
Influence of High-Robustness Polycarboxylate Superplasticizer on the
Performances of Concrete Incorporating Fly Ash and Manufactured Sand

Panpan Cao1,2, Xiulin Huang1,3,*, Shenxu Bao4 and Jin Yang5,*

1Macheng Hubei University Research Academy of Industrial Technology, Huanggang, 438300, China
2Hubei Jueshuo New Material Technology Co., Ltd., Huanggang, 438300, China
3School of Materials Science and Engineering, Hubei University, Wuhan, 430000, China
4School of Resources and Environmental Engineering, Wuhan University of Technology, Wuhan, 430070, China
5School of Civil Engineering, Architecture and Environment, Hubei University of Technology, Wuhan, 430068, China
*Corresponding Authors: Xiulin Huang. Email: huangxl@hubu.edu.cn; Jin Yang. Email: jinyang@hbut.edu.cn

Received: 27 October 2022 Accepted: 14 December 2022

ABSTRACT

Using ethylene glycol monovinyl polyoxyethylene ether, 2-acrylamido-2-methylpropane sulfonic acid (AMPS)
and acrylic acid as the main synthetic monomers, a high robustness polycarboxylate superplasticizer was pre-
pared. The effects of initial temperature, ratio of acid to ether, amount of chain transfer agent, and synthesis pro-
cess on the properties of the superplasticizer were studied. The molecular structure was characterized by GPC
(Gel Permeation Chromatography) and IR (Infrared Spectrometer). As shown by the results, when the initial
reaction temperature is 15°C, the ratio of acid to ether is 3.4:1 and the acrylic acid pre-neutralization is 15%,
The AMPS substitution is 10%, the amount of chain transfer agent is 8%, and the performance of the synthesized
superplasticizer is the best. Compared with commercially available ordinary polycarboxylate superplasticizer in
C30 concrete prepared with manufactured sand and fly ash, the bleeding rate decreases by 52%, T50 decreases
by 1.2 s, and the slump time decreases by 1.1 s. In C60 concrete prepared with fly ash and river sand, the bleeding
rate decreases by 46%, T50 decreases by 0.8 s, and the slump time decreases by 3.2 s.
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PCE-C Common water reducer
HRPCE High-robustness polycarboxylate superplasticizer

1 Introduction

With the development of modern engineering technology, the super high-rise and long-distance
transportation of concrete has become the norm in engineering construction. Higher requirement for the
rheological properties of concrete mixture is proposed due to the long distance transportation of concrete
in the pump pipe [1,2]. On the other hand, with the gradual scarcity of natural sand, manufactured sand is
widely used in concrete production. However, due to the limitations of equipment and technology, the
distribution of manufactured sand is often inappropriate, characterized by particles ≥1.18 and ≤0.3 mm
content more or 0.3~1.18 mm content less. The intermediate particles of manufactured sand play a crucial
role in the encapsulation and cohesion of concrete. The lack of intermediate particles makes concrete
prone to bleeding, slurry running, and even segregation, which increases the risk of pump blockage
during pumping and threatens the quality of the project [3,4]. Good pumpability requires the concrete
mixture to have and maintain good fluidity, small pumping resistance, no segregation, no bleeding, slurry
bone coordination and other properties, i.e., high robustness.

Polycarboxylate superplasticizer has become an important part of modern concrete with its excellent
dispersion and dispersion retention properties, and greatly affects the working properties of concrete. The
decline in the quality of raw materials and the complex and diverse construction status of the engineering
environment have posed a huge challenge to the performance of polycarboxylate superplasticizers. As an
important raw material in the synthesis of the polycarboxylate superplasticizers, macromolecular
monomer polyether has a great impact on the synthesis process and properties of the polycarboxylate
superplasticizers. The difference in double bond substituents in the polyether macromonomers will lead to
different electron conjugation and induction effects, thus changing the polymerization activity of the
double bonds. Polycarboxylate superplasticizers with different properties can be prepared by polyether
macromonomers with different polymerization activities, which ultimately affects the performance of the
concrete mixtures [5–7]. At present, the polyethers commonly used in the water-reducing agent market
are mainly methyl allyl polyethylene glycol ether (HPEG) and isopentenyl polyethylene glycol ether
(TPEG). Ethylene glycol monovinyl polyethylene glycol ether (EPEG) is a new type of vinyl ether
macromonomer prepared by ethoxylation with ethylene glycol monovinyl ether as the starting agent.
Compared with conventional HPEG and TPEG polyether macromonomers, the side chain structure
swings more freely and the range of motion is larger. The synthesized polycarboxylate superplasticizer
has higher adaptability, low sensitivity, and better slump retention performance. Therefore, it has been
widely studied and applied in recent years.

In this paper, a series of polycarboxylate superplasticizers were synthesized by using EPEG as the
polyether macromonomer and low temperature initiation technology. The effects of different parameters
on the properties of the superplasticizers were studied, and a high robustness polycarboxylate
superplasticizer was prepared.

2 Experiment

2.1 Raw Materials and Equipment

2.1.1 Synthetic Raw Materials
EPEG (M = 3000), industrial grade; 2-acrylamido-2-methylpropane sulfonic acid (AMPS), industrial

grade; Acrylic acid (AA), industrial grade; Sodium hypophosphite (SHP), industrial grade; Potassium
persulfate (KPS), industrial grade; Reducing agent, industrial grade; Liquid alkali, 32% sodium
hydroxide, laboratory homemade; Ferrous sulfate, analytically pure; Deionized water.
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2.1.2 Performance Testing of Raw Materials
Cement, P·O42.5; Fly ash, grade I, 45 μm sieve residue 8%; Manufactured sand, gradation is shown in

Table 1, fineness modulus 3.4; River sand, fineness modulus 2.6; Stone, 5–25 mm continuous grading gravel;
Tap water; Common water reducer PCE-C, solid content 40%.

2.1.3 Main Equipment
Four-necked flask with stirring and water bath device; Peristaltic pump; Electronic balance; Viscotek

TDA 305 max gel permeation chromatography; Fourier transform infrared spectrometer (FT-IR)
(Tensor27, Bruker Company, Germany); Paste mixer; Concrete mixer; Pressure testing machine.

2.2 Preparation of High Robustness Water Reducer
The EPEG and deionized water were added to a four-port flask equipped with a thermometer and a stirrer

and stirred at 15°C until completely dissolved. The chain transfer agent, SHP, and an appropriate amount of
the catalyst, ferrous sulfate, were added to the flask and well stirred. Materials A, B, and C were dripped in at
the same time. The material A is composed of a certain amount of liquid alkali, AA, AMPS and deionized
water, the material B is composed of an appropriate amount of KPS and deionized water, and the material C is
composed of an appropriate amount of reducing agent and deionized water. The dropping times of materials
A, B, and C were 50, 60, and 60 min, respectively, and the holding time is 1 h after the dropping is completed.
Finally, a certain amount of liquid alkali was added to adjust the pH of the system to neutral, and an
appropriate amount of deionized water was added to dilute to obtain a high robustness polycarboxylate
superplasticizer (HRPCE) with a solids content of 40%. During the preparation process, the amount of
catalyst ferrous sulfate, oxidant KPS, and reducing agent were 0.02%, 1.8%, 0.5% of the monomer molar
number, respectively. The reaction process is shown in Fig. 1.

2.3 Performance Test Method

(1) Infrared spectroscopy test: The TEN-SOR27 fourier transform infrared spectrometer produced by
Bruker company in Germany was used. The samples were dialyzed and filtered with a semi-
permeable membrane to remove impurities. After vacuum drying at 60°C, the samples were
mixed with KBr powder and ground.

(2) Gel permeation chromatography analysis: Viscotek TDA 305 max multi-detector gel permeation
chromatograph produced by Malvern, UK was used for testing. The mobile phase was 0.1 mol/L

Table 1: Gradation of manufactured sand

Size of screen mesh (mm) 4.75 2.36 1.18 0.6 0.3 0.15 0

Scoring sieve residue (%) 12.8 26.7 25.8 10.6 8.1 9.2 6.8

Accumulated sieving residue (%) 12.8 39.5 65.3 75.9 84 93.2 100

Figure 1: Preparation process of high robustness polycarboxylate superplasticizer (HRPCE)
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sodium nitrate solution, the flow rate was 0.7 mL/min, and the chromatographic column was
A-Guard+1x A6000M.

(3) Cement paste fluidity test: according to GB/T8077-2012《concrete admixture homogeneity test
method》, water-cement ratio is 0.29, the solid content of water reducer is 0.12%.

(4) Concrete performance test: refer to GB8076-2008《concrete admixture》.

3 Results and Analysis

3.1 Synthesis Process Research

3.1.1 Effect of Initial Temperature on the Performance of the Water Reducer
Synthesis temperature determines the half-life of the initiator and monomer polymerization rate, and

appropriate synthesis temperature can reduce the chemical reaction barrier so that the reaction conditions
are relatively mild while, a too high temperature can easily lead to degradation of the EPEG monomer
[8]. Aqueous free radical polymerization is an exothermic reaction. As the reaction proceeds, the system
temperature gradually increases, so it is necessary to control the appropriate initial reaction temperature.
The effect of initial temperature on the performance of the water reducer was studied by maintaining the
same other reaction conditions. The results are shown in Fig. 2.

When the initial temperature of the reaction is lower than 15°C, the initial dispersion performance of the
water reducer is comparable, but the dispersion retention performance increases with increasing temperature.
This is because when the reaction temperature is too low, the number of the free radicals produced by the
initiator is small, resulting in a decrease in the conversion rate of the system. The unreacted polyether
plays a partial dispersion role in the system due to the action of the surfactant. However, due to the small
number of water-reducing agent molecules in the system, with the progress of the cement hydration, the
water-reducing agent molecules are continuously covered by the hydration products, resulting in a
significant decrease of the paste fluidity. When the initial temperature exceeds 15°C, the initial dispersion
and dispersion retention properties of the water reducer also decrease. This is because as the temperature
increases, the number of free radicals produced by the initiator increases, causing the self-polymerization
of the monomer in the system [9]. At the same time, the activity of the chain transfer agent gradually
increases, resulting in a decrease in the average molecular weight of the water reducer, thereby reducing
the dispersion performance of the water reducer. Therefore, the initial temperature of the selected reaction
is 15°C, at which the total temperature rise of the reaction system is 13°C.

5 10 15 20 25 30

190

200

210

220

230

240

250

260

270

m
m/ytidiulf

et sap

temperature/

0min
60min
120min

Figure 2: Effect of initial temperature on the performance of water reducer
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3.1.2 Effect of Acid Ether-Ratio on the Performance of the Water Reducer
The EPEG monomer has a higher reactivity than HPEG and TPEG, requiring a lower number of small

monomers at the same conversion rate. The initial temperature of the reaction was controlled at 15°C, and the
other synthesis conditions were kept the same. The effect of acid-ether ratio on the performance of the water
reducer was investigated. The results are shown in Fig. 3.

With the increase of the acid-ether ratio, the dispersion performance and dispersion retention
performance of the water reducer first increase and then decrease. When the acid-ether ratio is 3.4:1, the
performance is optimal. This is because when the acid-ether ratio is low, the number of the adsorption
groups in the water-reducing agent molecules is small, the adsorption on the surface of the cement
particles and the electrostatic repulsion are weak, and the initial dispersion and dispersion retention
performance are poor. With the increase of the acid-ether ratio, the proportion of the adsorption groups
increased, and the dispersion performance of the water reducer gradually improved. When the acid-ether
ratio exceeds a certain value, with the increase of the acid-ether ratio, the side chain density gradually
decreases, the thickness of the adsorption layer formed by the superplasticizer on the surface of the
cement particles becomes thinner, and the steric hindrance is limited [10]. At the same time, the cement
particles with the adsorption layer cannot produce enough electrostatic repulsion when they are close to
each other, thus reducing the dispersion performance and dispersion retention performance of the
superplasticizer. Therefore, the optimum acid-ether ratio is 3.4:1.

3.1.3 Effect of Chain Transfer Agent on the Performance of the Water Reducer
The chain transfer agent, also known as the molecular weight regulator, is a chemical substance that can

transfer free radicals and can be used to control the relative molecular weight of polymers. Studies have
shown that the use of a chain transfer agent has no effect on the polymerization rate, and only serves to
shorten the length of the polymer chain, that is, to reduce the degree of polymerization of the polymer.
The more the amount of the chain transfer agent, the shorter the polymer chain, and the lower the degree
of polymerization of the synthesized polymer. The effect of the amount of chain transfer agent on the
performance of the water reducer was studied by controlling the initial reaction temperature of 15°C and
acid-ether ratio of 3.4:1. The results are shown in Fig. 4.
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Figure 3: Effect of acid-ether ratio on the performance of water reducer
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With the increase of the amount of chain transfer agent, the dispersion performance of the water-reducer
first increases and then decreases. When the amount of chain transfer agent is 8%, the performance is optimal.
This is mainly because when the amount of chain transfer agent is low, the molecular weight of the water-
reducing agent is large. At the same chain transfer agent dosage, the number of the molecules is small, and
the dispersion ability and dispersion retention ability are poor. With the increase of the amount of chain
transfer agent, the molecular weight of the water-reducing agent gradually decreases and the number of
molecules increases, which can play a good dispersion effect [11]. However, when the amount of chain
transfer agent is too much, it will affect the conversion rate of the reaction system, thus reducing the
performance of the water-reducing agent.

3.1.4 Effect of Pre-Neutralization on the Performance of the Water Reducer
Compared with the HPEG and TPEG monomers, the EPEG monomers can polymerize with small

monomers in a shorter time. However, because the reaction system is sensitive to temperature, the
temperature is released in a short time, which easily causes the temperature of the reaction system to rise
sharply and affects the performance of the water reducer. To slow down the reaction rate of the system,
reduce the reaction temperature rise rate and improve the conversion rate, some acrylic acid was pre-
neutralized by liquid alkali before dropping. The effect of the amount of pre-neutralization on the
performance of the water reducer was studied by controlling other reaction conditions. The results are
shown in Fig. 5.

With the increase of the amount of acrylic acid pre-neutralization, the performance of the water reducer
first increases and then decreases. When the acrylic acid pre-neutralization is 15%, the performance is
optimal. This is mainly because the non-neutralized acrylic acid and EPEG react rapidly under the
initiation of the initiator, and the heat release is concentrated, which accelerates the process of the
polymerization reaction, resulting in an increase in molecular weight and a decrease in the initial
dispersion performance and dispersion retention performance of the water reducer. When the acrylic acid
is partially pre-neutralized, the reaction rate is reduced, the heat release is stable, and the performance of
the water-reducing agent is improved [12]. However, when the excessive acrylic acid is neutralized, the
polymerization activity is reduced, which affects the normal polymerization of the reaction system,
reduces the conversion rate of the system, and then affects the overall performance of the water-reducing
agent. Therefore, we chose the amount of acrylic acid pre-neutralization of 15%.
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Figure 4: Effect of chain transfer agent dosage on performance of water reducer
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3.1.5 Effect of AMPS Substitution Amount on the Performance of the Water Reducer
The AMPS contains shielding amide group, strong anionic and water-soluble sulfonic acid group.

Compared with the carboxyl group in the acrylic acid, the adsorption performance of the AMPS is
stronger, which makes it have excellent performance. The unsaturated double bond exposed at the end
makes it possible to undergo addition polymerization reactions [13]. The introduction of the AMPS into
the superplasticizer can improve the performance of the superplasticizer. Keeping other conditions
consistent, the effect of the molar number of the AMPS replacing the acrylic acid on the performance of
the water reducer was studied. The results are shown in Fig. 6.

With the increase of the amount of AA substituted by the AMPS, the initial dispersion performance of
the water reducer is gradually improved. This is mainly because the sulfonic acid group in the AMPS has a
stronger adsorption capacity than the carboxyl group in the AA, which contributes to its adsorption on the
surface of the cement particles. However, it can also be seen that when the substitution amount of the AMPS
exceeds 10%, the dispersion ability is not significantly improved, while the dispersion retention ability is
greatly reduced. This is mainly beacause when the substitution amount of the AMPS is too large, the
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Figure 5: Effect of acrylic acid pre-neutralization percentage on the performance of the water reducer
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Figure 6: Effect of the AMPS substitution on the performance of the water reducer
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polycarboxylic acid molecules are rapidly adsorbed on the surface of the cement particles [14]. With the
progress of cement hydration, these polycarboxylic acid molecules are gradually covered by the hydration
products, and the remaining effective components of the water reducer in the solution are also reduced,
thus reducing the dispersion retention ability of the water reducer.

3.1.6 Determination of the Synthesis Process
From the results of the single factor experiments, the optimal synthesis process for preparing the high

robustness polycarboxylate superplasticizer (HRPCE) can be obtained as follows: acid-ether ratio 3.4:1, in
which the acrylic acid is 15% pre-neutralized, the acrylic acid replaced by the AMPS by 10%, the amount of
the chain transfer agent is 8%, and the initial temperature of the reaction system at 15°C.

3.2 Gel Permeation Chromatography Analysis
The gel permeation chromatograph of the HRPCE is shown in Fig. 7. Table 2 shows its molecular

information. It can be seen that the molecular weight of the prepared HRPCE is moderate and evenly
distributed.

3.3 Infrared Spectrum Analysis
The infrared spectrum of the HRPCE is shown in Fig. 8. As shown in Fig. 8: 1108 cm−1 is the

characteristic absorption peak of the C-O-C, 1724 cm−1 is the stretching vibration peak of the C=O in the
carboxyl group, 3434 cm−1 is the stretching vibration peak of the -OH, 2879 cm−1 is the stretching
vibration peak of the C-H in the methyl and methylene, 1037 cm−1 is the symmetrical stretching vibration
peak of the S=O in the -SO3, 1636 cm−1 is the bending vibration peak of the N-H, 1398 cm−1 is the
stretching vibration peak of the C-N. It shows that the acrylic acid and the AMPS have been successfully
polymerized with the polyether macromonomers.

3.4 Application Performance Test of Concrete
Using C30 and C60 concrete (mix ratio is shown in Table 3), as the research object, the prepared HRPCE

and commercially available PCE-C were diluted to 10% concentration. Under the same dosage, the effect of
the two kinds of water reducer on the performance of the concrete was investigated, and the results are shown
in Table 4.

Figure 7: Gel permeation chromatograph of HRPCE

Table 2: Molecular parameters of HRPCE

Mn Mw PDI Conversion rate/%

24370 35567 1.45 92.8
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Under the same dosage, the two superplasticizers have basically the same initial dispersion, and the
HRPCE has a slight advantage. However, from the working performance of concrete after 1 h, in the
C30 and C60 concrete, the HRPCE has obvious advantages in the slump spread, indicating that HRPCE
has a better dispersion retention performance. At the same time, the bleeding rate of the C30 concrete
prepared with the manufactured sand and fly ash in the HRPCE group decreased by 52%, The
T50 decreased by 1.2 s, and the slump time decreased by 1.1 s; the bleeding rate of the C60 concrete
prepared with the fly ash and river sand decreased by 46%, the T50 decreased by 0.8 s, and the slump
time decreased by 3.2 s, which indicate that the HRPCE has a better workability in the low-grade
concrete and high-grade concrete. In addition, due to the introduction of the amide groups in the AMPS,
the HRPCE shows certain advantages in the development of early strength of concrete. Good workability
and dispersion retention ensure the robustness of the concrete mixture in long distance and super high-
rise transportation processes. The aggregate is evenly distributed in the slurry, and the concrete with
slurry bone synergy also ensures the quality of the concrete engineering.

Figure 8: Infrared spectrum of the HRPCE

Table 3: Concrete mix proportion (kg/m3)

Label Cement Fly ash Manufactured sand River sand Crushed stone Water

C30 262 83 861 / 972 172

C60 432 108 / 703 1082 162

Table 4: Test results of application performance of concrete

Label Specimen Dosage (%) Slump/Spread
(mm)

1 h Bleeding
rate (%)

T50 (s) Slump time (s) Compressive
strength (MPa)

0 h 1 h 7 d 28 d

C30 HRPCE 1.6 220/550 215/535 4.2 3.0 4.5 31.2 38.9

PCE-C 1.6 220/540 210/500 8.8 4.2 5.6 29.8 38.8

C60 HRPCE 1.9 235/650 230/650 1.4 8.8 12.6 48.5 59.6

PCE-C 1.9 235/640 235/625 2.6 9.6 15.8 47.9 59.8
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4 Conclusions

A new type of EPEG polyether, acrylic acid and AMPS were used to carry out free radical polymerization
in aqueous phase by low temperature initiation technology. Conclusions can be drawn as follows:

1) When the initial reaction temperature is 15°C, the ratio of acid to ether is 3.4:1, and the acrylic acid
pre-neutralization is 15%, the AMPS substitution is 10%, the amount of chain transfer agent is 8%,
and a high robustness polycarboxylate superplasticizer (HRPCE) was prepared.

2) Gel permeation chromatography showed that the weight average molecular weight of the HRPCE
was 35567, the PDI was 1.45, the molecular weight was moderate and the distribution was
uniform. Infrared spectroscopy showed that the acrylic acid and AMPS had been successfully
polymerized with the polyether macromonomers.

3) The performance of the prepared HRPCE superplasticizer was evaluated by the C30 and
C60 concrete. The results showed that the HRPCE had better dispersion retention performance,
better concrete workability and robustness than ordinary superplasticizer, and has an advantages
of early strength.
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