylate after adsorption, unit mg·g−1; V is the solution
volume, unit l; and M is the cement mass, unit g.

The water reducer solution was prepared according to the
designed water–binder ratio and water reducer dosage, mixed
with the cementitious material, stirred magnetically for 10 min,

oscillated on an oscillator to separate the gelled slurry with a
centrifuge for 10 min. The supernatant after separation was taken
out and then filtered by suction through a 0.45 μm nylon
microporous membrane. The filtrate was transferred to a
volumetric flask and diluted 100 times with deionized water.
The diluted solution was tested by the Liquid TOC to detect the
carbon content, calculate the concentration of PCE water reducer
in the solution, and then infer the adsorption. The
polycarboxylate PC dosage was 0.2%, the water–cement ratio
was 0.4, and the cement dosage was 50 g.

Hydration Heat
The hydration heat release rate and heat release of the
cementitious material paste were quantitatively analyzed using
an eight-channel isothermal microcalorimeter. Put 4 g
cementitious material in a beaker to test hydration heat of

FIGURE 3 | Radical polymerization reactions and chemical structure of (M-PCE).
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Portland cement sample at the 72nd hour under polycarboxylate
solid content of 0.2%, with water–binder ratio of 0.4. The ambient
temperature was controlled at 20 ± 1°C.

Zeta Potential
Put 50 g cementitious material in a beaker, and mix the
polycarboxylate (the solid content was 0, 0.1, 0.2, 0.3, 0.4,
and 0.5% of the mass of the cementitious material) with
certain water in the beaker, with water–binder ratio of 0.4.
By stirring at a low rate for 2 min and then at a high rate for
1 min, the Zeta potential of cement paste under different
water–binder ratios and polycarboxylate contents was
tested.

Surface Tension
1) The surface tension test of the synthesized polycarboxylate

was carried out under different concentrations using the A-60
automatic surface tension meter manufactured by Kino
Industries Co., Ltd. of the United States.

2) Liquid phase surface tension test on Portland cement paste:
put 50 g Portland cement in a beaker, fix the water–binder
ratio to 0.4, and mix polycarboxylate (the solid content was 0,
0.1, 0.2, 0.3, 0.4, and 0.5% of the mass of the cementitious
material) with 20 g water, stir at a low rate for 2 min and then a
high rate for 1 min. Afterward, the cement paste was
centrifuged to collect the supernatant and test the liquid
phase surface tension.

Flowability
According to GB/T8077-2000 “TestMethod for the Homogeneity
of Concrete Admixtures,” the initial flowability, 1 and 2 h cement
paste flowability was tested by the hollow cylindrical mold test.
Flowability of four kinds of polycarboxylates was tested under
Portland cement mass of 300 g, water–cement ratio of 0.29, and
polycarboxylate solid content of 0.15%.

RESULTS AND DISCUSSION

Orthogonal Experiment
By investigating the law of synthesis of polycarboxylates at indoor
temperature, referring to relevant literature and experimental
experience, a four-factor and three-level orthogonal experiment
L9 (34) was performed for the synthesis of polycarboxylates at
indoor temperature. When using the orthogonal table to arrange
the experiment, we can select representative experimental
conditions from the multiple experimental conditions and
infer better production conditions through a small number of
experiments. At the same time, it is possible to make further
statistical analysis to get more accurate results. Based on single
factor experiments, n (TGA), n (H2O2), n (AA): n (TPEG), n
(H2O2): n (APS): n (Vc) are considered as the four primary
factors that affect the dispersion performance of ether
polycarboxylates. Therefore, a four-factor and three-level
orthogonal experiment was designed, as shown in Table 2.
The effect of the polycarboxylate synthesized by the above
factors on the adsorption of Portland cement was studied,
with results shown in Table 3.

To comprehensively evaluate the effect of various factors on
the saturated adsorption Qem and surface tension, the composite
indicators were obtained after comprehensive processing of the
two indicators and listed in the table. The specific method is to
firstly set the maximum value of saturated adsorption Qem and
surface tension to 100 and the minimum value to 0 so that the
other measured values of the two indicators are converted into a
percentage system. Considering that the cement paste flowability
and macromonomer conversion rate have the same proportion,
the composite indicator was calculated by the weighted average of
50% proportion each. In the table, K1–K3 is the mean value of the
composite indicators at each level, and R is the range. According
to analysis of the above results, it is the best synthesis process and
the order of influence decreases sequentially, A1>D2>C2>B3,
namely, n (TGA) � 0.01, n (H2O2):n (APS):n (Vc) � 15:1:1, n
(AA): n (TPEG) � 2:1, and n (H2O2) � 0.05 mol.

Polycarboxylate was prepared under 40°C for 4 h. The
dispersibility was marked as M-PCE, as shown in Table 4.

Adsorption of Polycarboxylate to Portland
Cement
At 20°C, test the adsorption values of different polycarboxylates
against Portland cement, as shown in Figure 5.

From Figure 5, it can be seen that, as the PCE dosage
increases, the microscopic flocculation structure of the
cementitious system changes. After the addition of PCE

FIGURE 4 | Structure of synthesized ordinary polycarboxylate (O-PCE).
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molecule, due to its high negative charge, it will be quickly
adsorbed to the surface of the gel particles and early hydration
products and generate electrostatic repulsion. On the one hand,
the gel particles are wrapped, which delays hydration, and on the
other hand, the gel particles wrapped by the hydration product
are released, so that the flocculation structure of the gel particles
disintegrates. When a sufficient amount of polycarboxylate was
added, the flocculation structure in the cementitious system was
completely disintegrated, and the gel particles were well
dispersed. The results in Figure 6 show, with the extension of
reaction time, the adsorption capacity of the two polycarboxylates
will gradually increase and approach a saturation value. Self-
made polycarboxylates have greater adsorption than C-PCE-1
and C-PCE-2. After the addition of polycarboxylate PCE
molecule, due to its high negative charge, it will be quickly
adsorbed to the surface of the gel particles and early hydration
products and generate electrostatic repulsion. On the one hand,
the gel particles are wrapped by a water reducer, which delays
hydration, and on the other hand, the gel particles wrapped by the
hydration product are released, so that the flocculation structure
of the gel particles disintegrates. Therefore, as the reaction time

TABLE 2 | Factors and levels of factorial design.

Level Factor

A: n (TGA)/mol B: n (H2O2)/mol C: n (AA): n
(TPEG)

D:n
(H2O2):n (APS):n (Vc)

1 0.01 0.03 1:1 10:1:1
2 0.015 0.04 2:1 15:1:1
3 0.02 0.05 3:1 20:1:1

TABLE 3 | Results of factorial design.

Test
no.

n
(TGA)/mol

n
(H2O2)/mol

n (AA): n
(TPEG)

n (H2O2):n (APS):
n (Vc)

Adsorption Qem

(mg·g−1)
Surface

tension (40%wt)/
(nN·m−1)

Composite
indicator

1 1 1 1 1 1.00 (52.6) 52.7 (59.5) 56.1
2 1 2 2 2 1.19 (100) 58.6 (100) 100
3 1 3 3 3 1.15 (89.5) 45.9 (12.6) 51.1
4 2 1 2 3 1.06 (68.4) 47.6 (24.3) 46.4
5 2 2 3 1 1.11 (78.9) 44.1 (0) 39.5
6 2 3 1 2 1.11 (78.9) 57.9 (95.4) 87.2
7 3 1 3 2 0.82 (10.5) 47.4 (22.9) 16.7
8 3 2 1 3 0.76 (0) 47.8 (25.7) 12.9
9 3 3 2 1 0.88 (27.9) 50.2 (42.2) 36.2

K1 69.07 39.73 52.07 43.93
K2 57.7 50.8 60.87 67.97
K3 21.93 58.17 35.77 36.8
R 47.14 18.44 25.1 31.17

TABLE 4 | Basic performance of M-PCE.

Sample Dosage (%) Saturated adsorption Qe Surface tension (nN·m−1) Flowability (mm)

Initial 1 h 2 h

M-PCE 0.15 1.34 (mg·g−1) 40.31 340 320 305

FIGURE 5 | Adsorbed amount of polycarboxylate molecules on the
surface of Portland cement surface at different dosages (20°C).
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extended, more and more polycarboxylate would adsorb to the
surface of the gel particles and its hydration products until the gel
particles reached the highest degree of hydration (the highest
degree of hydration within 2 h), with adsorption tending to be
balanced.

In addition, an obvious common trend is that, within
10–20 min, the adsorption of the water reducer will
increase sharply, which can basically reach about 2/3 or
even 3/4 of the saturated adsorption. Subsequently, the
adsorption will remain relatively stable or there will be a
slight decrease. After 0.5 h, adsorption will continue to slowly
increase until the saturated adsorption. Adsorption undergoes
a rapid increase in the initial stage. With the addition of
polycarboxylate, due to its high negative charge, it will be
quickly adsorbed to the surface of gel particles and early

hydration products and generate electrostatic repulsion.
The subsequent relatively stable or small decline is possible
because, with the hydration of the gel particles, the gel
particles in the cementitious system will desorb from the
water reducer molecules. At the same time, the newly
added hydration products will create a shielding effect on
the water reducer adsorption layer, resulting in a stable or
slight decline in adsorption. In the subsequent stage with
adsorption slowly increasing to the saturated adsorption, it is
generally believed that, as the degree of hydration increases
until full hydration, the hydration products continue to
increase, making adsorption slowly increase until the
saturated adsorption.

According to the graph obtained from the experiment, the
Lagergren adsorption rate equation can be used to fit Figure 6
and Figure 7:

Ln
Qem

Qem − Qe
� −Ln(1 − F) � Kt, (2.1)

where t represents the adsorption time, min; Qe is the adsorption
at time t, mg·g−1; Qem is the saturated adsorption at adsorption
equilibrium, mg·g−1; F � Qe/Qem; and k represents the apparent
adsorption rate constant of the first-order kinetic equation,
min−1. Use -Ln (1-F) to plot t for linear fitting. The results are
shown in Figures 8, 9. The adsorption rate k can be calculated
according to the slope of the straight line, with the calculation
results shown in Tables 5-6.

According to the Arrhenius equation, the apparent adsorption
activation energy can be calculated:

k � k0 exp(−Ea

RT
), (2.2)

where k0 represents the pre-exponential factor (frequency factor),
min−1; Ea represents the apparent activation energy, KJ·mol−1; R
is the molar gas constant, R � 8.3145 × 10–3 kJ·mol-1·K−1; and T is

FIGURE 6 | Adsorption amount of polycarboxylate molecules on the
surface of Portland cement at 20°C (0.2% dosage).

FIGURE 7 | Adsorbed amount of polycarboxylate molecules at different
times and temperatures (0.2% dosage).

FIGURE 8 | Lagergren fitted line of adsorption rate equation of
polycarboxylate at cement particle surfaces (20°C).
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the adsorption temperature, K. Plot 1/T using Lnk, with the result
shown in Figure 10. According to the intercept and slope of the
straight line, k0 and Ea can be calculated, with the calculation
results shown in Tables 5-6.

It can be seen from Tables 5-6 that the correlation coefficient
of polycarboxylate on the Lagergren model is greater than 0.93,
and the fitting effect is good, indicating that the isothermal

adsorption of M-PCE, O-PCE, C-PCE-1, and C-PCE-1 follows
the Lagergren model, which is consistent with the results of Hsu
(1999) and Peng et al. (2005). The saturated adsorption (Qem)
and adsorption rate constant (k) of M-PCE increase from
1.45 mg g−1 and 0.0390 min−1 to 1.77 mg g−1 and
0.0474 min−1, respectively. The saturated adsorption and
adsorption rate constant of O-PCE polycarboxylate are only

FIGURE 9 | Lagergren fitted line of adsorption rate equation of M-PCE at cement particle surfaces at different temperatures: (A) M-PCE and (B) O-PCE.

TABLE 5 | Fitted values of Lageren adsorption rate equation derived from polycarboxylate at 20°C.

Cementitious
materials

M-PCE O-PCE C-PCE-1 C-PCE-2

Qem/
mg·g−1

k/
min−1

r2 Qem/
mg·g−1

k/
min−1

r2 Qem/
mg·g−1

k/min−1 r2 Qem/
mg·g−1

k/min−1 r2

Cement 1.45 0.0390 0.96379 1.34 0.0278 0.9387 1.21 0.03845 0.98202 1.15 0.03842 0.95792

TABLE 6 | Fitted values of Lageren adsorption rate equation derived from polycarboxylate at cement particles surfaces.

T/°C M-PCE O-PCE

Qem/mg·g−1 k/min−1 r2 Qem/mg·g−1 k/min−1 r2

20 1.45 0.0390 0.96379 1.34 0.0278 0.9387
30 1.57 0.0435 0.96710 1.38 0.0329 0.9688
40 1.77 0.0474 0.97755 1.55 0.0382 0.9765
Ea/KJ·mol−1 5.3574 8.5094
k0/min−1 2.7755 10.5838

FIGURE10 | Determination result of activation energy of adsorption of PCE: (A) M-PCE and (B) O-PCE.
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1.55 mg g−1 and 0.0382 min−1 at 40°C, respectively. In addition,
M-PCE has a low slope (k) and apparent activation energy (Ea).
This suggests that M-PCE is more easily adsorbed by cement,
and the saturated adsorption state can be reached more quickly,
as shown in Figure 11. In this study, by replacing the carboxylic
acid component with methylsiloxane, the adsorption rate of
M-PCE on cement was enhanced. Yu et al. (2016) proved that
silicate formed strong covalent bonds with inorganic chains of
CSH and siloxane groups. Due to the increased electrostatic
interaction between COO- and aluminate, the bigger function of
methylsiloxane led to bigger adsorption (Plank et al., 2008).
However, the adsorption of electropositive aluminates by
ordinary polycarboxylates (O-PCE, C-PCEs) was based on
electrostatic interaction with carboxylate groups, so the
adsorption effect was weakened.

Hydration Heat
Unlike O-PCE and C-PCEs, M-PCE may produce different
hydration effects on Portland cement due to the incorporation
of organosiloxane groups. Figure 12 shows the effect of different

polycarboxylate dosage on the hydration heat of Portland cement
paste under water–binder ratio of 0.4.

The main hydration equations in cementitious materials are as
follows:

C3A + 3CSH2 + 26H→C6AS3H32, (3.1)

2C3A + C6AS3H32 + 4H→ 3C4ASH12, (3.2)

C3S + (3 − x + n)H2O→CxS −Hn + (3 − x)CH. (3.3)

The hydrolysis reaction of organosiloxane is as follows:

R’Si(OR)3−n + H2O%R’Si(OR)3−n(OH)n + ROH, (3.4)

R’Si(OR)3−n(OH)n + R’Si(OR)3−n(OH)n%Si − O − Si +H2O,

(3.5)

R’Si(OR)3 + R’Si(OR)3−n(OH)n%Si −O − Si +H2O. (3.6)

As can be seen from Figure 12, incorporation of O-PCE or
C-PCEs delayed the hydration of Portland cement. For this
reason, the M-PCE molecules adsorbed restrict the diffusion of
water and ions in cement mineral and pore solution interface, and
the chelation formed inhibited the nucleation and precipitation of

FIGURE 11 | The adsorption mechanisms of polycarboxylate: (A) O-PCE and C-PCEs and (B) M-PCE.

FIGURE 12 | Influence of polycarboxylate on the hydration of cement pastes: (A) heat evolution and (B) hydration heat.
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hydrate products (Kong et al., 2016). Differently, M-PCE does not
delay the hydration of Portland cement, which is mainly due to
the fact that the high content of carboxylate groups in PCE
brought about more adsorption sites, making cement particles
better wrapped and dispersed in the solution. However,
polyacrylic acid (PAA) homopolymers formed under excess
AA monomers can also be adsorbed on the cement surface,
thereby reducing the hydration rate (Zhou et al., 2017). In
addition, in Kong’s research (Švegl et al., 2008),
polycarboxylates were prepared by grafting tetraethoxysilane
into the main chain. Reports have confirmed that
polyurethane side chain can be completely hydrolyzed, and the
hydrolysates of methanol and ethanol in M-PCE insignificantly
decline the main hydration peak, without delay (Scrivener and
Nonat, 2011). Therefore, it can be inferred that M-PCE does not
delay cement hydration as a result of silane molecules.

After adding C-PCE-1, C-PCE-2, and O-PCE, the heat release
rate and total heat release of cement hydration exhibited better
mitigation and reduction effects. Due to the incorporation of
polycarboxylate, in the initial cement hydration stage, on the one
hand, the adsorption of water reducer acted on the surface of
cement particles; on the other hand, in the alkaline medium of
cement hydration, the active group in the molecular chain of
water reducer (such as -COO-, -SO3

-) acted with hydration-
generated ions (such as Ca2+) to form unstable complexes, which
delayed cement hydration and inhibited the precipitation and
growth of minerals in the initial phase (Kong et al., 2016).
Moreover, the effect strengthened with the increase of dosage;
that is, the dissolution peak decreased. Due to adsorption,
complexation, and retardation effects of the polycarboxylate
side chain on Portland cement, hydration of hydrated
minerals was inhibited, and more time was needed to break
the hydration energy barrier (Wang and Wang, 2003; Ylmén
et al., 2009). Therefore, the longer induction period of hydration
was manifested as the delay and weakening of the second
exothermic peak. Similarly, with the increase of

polycarboxylate dosage, the retardation effect became more
obvious, which was manifested as a shift of the second
exothermic peak to the right (Ylmén et al., 2010).

Zeta Potential
The effect of polycarboxylate on the Zeta potential of Portland
cement under different dosages is shown in Figure 13.

As seen from the above figure, it can be known that, as the
polycarboxylate dosage increases, the absolute value of zeta
potential in the cement paste exhibits a downward trend. Zeta
potential has a close relation with the electrostatic repulsion
between molecules. The Debye–Hückel formula is shown as
follows:

1
FES

� −1
2πεε0aψ2

× K−1 × [ek(h−2l) + 1]. (4)

where FES is the electrostatic repulsion; ε is the relative
permittivity of water; εo is the vacuum permittivity; a is the
average radius of the particles; ψ is the electrokinetic potential; K
is the Debye–Hückel parameter; h is the particle-to-particle
distance; and l is the adsorption layer thickness.

The adsorption of polycarboxylate to the Portland cement
surface conforms to the Langmuir adsorption equation (LI et al.,
2014). It can be seen from formula (4) that, as the
polycarboxylate increases, the thickness l of the adsorption
layer between two particles remains unchanged. As the
distance h gets smaller, the electrostatic repulsion gets smaller
(Wang, 2009), the system stability becomes worse, and the zeta
potential value decreases. In addition, the zeta potential values of
O-PCE, C-PCE-1, and C-PCE-2 are positive, but the value of
M-PCE is negative. The main mineral components of cement are
C2S, C3S, C3A, and C4AF. The hydration products of C2S and
C3S are negatively charged, while those of C3A and C4AF are
positively charged. Since aluminate has stronger solubility than
silicate, the hydration product is positively charged, and the
measured zeta potential is positive (Schmid and Plank, 2021).
Although some negatively charged polycarboxylates were added,
Zeta potential showed a decreasing trend, but its content
remained small, with low water–cement ratio, which, however,
did not affect the hydration products of aluminate. Therefore, the
zeta potentials of these three polycarboxylates were positive. For
M-PCE, the side chain was partially replaced by siloxane with a
high negative charge, so M-PCE reduced Zeta potential to a
bigger negative value, which is attributed to the higher polymer
adsorption, as discussed in Figure 7. When cement particles
contacted water, positive ions such as K+ and Na+ were dissolved
in the interstitial solution, while SiO3

3− and AlO3
3− skeletons

were maintained. Such a phenomenon led to a latent cement
surface. Therefore, the inner layer is composed of positive ions
and the outer layer is composed of negative ions (Zhang and
Kong, 2015). The electronegative groups in the main chain will be
adsorbed on the electropositive outer layer through electrostatic
adhesion. Therefore, the Zeta potential of the cement paste also
changed from positive value to negative value. The higher
adsorption of anionic polymers against solid particles leads to
a decreased Zeta potential and a greater electrostatic barrier effect,

FIGURE 13 | Zeta potential of polycarboxylate.
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while greater electrostatic barrier effect contributes to higher
dispersibility (Plank and Hirsch, 2007).

Surface Tension
This study investigates the surface tension of polycarboxylates
with different mass fractions and the effect of different
polycarboxylate dosages on the liquid phase surface tension of
Portland cement, with results shown in Figures 14, 15.

It can be seen from Figures 14, 15 that, as the polycarboxylate
mass fraction increases, the solution surface tension displays a
continuous downward trend. It is because, under higher mass
fraction, there are more hydrophobic groups in the solution,
leading to declined surface tension. In addition, we found that

M-PCE had the biggest decline in surface tension. From the point
of view of liquid phase surface tension of Portland cement, the largest
drop was observed after incorporation of M-PCE, with a decrease of
20.4%. For this reason, as the polycarboxylate dosage increases,
polycarboxylate molecules cannot be adsorbed and maintained in
the liquid phase, so there are more and more hydrophobic groups on
the skeleton, such as long-chain alkyl groups, which are directionally
aligned on the aqueous solution surface, leading to reduced surface
tension of the liquid. M-PCE has the largest decrease in liquid surface
tension because the organosiloxane group on the polyurethane side
chain in its molecular structure has very strong hydrophobicity (Fan
et al., 2012), resulting in its greater surface tension compared to other
PCEs as its dosage in the cement increases.

Flowability
This study investigated the cement paste flowability of
polycarboxylates under different dosages as well as flowability

FIGURE 14 | The surface tension of polycarboxylates at different mass
fractions.

FIGURE 15 | Liquid surface tensions of polycarboxylate in cement
pastes at varied dosages.

FIGURE 16 | Flowability of polycarboxylate.

FIGURE 17 | Flowability retention of polycarboxylate (0.15% dosage).
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retention under dosage of 0.15%, with results shown in Figures
16, 17.

As shown in Figures 16, 17, when the polycarboxylate
content increases, the initial flowability of the cement paste
increases sharply. As the M-PCE amount increases from 0 to
0.5%, the maximum increase in cement is about 193%. The
enhanced dispersibility of M-PCE is due to the chemical
bonds being induced by the siloxane groups in the M-PCE
and silicate phase promoting the dispersibility of M-PCE
(Yan et al., 2017). In addition, due to its chemical structure,
M-PCE has longer side chains than PCE (Borget et al., 2005),
so M-PCE has better dispersibility in cement, which is
consistent with the results of Kong et al. (2015).
Regarding the reason for the excellent dispersing ability,
the siloxane groups in the polyurethane side chains
produced by the hydrolysis of the alkoxy groups in the
silane molecules act as anchoring groups, which facilitates
the adsorption of silane molecules to cement particles.
Moreover, the siloxane chain provides spatial repulsion
between the cement particles, which enhances the
dispersion effect. The anchoring effect of siloxane groups
on cement or hydration products has been confirmed by the
enhanced adsorption of silane-modified polycarboxylate
superplasticizer in cement paste (Švegl et al., 2008). In
addition, it was also found that although M-PCE had the
biggest initial flowability, the four polycarboxylates
exhibited good flowability retention.

CONCLUSION

The following conclusions could be drawn based on the above
experimental results and discussions:

1) Appropriately increasing the molar ratio of acrylic acid to
TPEG under the same circumstances will help improve
polycarboxylate dispersion performance. The best indoor
temperature synthesis process is as follows: n (TGA) �
0.01, n (H2O2): n (APS): n (Vc) � 15:1:1, n (AA): n
(TPEG) � 2:1, and n (H2O2) � 0.05 mol.

2) Since the siloxane groups in Portland cement and
polycarboxylate molecules form covalent bonds, M-PCE
has higher adsorption than O-PCE and C-PCE, resulting in
a higher adsorbability. In addition, compared with O-PCE and
C-PCEs, the adsorption amount of M-PCE was increased by

14.1%, and the maximum adsorption rate was increased
by 24%.

3) Under the same dosage, the incorporation of M-PCE had a
promoting effect on the hydration of Portland cement. Due to
the shielding effect of the long-chain alkyl group, O-PCE, C-PCE-
1, and C -PCE-2 showed a certain hydration delay effect.

4) The Zeta potential value of M-PCE was negative, but its
absolute value was higher than the Zeta potential of the
other three polycarboxylates under the same circumstances,
indicating that the Portland cement paste was more stable
after incorporation of M-PCE.

5) As the PCE dosage increased, the liquid phase surface tension
of Portland cement continually decreased, where M-PCE
exhibited the smallest change. In terms of cement paste
flowability and its retention, M-PCE showed the strongest
dispersibility, which was also because the formation of
hydrogen bonds in organosiloxane of M-PCE and Portland
cement promoted the dispersibility of M-PCE.
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