kT buildings

Article

High-Temperature Stirring Pretreatment of Waste Rubber
Particles Enhances the Interfacial Bonding and Mechanical
Properties of Rubberized Concrete

Yuan Jing !, Chunwei Zhang 1'2*, Ali Arab 200, Guangyi Lin 3* and Meng Zhao 3

check for
updates

Citation: Jing, Y.; Zhang, C.; Arab, A.;
Lin, G.; Zhao, M. High-Temperature
Stirring Pretreatment of Waste Rubber
Particles Enhances the Interfacial
Bonding and Mechanical Properties of
Rubberized Concrete. Buildings 2024,
14,2162. https://doi.org/10.3390/
buildings14072162

Academic Editor: Jian-Xin Lu

Received: 17 June 2024
Revised: 27 June 2024

Accepted: 11 July 2024
Published: 14 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Civil Engineering, Qingdao University of Technology, Qingdao 266000, China; qkgryjy@163.com
Multidisciplinary Center for Infrastructure Engineering, Shenyang University of Technology,

Shenyang 110870, China

College of Electromechanical Engineering, Qingdao University of Science and Technology,

Qingdao 266061, China

Correspondence: zhangchunwei@sut.edu.cn (C.Z.); gylin666@163.com (G.L.)

Abstract: This paper innovatively proposes a method of 180 °C high-temperature stirring pretreat-
ment for waste rubber particles and compares this method with untreated, NaOH-treated, and
silane coupling agent KH570-treated waste rubber particles. Fourier-transform infrared spectroscopy,
X-ray diffraction analysis, water contact angle measurement, scanning electron microscopy, and
energy-dispersive X-ray study are used to investigate the effects and mechanisms of different pre-
treatment methods on waste rubber particles. The results indicate that compared to NaOH-treated
and KH570-treated waste rubber particles, the 180 °C high-temperature-stirred pretreated waste
rubber particles show significantly improved cleanliness and form a hard oxide film. The study
also investigates the effects of different pretreatment methods on the mechanical properties and
interface binding performance of rubber concrete made from pretreated waste rubber particles. The
results demonstrate that rubber concrete prepared using 180 °C high-temperature-stirred pretreated
waste rubber particles substituting 20% fine aggregate exhibits the best mechanical properties and
interface bonding performance. The compressive strength recovery rates after 7 and 28 days are
41.6% and 37.3%, respectively; the split tensile strength recovery rates are 47.3% and 60.6%; the
axial compressive strength recovery rates are 34.1% and 18.8%; and the static compression moduli of
elasticity recovery rates are 46.8% and 26.3%. High-temperature stirring pretreatment of waste rubber
particles is simple to operate and suitable for scaled production. Its pretreatment effect is superior to
those of the KH570 and NaOH methods, providing a reference value for the scalable application of
waste rubber particles as a substitute for fine aggregate in rubber concrete.

Keywords: waste rubber particles; rubberized concrete; static mechanical properties; high-temperature
stirring

1. Introduction

In recent years, the preparation of green concrete using waste materials as substi-
tutes for sand, such as scrap rubber, waste glass, polyvinyl chloride, and other recycled
aggregates, has received wide research attention [1]. The main components of waste tire
rubber are natural rubber, synthetic rubber, carbon black, metal, nylon fiber, and additives.
It is difficult to degrade under natural conditions; improper disposal can lead to severe
“black pollution” [2]. Although many countries have implemented measures to promote
the recycling of waste rubber, the recycling rate is much lower than the production rate.
This leads to a continuous increase in the global stockpile of waste rubber. It is estimated
that by 2030, 5 billion tires will be discarded annually worldwide [3,4]. Large amounts of
discarded tires, left outdoors, buried or incinerated without any treatment, pose substantial
threats to human health and the natural environment. The sensible recycling and reuse
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of these materials play an essential role in addressing black pollution and promoting the
circular economy:.

Despite the benefits of rubberized concrete, such as low density, good toughness,
and strong vibration resistance, many studies have shown that waste rubber particles
significantly weaken the strength of the concrete. This is a significant obstacle for practical
applications of rubberized concrete [5-7]. The loss of strength is mainly due to the low
rigidity of rubber (the elastic modulus of rubber is only 10°~10° Pa) and the poor bond
between “rubber particles and the base material of the concrete” [8-10].

To mitigate the strength loss caused by replacing fine aggregates with waste rubber
particles, researchers have tried numerous pretreatment methods. These can generally be
categorized into physical methods [11] (water cleaning, precoating), chemical methods [12]
(NaOH pretreatment, silane coupling agent pretreatment), and two-stage methods (NaOH
pretreatment-precoating) [13]. For example, Mohammadi et al. [14] report that after treating
rubber for 24 h, soaking in sodium hydroxide solution and water restored strength by 28%
and 11.2%, respectively. However, with the same rubber content, Youssf et al. [15] show a
strength recovery of 22.3% after soaking rubber for 24 h. Najim and Hall [16] washed rubber
with water and demonstrated a 6.8% strength recovery at a 38% rubber content. Huang
et al. [17] suggest a two-stage method to enhance the performance of rubber-pretreated
cement composites. They treated the surfaces of rubber particles with a silane coupling
agent, followed by a cement coating. Subsequently, Dong et al. [18] further improved this
method by developing a cement coating around the rubber particles combined with a silane
coupling agent, observing strength recoveries of 21% and 36.7% at 15% and 30% rubber
contents, respectively. Although these treatment methods can improve the mechanical
properties of rubberized concrete to some extent, they often suffer from instability, low
efficiency, complexity, and difficulties in scaling up production [19,20].

This article introduces a novel pre-processing method for rubber, involving the high-
temperature stirring of waste rubber particles at 180 °C. The research hypothesizes that
under high-temperature stirring, the rubber hydrocarbons on the surfaces of waste rubber
particles react with oxygen in the stirring tank to form an oxide film, increasing their
hardness. Low-molecular-weight compounds will volatilize under high temperatures,
and loose impurities on the rubber surface will be removed due to friction between parti-
cles, thereby cleaning the surface of the waste rubber particles [21]. This study employs
a series of microscopic characterization techniques to investigate the effects of different
pretreatment methods on waste rubber particles. It observes the impacts of different pre-
treatment methods on the apparent morphology of waste rubber particles through scanning
electron microscopy (SEM). This study analyzes changes in chemical bonds (such as C-O
and Si-O-5i bonds) on the surfaces of waste rubber particles through Fourier-transform
infrared spectroscopy (FI-IR) and X-ray diffraction (XRD). By using energy-dispersive
X-ray spectroscopy (EDS), it measures the contents of oxygen, zinc, and magnesium on the
surfaces of waste rubber particles, determining the mechanisms by which different pre-
treatment methods affect waste rubber particles. Rubber concrete has been prepared using
waste rubber particles as 20% aggregate substitutes to test their working performances,
macro-mechanical properties and micro-interface bonding properties under various pre-
processing conditions. The recoverability rates of strength in the mixed rubber concrete
are calculated and compared. Compared to traditional methods, high-temperature stirring
pretreatment generates no wastewater, has a simple production process, effectively cleans
the surfaces of waste rubber particles, and can form an oxide film on the surface, enhancing
its stiffness. Consequently, this improves the mechanical strength and interface bonding
performance of rubber concrete. This helps to reduce pollution and produce environmen-
tally friendly building materials, contributing to a society that can sustain development
and generating both economic and environmental benefits.
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2. Materials and Programs
2.1. Test Raw Materials

The benchmark concrete refers to a mix proportion design of C40. The cement used in
the test was P.O42.5 ordinary Portland cement. The coarse aggregate chosen was crushed
stone with a continuous particle size of 5-16 mm. The fine aggregate selected was medium
sand with a fineness modulus of 2.7 and a bulk density of 2688 kg/m?>. The water-reducing
agent supplied by Shandong Yinsida New Material Co., Ltd. in Dongying, Shandong, China,
was a high-performance type. The waste rubber particles were provided by Guangrao
Changguan Renewable Resources Co., Ltd., in Dongying, Shandong, China, with a mesh
size of 20 and a bulk density of 1100 kg/m?3. The KH570 used was a light yellow transparent
liquid supplied by Dongying Ruichite Technology Co., Ltd. in Dongying, Shandong, China,
with a boiling point of 255 °C and a purity of >97%.

2.2. Test Fit Ratio

According to this study, the mix proportion design of the benchmark concrete was
based on the Chinese National Standard GB 50007-2011 [22] “Code for Design of Concrete
Mix Proportion”, determined after numerous experiments, with a design strength grade of
LC40. Rubber particles replaced 20% of the fine aggregate by volume. The experimental
mix ratios are shown in Table 1. Ten groups of 150 mm x 150 mm x 150 mm specimens
(three samples per group) were prepared for cube compressive tests and split tensile tests.
Ten groups of 150 mm x 150 mm x 300 mm specimens (three samples per group) were
prepared for axial compressive tests and static compression modulus of elasticity tests.

Table 1. Concrete test mix ratios.

Samples Methods g::;iiglz}:; Sand (kg) Stone (kg) Cement (kg) wa:;:;:?;g? ng
0 No rubber - 672 1173 420 3.7
1 No processed 55 537.6 1173 420 3.7
2 NaOH 55 537.6 1173 420 3.7
3 KH570 55 537.6 1173 420 3.7
4 Stir at 180 °C 55 537.6 1173 420 3.7

2.3. Specimen Preparation
2.3.1. Pretreatment Specimen of Waste Rubber Granules

Surface pretreatment of waste rubber particles was conducted using three methods
sequentially: NaOH pretreatment, silane coupling agent KH570 pretreatment, and high-
temperature stirring pretreatment at 180 °C. For the preparation of NaOH-treated waste
rubber particles, a 5% sodium hydroxide solution was prepared with solid sodium hy-
droxide and deionized water. Sodium hydroxide solution and waste rubber particles were
mixed at a volume ratio of 2:1 and stirred for 30 min. After the particles fully saturated and
floated on the solution surface, the mixture was left at room temperature for 24 h. It was
then dried in an oven at 45 °C for 48 h and set aside. In the process of preparing KH570
silane coupling agent-treated waste rubber particles, a 2% KH570 solution was prepared
using KH570 and anhydrous ethanol. The KH570 solution and waste rubber particles were
mixed at a 2:1 volume ratio and stirred for 30 min. Following the complete soaking and
floating of the particles on the surface, the mixture was left at room temperature for 24 h,
then dried in an oven at 45 °C for 48 h and set aside. For preparing high-temperature-
stirred waste rubber particles, a specific amount of waste rubber particles was poured
into a high-temperature stirring tank (the SHR-1 type high-temperature mixing tank is
produced by Sheng Machinery and Electrical Equipment Manufacturing Factory in Leyu
Town, Zhangjiagang City, China), heated at 180 °C with a stirring speed of 700 rpm, and
stirred for 15 min. The material was then removed, cooled, and left to sit for 24 h until
needed. The waste rubber pretreatment process is illustrated in Figure 1.
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Figure 1. Pretreatment process of waste rubber particles ((A) NaOH; (B) KH570; (C) Stir at 180 °C).

2.3.2. Concrete Specimens

In the specimen preparation process using a no-pre-mixing method, pre-weighed
coarse aggregate, fine aggregate, rubber particles, cement, water, and water-reducing agent
were added into a mixer and mixed for 6 min. The mixture was poured into molds in three
layers, vibrated on a vibrating table, and then leveled. The specimens were then placed
in a curing box maintained at a temperature of 20 & 2 °C and 92% relative humidity for
curing over a period of 28 days before testing.

2.4. Test Methods

Thermogravimetric Analysis (TGA) was performed with a Mettler TGA2 instrument
(Mettler Toledo, Greifensee, Switzerland) within a temperature range of 70 °C to 650 °C.
Nitrogen and oxygen were fed in stages for the quantitative analysis of waste rubber
granule components. An increment test was carried out by drying a weighed bottle at a
constant temperature of 80 & 2 °C until it reached a constant weight. Two grams of sample
were placed in the weighed bottle and dried in the same conditions. Acetone extract was
determined following method A of the Chinese National Standard GB/T 3516-2006 [23],
using acetone as a solvent and a Sohxlet extractor; polyisoprene content was determined by
following the Chinese National Standard GB/T 15904-2018 [24]. Fourier-transform infrared
spectroscopy (FI-IR) was performed using the Vector70 Fourier infrared spectrometer
(Bruker, Bremen, Germany). The treated waste rubber granules were mixed with KBr at
a ratio of 100:1 for characterization analysis. Scanning electron microscopy (SEM) was
carried out using the JSM-7500F scanning electron microscope (JEOL Ltd., Akishima, Japan),
supplemented with energy-dispersive X-ray spectroscopy (EDS) by Bruker (Germany).

The slump and air content of the concrete mix were determined by complying with
the Chinese National Standard ‘Methods of testing the performance of ordinary concrete
mixes” (GB/T 50080-2002) [25]. The slump meter and steel ruler evaluated the workability
status, while the CA-3 direct-reading concrete air content tester examined the air content
in rubber aggregate concrete. Cube compressive strength and split tensile strength tests
were performed according to the Chinese National Standard ‘Test methods for mechanical
properties of ordinary concrete’ (GB/T50081-2016) [26] with 150 mm X 150 mm x 150 mm
specimens. The compressive strength tests used the WAW31000 computer-controlled
hydraulic universal testing machine (Tianjin Metis, Tianjin, China), and the split tensile
strength tests used the YA-300 automatic pressure testing machine (Tianjin Metis, China).
The axial compressive strength and static compression modulus tests followed the same
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standard with 150 mm x 150 mm X 300 mm specimens. The fracture site microstructure
of the rubber concrete was observed using the JSM-7500F scanning electron microscope
(JEOL Ltd., Japan).

3. Results Analysis
3.1. Waste Rubber Particle Analysis
3.1.1. Composition Analysis of Waste Rubber Particles

To test the composition changes in waste rubber particles, Thermal Gravimetric Anal-
ysis (TGA), Soxhlet extraction, and the titration method are used to determine the contents
of rubber hydrocarbons, polyisoprene, acetone extracts, carbon black, and ash.

As Figure 2 shows, the Thermal Gravimetric Analysis (TGA) of untreated waste rubber
particles is carried out in two stages in N, and O, atmospheres (organic matter in waste
rubber particles can be pyrolyzed under N, atmosphere, while carbon black needs to
be pyrolyzed under O, atmosphere to determine its mass loss). In the first stage, N is
injected as a protective gas (to prevent the combustion of organic matter in waste rubber
particles at high temperatures). The temperature is heated from 70 °C to 300 °C at a rate of
10 K/min. After holding at 300 °C for 10 min, a mass loss stage occurs, with a mass loss
of 16.4572%, indicating the mass loss of small volatile organic compounds, generally oil
substances and volatile impurities. Then, the temperature heats from 300 °C to 550 °C at a
rate of 20 K/min; after holding at 550 °C for 15 min, another mass loss stage occurs, with a
mass loss of 53.3177%, indicating organic matter mass loss, generally in the form of rubber
hydrocarbons. At this point, the first stage ends, completing the pyrolysis of organic matter
in waste rubber particles. In the second stage, the temperature is firstly lowered to 300 °C at
a cooling rate of 30 K/min. Oy is injected and the temperature rises from 300 °C to 650 °C
at a heating rate of 20 K/min. A mass loss stage occurs, with a mass loss of 24.5153%,
indicating the mass loss of carbon black. After holding at 650 °C for 15 min, no mass loss
stage appears, and the remaining matter is ash.

waste rubber particles: 10.2630 mg No processed waste rubber particles
100 - > (1)
(2)[ steps2: —53.3177%
80 - 5.4720mg
stepsl: —16.4572%
—~ —1.6890mg
= -
X 60
p—a
(3)
> " \
—ED workflow (4)
‘S 40 - (1) 70°c-300°C ,10.00K min N, 50.0 mVmin i Y
B (2) 300°C ,10min,N, 50.0 mVmin :I (6)
(3) 300°C-550°C ,20.00K/min,N; 50.0 mV/mige —
(4) 500°C ,15min,N, 50.0 mVmin (7
> »V2 ® 24.51539%
20 < (5) 550°C-650°C ,100.00K/min,N, 50.0 mWpin steps3: "4'_5133 70
(6) 650°C ,15min,N, 50.0 mVmin 2.5610mg
(7) 650°C-300°C ,-30K/min,N, 50.0 mVmin
(8) 300°C-650°C ,20K/min,0, 50.0 mVmin e = (9)
0 < (9) 650°C ,15min,0, 50.0 m¥min (8)
T T T T T T
0 100 200 300 400 500 600 700

Temperature (°C)

Figure 2. TGA of untreated waste rubber particles.

The thermogravimetric analysis of waste rubber particles, pretreated using the same
method with NaOH, KH570, and stirring at a high temperature of 180 °C, is carried out, as
shown in Figure 3.
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Figure 3. TGA of pretreated waste rubber particles ((a) NaOH; (b) KH570; (c) stirring at 180 °C).

According to the thermogravimetric analysis, the proportions of low-molecular-weight
organics, other organics, carbon black, and ash in untreated waste rubber particles and those
prepared using three different pretreatment methods are shown in Table 2. The data indicate
that compared to untreated waste rubber particles, the content of low-molecular-weight
organics decreases in those pretreated with NaOH, KH570, and, in particular, stirring at
180 °C, where the reduction is the largest at 57.48%. This significant decrease is due to
the volatilization of low-molecular-weight organics from the surface of the waste rubber
particles at high temperatures [27]. The slight reductions observed with NaOH and KH570
pretreatments are attributed to the cleaning action of the solutions, which remove some of
the low-molecular-weight organics from the surfaces of the particles [28]. The removal of
low-molecular-weight organics helps to clean the surface of the waste rubber, facilitating
better bonding between the rubber particles and the concrete matrix materials [29].

Table 2. Waste rubber particle composition analysis.

Samples Weight Loss(%)

Weight Loss under N, Atmosphere (Total .

Organic Content) Weight Loss under O,
Atmosphere (Total Ash Content
Rubber Hydrocarbons Carbon Black Content)

Component

Low-Molecular-
Weight Organics

No processed 16.4527 53.3177 24.5153 5.7143
NaOH 12.2501 55.3661 25.3171 7.0667
KH570 13.3661 56.2511 26.331 4.0518

Stir at 180 °C 7.0001 52.3178 29.0349 11.6472

To further determine the content of acetone extracts in waste rubber particles, the
Soxhlet extraction method is used. The principle involves placing the weighed rubber
sample into a Soxhlet extraction apparatus, where the solvent is removed by distillation
or evaporation, followed by the drying and weighing of the extract. Firstly, the mass
fraction of the heat-reduced sample is measured and calculated using Formula (1). After
the extraction, the content of acetone extracts in the waste rubber particles is calculated
using Formula (2), as shown in Table 3.

Table 3. Calculation table of acetone extract from waste rubber particles.

Sample my (g) my (g) X1 (%) X (%)
No processed 0.9987 0.9239 0.0036 7.4861
NaOH 0.9930 0.9238 0.0037 6.9163
KH570 0.8981 0.8324 0.0036 7.3118

Stir at 180 °C 0.9910 0.9301 0.0034 6.1419
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The heating decrement X; is calculated according to Formula (1):
X, = 2" 900 1)
mc
X;: Heat decreases the mass fraction, %;
m,: Sample mass before drying (including weighing bottle), g;
my,: Sample mass after drying (including weighing bottle), g;
mc: Quality of sample, g.
x="17M 900 - X, 2)
my

X: Acetone extract content, %;

mi: The quality of the sample before acetone extraction, g;

my: After the acetone is extracted, the sample is dried for quality, g;

X;: Heat decreases the mass fraction, %

The polyisoprene content is determined via the titration method. The principle is
that the polyisoprene in the sample is digested by heating the mixture of sulfuric acid and
chromic acid, the acetic acid is distilled by steam, and the carbon dioxide in the distilled
liquid is removed by pumping gas. The acetic acid is then titrated with sodium hydroxide
solution. Under the specified test conditions, the yield of isoprene unit oxidation to acetic
acid is 75%, according to which the chemical constant 0.0908 is obtained. According to
Formula (3), the polyethylene diene content of waste rubber particles is 27.24%, as shown

in Table 4.
~0.0908 x (V; — V) x ¢

W x 100% 3
. . : ®)
Table 4. Calculation of polyisoprene content.
Sample V1 (mL) V1 (mL) C (mol/L) M (g) W, (%)
Not processed 100 88 0.05 0.2 27.24
NaOH 100 87 0.05 0.2 29.51
KH570 100 88 0.05 0.2 27.24
Stirred at 180 °C 100 89 0.05 0.2 24.97

W,: Polyisoprene content, %;

V1: The volume of sodium hydroxide standard titration solution consumed by the
titration test solution, mL;

V3: The volume of sodium hydroxide standard titration solution consumed by the
titration blank, mL;

c: The actual concentration of the sodium hydroxide standard titrant, mol/L.

m: The quality of the sample, g.

0.0908: Under the specified experimental conditions, the yield of isoprene unit oxida-
tion to acetic acid is 75%, according to which the chemical calculation constant is obtained.

For the tests conducted above, the contents of acetone extracts, polyisoprene, other
rubber hydrocarbons, carbon black, and ash in untreated waste rubber particles, as well
as those pretreated with NaOH, KH570, and high-temperature stirring at 180 °C, are as
shown in Table 5.
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Table 5. Components of waste rubber particles (mass fraction %).

. Other Rubber
Sample Acetone Extract Polyisoprene Hydrocarbon Carbon Black Ash
No processed 7.4861 27.24 35.0443 24.5153 5.7143
NaOH 6.9163 29.51 31.1899 25.3171 7.0667
KH570 7.3118 27.24 34.0564 26.331 4.0518
Stir at 180 °C 6.1419 24.97 28.206 29.0349 11.6472

Acetone extracts primarily consist of oily substances from waste rubber particles.
As shown in Table 5, the content of acetone extracts in waste rubber particles decreases
by 17.9% after high-temperature stirring pretreatment at 180 °C due to the volatilization
of oily substances under high temperatures. The content decreases by 7.6% following
NaOH pretreatment because NaOH saponifies the oily substances [30], removing them
from the surfaces of the rubber particles. The decrease is not significant with KH570
pretreatment, indicating its lower efficacy in removing oily substances. Reducing the
surface oily substances of waste rubber particles can enhance the interfacial binding with
concrete matrix materials [31]. Polyisoprene, the main component of natural rubber, shows
no significant change in content in untreated, NaOH-pretreated, and KH570-pretreated
waste rubber particles. However, its content decreases after 180 °C high-temperature
stirring pretreatment due to oxidation and thermal degradation at high temperatures,
forming a harder oxidation film [32]. This is confirmed by the C-O stretching peak in
FT-IR spectroscopy analysis and the change in O in EDS analysis. The formation of
the oxidation film increases the elastic modulus of the waste rubber particles, positively
affecting the strength of rubber concrete [33]. The content of other rubber hydrocarbons
remains relatively stable in untreated, NaOH-pretreated, and KH570-pretreated waste
rubber particles but decreases in those pretreated by high-temperature stirring at 180 °C,
following the same principle as used in the polyisoprene content reduction. Carbon black,
the primary filler in rubber, varies within a range of 5% in all samples, indicating uneven
dispersion during the rubber production process and showing local content variations [34]
unrelated to the treatments in this study. The ash content fluctuates within a 3% range
in untreated, NaOH-pretreated, and KH570-pretreated waste rubber particles. However,
it doubles in those pretreated by high-temperature stirring at 180 °C, likely due to the
volatilization and oxidation of small-molecule organic substances or oils in the stirring
tank, eventually settling as deposits [35].

3.1.2. Fourier-Transform Infrared (FT-IR) Spectral Analysis

Further characterizing the chemical reactions occurring during the pretreatment of
waste rubber particles using different methods, Fourier-transform infrared (FT-IR) spec-
troscopy was conducted on untreated waste rubber particles, NaOH-pretreated waste
rubber particles, KH570-pretreated waste rubber particles, and waste rubber particles pre-
treated by stirring at high temperature (180 °C). As shown in Figure 4, in untreated waste
rubber particles, NaOH-pretreated waste rubber particles, and KH570-pretreated waste rub-
ber particles, the C-H stretching vibration peak appears at 840 cm~! and 2960 cm ! [36]; the
peak at this place is weaker in waste rubber particles pretreated by 180 °C high-temperature
stirring due to the low dissociation energy of C-H bond leading to partial C-H rupture
under high temperatures. In the NaOH-pretreated waste rubber particles, a strong -CO3
stretching vibration peak is present at 1450 cm ™! [37], implying that sodium bicarbonate
is generated from the esterification reaction between NaOH and an oily substance on the
surfaces of waste rubber particles. In KH570-pretreated waste rubber particles, a Si-O-5i
stretching vibration peak emerges at 1170 cm ! [38], signifying the attachment of KH570 to
the surfaces of waste rubber particles. In waste rubber particles prepared through 180 °C
high-temperature stirring, there is a C-O vibration peak appearing at 1030 cm ! [38,39],
indicating that polyisoprene or other rubber hydrocarbons in the waste rubber particles
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have undergone oxidation reaction. It is evident that compared to untreated waste rubber
particles, NaOH-pretreated waste rubber particles, and KH570-pretreated waste rubber
particles, the high-temperature-stirred pretreated waste rubber particles show no significant
peak at 1560 cm . This can be attributed to the breaking of C=C bonds under the influence
of high temperature [40].

~r y
-CO,|[ | Yo
L em” processed|
§ V — 450
e
. é —V\NaOH
7 . .
g s —[si-03s C-H
g 1560 cm'l<7 \ ﬁEMOc:m_1
C=C T V—sca
M\ 1170cm™ (KHS570)
2960cn?1/ \C_H -
=, Stir
C-d? at 180°C
1030em™
[ I [ | I I |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers/cm

Figure 4. FT-IR of waste rubber particles.

3.1.3. X-ray Diffraction Analysis Utilizes

The XRD spectra analysis, as shown in Figure 5, reveals that the untreated waste
rubber particles, as well as those pretreated with NaOH and KH570, exhibit similar trends
in the characteristic peaks of carbon, calcium oxide, zinc oxide, and magnesium oxide.
However, for the waste rubber particles treated at 180 °C, the peaks for calcium oxide, zinc
oxide, and magnesium oxide become smoother and lower, indicating material loss during
the pretreatment process. This observation aligns with the subsequent EDS tests, which
show a consistent trend in the variation in these elements.
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Figure 5. XRD analysis of waste rubber particles.

3.1.4. Scanning Electron Microscopy (SEM) Analysis

Figure 6 demonstrates the apparent morphology of waste rubber particles prepared
through different pre-processing methods, as studied under a scanning electron microscope
with scales of 100 pm, 10 um, 2 um, and 1 pm.

Figure 6A displays untreated waste rubber particles with an uneven and rough ap-
pearance, with many loose particles scattered across their surfaces. This is because during
the crushing process of waste rubber particles, mechanical force leads to the peeling off
of tire fillers such as carbon black, silica, zinc oxide, magnesium oxide, and oil-based sub-
stances [41,42] that adhere to the surfaces of the waste rubber particles that fall under the
category of impurities. These loose impurities hinder the integration of waste rubber particles
with the concrete interface, introduce a significant amount of gas, and increase the air content
in the concrete mixture, which results in a reduction in the quality of rubber concrete.

In Figure 6B, we can see NaOH-pre-processed waste rubber particles. Compared to
untreated ones, the cleanliness has improved significantly, but there are still some granular
impurities on the surface. This is because NaOH removes fats from the surface and cleans the
powder, eliminating loose impurities from the surface, but it cannot completely remove them.

Figure 6C shows the surface appearance of KH570-pre-processed waste rubber par-
ticles, featuring fewer surface impurities and roughness. The roughness comes from the
hydrolysis reaction of KH570, forming si-o-si bonds on the surfaces of waste rubber parti-
cles, consistent with the aforementioned FTIR (Fourier-transform infrared spectroscopy)
test results.
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Figure 6. SEM of waste rubber particles ((A) No processed; (B) NaOH; (C) KH570; (D) stirred at 180 °C).

Figure 6D illustrates the appearance of waste rubber particles pretreated via high-
temperature stirring at 180 °C. As shown in the figure, the surface smoothness of the waste
rubber particles is high due to the volatilization of small-molecule organics on the particle
surface at this temperature and the granular particles’ removal of the loose impurities on
their surface under frictions and pressures in the agitation tank. Furthermore, the rubber
hydrocarbons on the surface react with the oxygen in the air to form oxides that create a
hard oxide film on the surface, further confirming the FTIR CO stretch vibration peak value
and the change in the oxygen element in subsequent EDS (energy-dispersive spectroscopy)
tests. The increased cleanliness and formation of the oxide film have a positive impact
on the strength of rubber concrete. A clean surface allows for better bonding between the
waste rubber particles and concrete, while the formation of the oxide film on the surfaces of
waste rubber particles increases their modulus of elasticity, reducing the impact of the waste
rubber particles’ low modulus of elasticity on the strength loss of rubber concrete [33].

3.1.5. Energy-Dispersive X-ray (EDS) Analysis

EDS element scanning of the orange marked points (S1, Sy, S3, Ss, S5) in the scanning
electron microscope image, as shown in Figure 7, reveals that the main elements on the
surfaces of waste rubber particles are carbon, oxygen, sulfur, zinc, magnesium, silicon,
calcium, and iron. Carbon mainly originates from small organic molecules, carbon black,
and rubber hydrocarbons in the rubber [43]. Oxygen primarily comes from atmospheric
oxygen adsorbed on the surfaces of waste rubber particles or from oxide films formed
during high-temperature stirring and pretreatment [44]. Sulfur primarily derives from its
use as a vulcanizing agent in rubber [45]. Zinc, magnesium, and calcium mainly come from
rubber additives such as zinc oxide, magnesium oxide, and calcium oxide [46]. Silicon



Buildings 2024, 14, 2162

12 of 22

mainly comes from silica used as a rubber filler [47]. Iron primarily originates from the
steel wire fabrics in tires, which produce powder during the crushing process [48-51]. The
smaller particle sizes of zinc oxide and magnesium oxide make them easily adsorbable on
the surfaces of waste rubber particles, severely affecting the bonding interface between
waste rubber particles and the concrete matrix. Here, these two elements are identified as

impurities on the surfaces of waste rubber particles.
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Figure 7. EDS analysis of waste rubber particles.

Based on the elemental content data from Figure 7, a statistical analysis was conducted
on the surface elements of waste rubber granules, including oxygen, impurities (zinc oxide
and magnesium oxide), and silicon, as shown in Figure 8. It is observed that the surface
oxygen contents in untreated waste rubber granules, NaOH-treated granules, and granules
treated with other pretreatments are below 3.5%. The oxygen content in KH570-pretreated
waste rubber granules reaches 5.4% due to the hydrolysis reaction of the silane coupling
agent forming Si-O-Si bonds. For waste rubber granules pretreated at 180 °C with high-
temperature stirring, two points were scanned; the highest value (S4) is 9.9%, which is three
times the surface oxygen content of untreated granules, and the lowest value (S5) is 5.8%,
1.8 times higher than that of untreated granules. The increased surface oxygen content in
granules pretreated at 180 °C is attributed to the oxidation reaction between the rubber
hydrocarbons and atmospheric oxygen, leading to the formation of an oxidative film on
the granule surface. This is corroborated by the C-O stretching vibration peak data tested
with the Fourier-transform infrared spectroscopy procedure mentioned earlier.
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Figure 8. Trend of element changes.

It should be noted that there is a significant difference between two selected points
(S4, S5) in the pretreatment of waste rubber granules at 180 °C due to the fact that the oxide
film cannot completely cover the waste rubber granules, resulting in discrepancy in oxygen
content. A magnified image of this SEM is shown in Figure 6. The surface of point S4 is
smooth and covered by an oxide film, while point S5 presents a spicule shape, with the
oxide film not fully covering it. These minor rough points from uncovered areas afford the
formation of friction adhesion between the waste rubber particles and the concrete base,
enhancing the strength of rubberized concrete.

3.1.6. Mechanistic Analysis

Based on the above microscopic test results, an analysis of the mechanism of waste
rubber granules pretreated with 180 °C high-temperature stirring, NaOH pretreatment,
and KH570 pretreatment is conducted, as shown in Figure 9.

The pretreatment of waste rubber particles with NaOH leads to a reaction with stearic
acid present on their surfaces, forming sodium stearate, as shown in chemical Equation (4).
Sodium stearate has a crystalline structure and is easily removed under the action of
solution washing [52]. The removal of stearic acid, being a greasy substance, increases
the hydrophilicity of the waste rubber particle surface. Additionally, polyisobutylene in
the waste rubber particles undergoes an esterification reaction with sodium hydroxide
under alkaline conditions, resulting in the formation of sodium acetate. Subsequently,
sodium acetate may react with carbon dioxide in the atmosphere in an acid-base reaction,
leading to the production of sodium bicarbonate (NaHCO3), as illustrated in chemical
Equations (5) and (6). This is consistent with the -COj3 stretching vibration peak displayed
in the Fourier-transform infrared spectroscopy.

C17H35COOH + NaOH — C17H35COONa + HzO (4:)

2NaOH + C3HgO — Na,C3H50, + 2H,0 5)
Na2C3H502 + C02 + HZO — 2NaHC03 + C3H60 (6)
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Figure 9. Waste rubber granule pretreatment mechanism diagram.

During the treatment of waste rubber particles with KH570, Fourier-transform infrared
spectroscopy (FTIR) exhibits a Si-O-5i stretching vibration peak, while EDS tests reveal an
increase in Si elements on the surfaces of the waste rubber particles [53]. This is because
KH570, which is gamma-methacryloxypropyltrimethoxysilane, undergoes a hydrolysis
reaction, leading to the formation of Si-O-5i bonds, as shown in chemical Equation (7).

2(CH;30),Si(CH,),NH, + 3Si(OH), — ”
(CH30),5i(CH,),Si(OH),Si(CH,),Si(OCH3), 4 3H,0

Under the action of high-temperature stirring at 180 °C, the waste rubber particles are
squeezed and rubbed against each other, removing some impurities. At this temperature,
the surface rubber hydrocarbons exhibit a viscous flow state, beginning to envelop surface
impurities. Simultaneously, under the temperature and stirring action, the rubber hydro-
carbons undergo oxidation reaction with oxygen in the air, gradually forming an oxide
film. However, at this temperature, this oxidation reaction does not completely cover the
surfaces of the waste rubber particles, resulting in the formation of partial protrusions. The
process of forming oxide film on waste rubber particles during pretreatment is shown in
Figure 10.

The oxidation process proceeds as follows: we assume that RH represents the rubber
hydrocarbon molecules, and the oxidation process occurs in the following three stages.
The first stage is the initiation stage, where high temperatures reduce the dissociation
energy of the C-H bonds on the rubber hydrocarbons [54], leading to the breaking of
C-H bonds (as shown by the change in the C-H stretching vibration peak in the Fourier-
transform infrared spectroscopy shown in Figure 4). In the second stage, the oxidation
reaction occurs, producing complex dihydroperoxides (as indicated by the change in
oxygen content measured by EDS in Figure 7), while the decomposition of ROOH generates
free radicals [55,56]. During the third stage, some rubber hydrocarbon molecular chains
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original state

undergo cross-linking, while others preserve the oxides, forming an oxide film. The
chemical equations are as follows:

First stage : RH — Rx
Second stage : R* +0; — RO5; RO; + RH — ROOH + R#*; ROOH — RO * +ROOx*
Third stage : 2R* — R-R; R * +ROO* — ROOR; 2ROO* — non-free radicalproduct
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Figure 10. Mechanism diagram of oxide film formation on waste rubber particles.

The oxidation process on the surfaces of waste rubber particles results in chemical
changes on the surface, leading to the formation of an oxide film. The creation of the oxide
film causes the surfaces of waste rubber particles to harden, which increases the stiffness of
the waste rubber particles themselves and enhances the strength of the rubber concrete. This
enhancement is corroborated by subsequent mechanical property tests of the rubber concrete.

3.2. Analysis of Rubberized Concrete Performance
3.2.1. Working Performance Analysis

Slump and air content are indicators commonly used to evaluate the workability of
concrete. Higher slump values indicate the better flowability and mixability of the concrete
mixture. Higher air content improves the flowability of the concrete mixture, but excessive
air pockets can lead to honeycombing and pockmarks on the concrete surface, affecting
its strength [57]. Figure 11 shows slump and air content data for different pretreatment
methods. In the figure, it is evident that the concrete mixture prepared without added
rubber has the highest slump at 64 mm, indicating reduced flowability in mixtures prepared
with rubber due to poor adhesion between the rubber particles and cement paste, which
weakens the cohesion of the concrete, making it more viscous and harder to flow. The slump
of concrete mixtures prepared with pretreated waste rubber particles is slightly lower than
that of mixtures made with untreated waste rubber particles, likely related to the air content
of the mixture. Untreated waste rubber particles have rough surfaces that introduce more
air, wrapping around the rubber particle surfaces and reducing the friction between them
and the concrete, thus increasing the slump. Furthermore, the figure indicates that the
concrete mixture prepared without rubber has the lowest air content, being 47.2% lower
compared to mixtures prepared with untreated waste rubber particles, suggesting that
waste rubber particles introduce air. Concrete containing rubber prepared with 180 °C
high-temperature-stirred pretreated waste rubber particles has a 20.7% lower air content
compared to the mixture with untreated waste rubber particles because the pretreatment
improves the cleanliness of the rubber particle surfaces, reducing air introduction.
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Figure 11. Analyses of the slump and air content of rubber concrete.

3.2.2. Analysis of Mechanical Properties

To further research the impact of the high-temperature stirring pretreatment of waste
rubber particles on the mechanical properties of rubberized concrete, tests are conducted
on the cube compressive strength, splitting tensile strength, axial compressive strength,
and static compression modulus of elasticity, as shown in Figure 12.

As shown in Figure 12a, the cube compressive strength of rubberized concrete cured
for 7 and 28 days is presented. In the figure, it is observed that in comparison to rubberized
concrete prepared without waste rubber particles, the addition of untreated waste rubber
particles results in reductions in cube compressive strength of 48.23% and 43.97% at 7
and 28 days, respectively. The compressive strength of rubberized concrete prepared with
pretreated waste rubber particles through three different methods is higher than that made
with untreated particles. Specifically, the concrete made with waste rubber pretreated at
180 °C through high-temperature stirring exhibits the highest cube compressive strength
at both 7 and 28 days, with strength recovery rates of 41.6% and 37.3%, respectively. The
concrete using NaOH-pretreated waste rubber particles shows strength recovery rates
of 13.8% and 3.5% for 7 and 28 days, respectively. Conversely, the concrete with KH570-
pretreated waste rubber particles reveals recovery rates of 26.8% and 13.4% over the
same periods. This suggests that pretreatment of waste rubber particles at 180 °C is the
most effective, followed by KH570, with NaOH being the least effective. Waste rubber
particles prepared at 180 °C under high-temperature stirring possess smooth surfaces
free of impurities, enhancing the interfacial bonding between the waste rubber particles
and the concrete matrix. The high temperature and stirring also create a hard oxidized
film on the surface of the rubber particles, increasing their rigidity and improving the
compressive strength of the rubberized concrete. In the KH570 pretreatment process, the
addition of 5i-O-Si groups on the surface of the waste rubber particles enhances their bond
with the concrete matrix. NaOH pretreatment removes oily substances from the surfaces
of the waste rubber particles and cleanses impurities, moderately promoting the interface
combination between the waste rubber particles and the concrete matrix.
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Figure 12. Mechanical properties of rubberized concrete ((a) cubic compressive strength; (b) splitting
tensile strength; (c) axial compressive strength; (d) static elastic modulus).

As depicted in Figure 12b, it showcases the split tensile strength of rubberized concrete
after 7 and 28 days of curing. It can be seen from the graph that compared to the rubberized
concrete prepared without waste rubber particles, the rubberized concrete with untreated
waste rubber particles showed decreases in split tensile strength of 31% and 41.6% for 7 and
28 days, respectively. Rubberized concrete prepared with waste rubber particles treated
by the three pre-processing techniques all demonstrated higher tensile strength than those
prepared with untreated waste rubber particles. Among them, the rubberized concrete
prepared with 180 °C high-temperature mixed treatment of waste rubber exhibited the
highest split tensile strength at both 7 and 28 days, with recovery rates of 47.3% and 60.6%,
respectively. The rubberized concrete made with NaOH-pretreated waste rubber particles
accounted for strength recovery rates of 4.3% and 16.5%, respectively, at 7 and 28 days.
The strength recovery rates of rubberized concrete prepared using KH570-pretreated waste
rubber particles were 22.5% and 36%, respectively, at 7 and 28 days. These data suggest that
the pre-processing of waste rubber particles at 180 °C proves most effective, followed by
KH570 treatment, with NaOH treatment being the least effective. The mechanism behind
this phenomenon is consistent with the mechanism of cubic compressive strength.

As depicted in Figure 12¢, the axial compressive strength of rubberized concrete
maintained for 7 days and 28 days positively correlates with the cubic compressive strength,
which serves as a reference value during structural design. The graph indicates that the
axial compressive strength of rubberized concrete made with untreated waste rubber
particles decreases by 41.9% and 41.5% after 7 and 28 days, respectively, compared to
rubberized concrete without waste rubber particles. Conversely, rubberized concretes
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prepared with the three pretreatment methods exhibit stronger axial compressive strengths
than those prepared with untreated waste rubber particles. Notably, rubberized concrete
made with 180 °C high-temperature-stirred waste rubber yields the highest 7-day and 28-
day axial compressive strengths, showing recovery rates of 34.1% and 18.8%, respectively.
Rubberized concrete made with NaOH-prepared waste rubber shows recovery rates of
18.3% and 11.4% at 7 days and 28 days, respectively. Similarly, with KH570-prepared waste
rubber, the recovery rates are 21.7% and 14% at 7 days and 28 days, respectively. These
findings suggest that the 180 °C pretreatment of waste rubber particles has the superior
effect, followed by KH570 pretreatment, with NaOH pretreatment being the least effective.
The mechanisms contributing to these phenomena align with those observed in cubic
compressive strength.

Figure 12d shows the static compressive elastic moduli of rubberized concrete after 7
and 28 days of curing. The elastic modulus, a critical mechanical parameter of concrete,
represents the relationship between the stress endured and the strain produced under
load. Similar to the trend observed with the static compressive elastic modulus, rubberized
concrete made with untreated waste rubber particles experienced decreases in elastic mod-
ulus of 40.3% and 40.25% after 7 and 28 days, respectively. Rubberized concrete samples
prepared with waste rubber particles treated by the three different pretreatment methods
exhibit higher split tensile strengths compared to those made with untreated rubber par-
ticles. Among these, rubberized concrete prepared using rubber particles pretreated at
180 °C presents the highest axial compressive strength after 7 and 28 days, with elastic
modulus recovery rates of 46.8% and 26.3%, respectively. Rubberized concrete made with
NaOH-pretreated rubber particles shows elastic modulus recovery rates of 15.4% after
7 days and 7.5% after 28 days. Those prepared with KH570-pretreated rubber particles
have recovery rates of 25.3% after 7 days and 14.2% after 28 days. These results indicate
that pretreatment at 180 °C is the most effective option, followed by KH570, while NaOH
pretreatment is the least effective option. This phenomenon aligns with the mechanism of
cubic compressive strength.

3.2.3. SEM Analysis

As illustrated in Figure 13, the scanning electron micrograph of the rubber concrete
fracture debris shows various properties. In Figure 134, it can be observed that the rubber
concrete produced with untreated waste rubber particles has a poor interface binding with
the cement-based concrete, displaying significant cracks. This occurs because the loose
impurities on the surface of the unmodified waste rubber particles affect its interfacial
adhesion, resulting in a substantial loss of the mechanical properties of the rubber concrete.

As shown in Figure 13B, the rubber concrete made from NaOH-pretreated waste
rubber particles demonstrates better interface than that made with untreated waste rubber
particles. This is because the pretreatment with NaOH reduces surface impurities and
increases hydrophilicity, optimizing its interface bonding.

Figure 13C shows that the rubber concrete formulated with KH570-pretreated waste
rubber particles has an even better interfacial combination. This is attributed to the Si-O-Si
groups attached to the surface of the waste rubber particles, strengthening the organic—
inorganic interface.

As depicted in Figure 13D, the interfacial combination of the rubber concrete made
with waste rubber particles pretreated via high-temperature stirring at 180 °C is optimal,
showing intermittent interface cracks. This might be associated with the highly clean
surface of the heat-treated waste rubber particles and the formation of an oxide film.

Overall, the best-to-worst interfacial bindings between the waste rubber particles and
cement-based concrete are as follows: 180 °C high-temperature stirring pretreatment, KH570
pretreatment, NaOH pretreatment, and untreated waste rubber particles. This trend aligns
with the static mechanical properties of the respective rubber concretes that they produce.
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Figure 13. SEM of the bond between the concrete matrix and rubber particles ((A) not processed;
(B) NaOH; (C) KH570; (D) stirred at 180 °C).

4. Conclusions

This study proposed a high-temperature stirring pretreatment method for waste
rubber particles to improve the static mechanical properties of rubberized concrete. This
paper evaluated the untreated, NaOH-pretreated, KH570-pretreated, and high-temperature-
stirred pretreated waste rubber particles in terms of their micro and molecular structure
changes. It also carried out theoretical analyses and measured the static mechanical prop-
erties of rubberized concrete prepared by replacing 20% of the fine aggregate with waste
rubber particles. Furthermore, electron microscopy scanning was used to microscopically
characterize the debris at the fracture sites of the rubberized concrete to test the effectiveness
of the proposed method. The conclusions are summarized as follows:

1.  The high-temperature stirring pretreatment of waste rubber particles at 180 °C re-
moved surface impurities through friction and extrusion. Under the effect of tempera-
ture, the rubber hydrocarbons underwent oxidation reactions, forming an oxidation
film, which enhanced the surface stiffness of the waste rubber particles and improved
the strength and interfacial bonding performance of the rubberized concrete.

2. Compared to rubberized concrete without added rubber, the rubberized concrete
prepared by replacing fine aggregate with waste rubber particles experienced varying
degrees of strength loss. This strength loss, from smallest to largest, was observed
in concrete prepared with waste rubber particles that underwent high-temperature
stirring pretreatment, KH570 pretreatment, NaOH pretreatment, and no treatment.
The compressive strength recovery rates of the rubberized concrete prepared with
high-temperature-stirred pretreated rubber particles were 41.6% at 7 days and 37.3%
at 28 days, the split tensile strength recovery rates were 47.3% at 7 days and 60.6%
at 28 days, the axial compressive strength recovery rates were 34.1% at 7 days and
18.8% at 28 days, and the static modulus of elasticity recovery rates were 46.8% at
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7 days and 26.3% at 28 days. The strength recovery rate of the rubberized concrete
obtained by this method is higher than that of rubberized concrete prepared using
other pretreatment methods reported in most studies (such as water washing, acid—
base solution, the two-stage method, etc.).

3. Although the high-temperature stirring pretreatment of waste rubber particles could
not completely compensate for the strength loss caused by the incorporation of waste
rubber particles into the concrete, the process is simple, adaptable, and environmentally
friendly and involves low strength loss. Therefore, it can be applied in scenarios that do
not require high-strength concrete, such as civil construction and ground paving.

4. Although the NaOH and KH570 pretreatment of waste rubber particles can improve
the mechanical properties of rubberized concrete to a certain extent, the generation
of wastewater and the complexity of the process due to the need for drying limit its
application scope.

5. The high-temperature stirring pretreatment of waste rubber particles generates no
wastewater and does not require a drying step, so it has great potential for industri-
alization. However, waste gas is produced during the process. Moreover, although
the oxide film formed on the surfaces of waste rubber particles by high-temperature
stirring pretreatment can improve the strength of rubberized concrete to a certain
extent, the oxidized waste rubber particles may have some impact on the durability
of rubberized concrete. At the same time, fluctuations in pretreatment temperature
and variations in stirring time may cause differences in the formation of oxide films
on the surfaces of waste rubber particles, thereby affecting the effectiveness of the
pretreatment. Therefore, future researchers can investigate the effects of different
temperatures and stirring times on pretreated waste rubber particles to determine
their optimal process conditions.
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