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Abstract: Comprehensive utilization of coal fly ashes
(CFA) solid waste is a worldwide urgent issue. In China,
tens of millions of tons of CFA are un-utilized and stored
or discarded in landfills per year, causing a significant
waste of resources and a serious environmental hazard.
Herein, we developed a new process to reuse CFA and
recycled polyvinyl chloride (r-PVC) to produce door or
window sub-frame (DWSF) composite materials, realized
CFA and r-PVC trash to treasure. In this process, alumi-
nate-modified CFA mixing with r-PVC and other additives
obtain a mixture, subsequently extruding into pellets,
re-extrusion, cooling, shaping, hauling, and cutting to
DWSF materials. The mechanical properties of these are
excellent and meet the National Standards, with static

* Corresponding author: Guxia Wang, Ningxia Key Laboratory of
Solar Chemical Conversion Technology, North Minzu University,
Yinchuan 750021, China; Key Laboratory for Chemical Engineering
and Technology, State Ethnic Affairs Commission, North Minzu
University, Yinchuan 750021, China, e-mail: guxia511@163.com

* Corresponding author: Dan Li, School of Materials Science and
Engineering, North Minzu University, Yinchuan 750021, China;
International Scientific and Technological Cooperation Base of
Industrial Solid Waste Cyclic Utilization and Advanced Materials,
Yinchuan 750021, China, e-mail: lidan@nun.edu.cn

Zhaoshuai Li: Ningxia Key Laboratory of Solar Chemical Conversion
Technology, North Minzu University, Yinchuan 750021, China; Key
Laboratory for Chemical Engineering and Technology, State Ethnic
Affairs Commission, North Minzu University, Yinchuan 750021,
China

Jun Yan, Yonggiang Qian: School of Materials Science and
Engineering, North Minzu University, Yinchuan 750021, China
Shengwei Guo: School of Materials Science and Engineering, North
Minzu University, Yinchuan 750021, China; International Scientific
and Technological Cooperation Base of Industrial Solid Waste Cyclic
Utilization and Advanced Materials, Yinchuan 750021, China

Yuan Liu: School of Materials Science and Engineering, North Minzu
University, Yinchuan 750021, China; Polymer Research Institute of
Sichuan University, The State Key Laboratory of Polymer Materials
Engineering, Chengdu 610065, China

bending and tensile strengths of 33 and 13.6 MPa, respec-
tively, and a hardness of 89.2 HRR. Compared with the
traditional CaCOs-based DWSF, our CFA-based DWSFs
have higher competitive both from the perspective of
“carbon neutrality” and production costs. More strik-
ingly, this process is simple, robust, and easy to indus-
trialize, which allows large-scale, value-added utilization
of CFA.

Keywords: coal fly ash, recycled polyvinyl chloride, door
or window sub-frame, carbon neutrality

1 Introduction

Coal fly ash (CFA) is a powder-like solid waste captured
from effluent gas released from coal combustion in coal-
fired thermal power plants [1]. The chemical composition
of CFA is highly complex but primarily consists of SiO,,
Al 0Os, Fe,05, CaO, MgO, and Na,O [2-4]. China is the
world’s largest coal consumer, and coal accounts for
more than 60% of its energy consumption [5-10]. The
combustion of four tons of coal produces one ton of
CFA, resulting in CFA becoming one of the major solid
wastes generated in China [11-13]. However, because of
its low utilization (approximately 70%), the total cumu-
lative stockpile of CFA has exceeded three billion tons [1].
CFA contains multiple heavy metals, and improper dis-
posal not only wastes land resources but also causes
significant environmental pollution [7,8,14-18]. Besides,
regional imbalance between supply and demand is a pri-
mary problem hindering the recycling of CFA [1,19-21].
Therefore, increasing the utilization of CFA, and turning
CFA waste into high value-added materials is one of
urgent scientific issues in China, especially in its north-
western region [22,23].

The Chinese government has been vigorously improving
the resource utilization of CFA in various fields. In the past
few decades, CFA is predominantly used in road paving,
mine backfill, cement mixtures, concrete, and low-end
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construction materials. Used as cement additive, concrete
additive, and building materials accounts for 38%, 14%,
and 26%, respectively [24-30]. CFA-based hollow building
blocks [31], permeable bricks [32], and thermal insulation
panels [33] are highly popular in China because of their
ease of production and low cost. In recent years, CFA has
been used in numerous new areas that have garnered atten-
tion from the academic and industrial communities; for
example, it has been used as a composite electrolyte in
CFA/polymer all-solid-state lithium batteries [5], a solid
adsorbent for hydrogen storage [34], an enhancer in the
dechlorination of polyvinyl chloride (PVC) [35], and as a
broadband microwave absorber [36] as well as for agricul-
tural improvement, wastewater treatment, and synthesis-
based geopolymers with high compressive strength [37].
In addition, CFA has been used to prepare polymer compo-
sites [38], such as poly (ethylene terephthalate) composites
[39,40], jute epoxy composites, high-density polyethylene
composites [41], and PVC [42]. These CFA—plastic com-
posites have not been successfully commercialized, and the
CFA consumption is very limited. Therefore, to continue to
improve the utilization of CFA, and realize CFA-based com-
posites to commercial product remains challenging.

PVC is a common plastic material widely used in all
aspects because of its excellent properties, most notably
in window profiles’ field. The process of PVC window
profiles extrusion involves large amounts of “startup”
and “shutdown” waste products. These waste materials
often lead to an extreme waste of resources and an
increase in production costs. In addition, CaCOs; as filler
constitutes more than 50% in PVC window profiles. Using
large amounts of CaCO5 causes CaCOs industry to be one
of the largest carbon emission industries in China. CFA
has low specific weight and high mechanical strength
[43-45], and as a promising candidate filler replaces
much more expensive CaCOs for the preparation of PVC
composites.

In this article, we developed a new process for large-
scale consumption of CFA as filler to produce a new
building material, namely door or window sub-frame
(DWSF). This process promising for high value-added
utilization of CFA and recycled PVC (r-PVC) is described
as follows: the “startup” and “shutdown” waste products

Table 1: Elemental analysis of CFA*
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of PVC window profiles are crushed into granules to
obtain r-PVC materials. Subsequently, the granular
r-PVC is blended with CFA, aluminate, and other additives
by hot-mixing to prepare composite mixture. In the hot-
mixing process, the CFA is modified in situ by aluminate
coupling agent and displays a good compatibility with the
1-PVC resin. The mixture is then extruded into pellets, and
subsequently re-extrusion, cooling, shaping, hauling, and
cutting to DWSF materials. Compared with the conven-
tional CaCOs-based DWSF (PVC/CaCOs; composites), the
CFA-based DWSF (r-PVC/CFA composites) also exhibits
high thermal stability, good mechanical properties, and
waterproof performance. From the “carbon neutrality”
perspective, this new process consumes CFA on a large
scale, which saves a considerable amount of CaCOs;.
Moreover, the obtained DWSF products can sell for up
to 10,000 yuan per ton and using CFA to replace CaCO;
as a filler reduces the production cost of DWSF by
20-35%. In brief, our research provides an effective
approach for the large-scale and high value-added uti-
lization of CFA.

2 Experimental section

2.1 Materials

CFA was purchased from a local coal-fired power plant in
Ningxia, China. Table 1 summarizes the chemical compo-
sition of the CFA. As shown, SiO, and Al,O; are the main
components of the CFA, collectively comprising 67.8% of
the dry weight of the CFA. In addition, the CFA contains
Fe (Fe,03), Ca (Ca0), Mg (MgO), K (K,0), Na (Na,0), Ti,
and P in large amounts, and the CFA’s loss on ignition is
5.52%. The CFA was used as received without any addi-
tional treatments. r-PVC was purchased from Yinchuan
Building Materials Co., Ltd, of the Ningxia Shide Group.
Ca-Zn stabilizer (WS208-C10) used as heat stabilizer for
PVC was purchased from Guangzhou Warm Plastic Addi-
tives Co., Ltd. Chlorinated polyethylene (CPE135) flexibi-
lizer was purchased from Weihai Hisea Plastic Rubber
Co., Ltd. Impact modifier of acrylics (ACR, LP-812) was

Elements Sio, AL,05 Fe,03 Ca0

K,0 MgO0 Na,0 Ti P

Content (%) 44.28 23.66 4.3 2.61

1.1 0.78 0.5 0.691 0.102

“Determined using X-ray fluorescence spectroscopy.
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purchased from Shandong Ruifeng Chemical Co., Ltd.
Polyethylene (PE) wax used as a lubricating agent was
purchased from Qingdao Sainuo New Material Co., Ltd.
Aluminate coupling agent (JW411) was purchased from
Nanjing Jingtianwei Chemical Co., Ltd. All materials and
chemicals were used as received.

An FM1000 hot mixer and an HM3500 cold mixer
(Henschel Industrietechnik GmbH), as well as a KMD90-26
extruder and a KMD114-32 extruder (KraussMaffei) were
used in the experiments.

2.2 CFA-based DWSF composites
preparation

Following the preparation process shown in Figure 1, the
required amounts of r-PVC, CFA, Ca-Zn stabilizer, CPE,
ACR, and PE wax (Table 2) were weighed out and added
through a connecting tube into a high-speed mixer.
Thereafter, they were hot-mixed at 118°C and 600-800 rpm
for 5-10 min (the temperature was approximately 118°C) to
remove the moisture from the CFA. Subsequently, the
required amount of the aluminate coupling agent was
weighed out and added into the mixture via a conveyor
belt. The blending process was continued for another

New DWSF composites

Aluminate

b

Pellets
; .
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Extrusion molding
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Table 2: Recipes of traditional and new DWSF composites

Recipe of traditional DWSF (PVC/CaCO; composites)

PVC Ca-Zn CPE ACR Light Heavy Stearic
stabilizer CaCoO; CaCo; acid
100 4.2 10 0.9 48 28 0.8

Recipe of new DWSF (r-PVC/CFA-X composites)

r-PVC Ca-Zn stabilizer CPE ACR CFA PEwax Aluminate
100 1.3 5 0.8 40 0.3 0.6
100 1.3 5 0.8 60 0.3 0.9
100 1.3 5 0.8 80 0.3 1.2
100 1.3 5 0.8 100 0.3 1.5

Units: parts per hundred parts of resin, abbreviated as phr.

5min, thus yielding the modified CFA. Immediately after-
ward, the mixture was transferred to a cold mixer for cold
mixing at 46°C for 5-10 min. After this process was com-
pleted, a dry mixture was obtained.

The dry mixture was added into the hopper of a par-
allel twin-screw extruder for melt blending. The rota-
tional speeds of the screws in the parallel twin-screw
extruder and dosing unit were set to 8 and 28.5 rpm,
respectively. The sectional temperatures of the extruder
barrel were set to 176°C, 176°C, 176°C, 176°C, 172°C, and

CFA

Other additives

ACR; CPE;
Ca-Zn

+ stabilizer;
PE wax.

Mixture

~ Cold-mixing

Hot-mixing

: |
ammmmmmmmmanlT
i ™

Extrusion pelleting

Figure 1: Process flow diagram of the preparation of CFA-based new DWSF composites.
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172°C. The sectional temperatures of the connecting area
were set to 170°C and 170°C, and the pressure and tem-
perature of the melt were 5.7 MPa and 181°C, respectively.
Then, r-PVC/CFA pellets (r-PVC/CFA-P) were obtained,
concluding the extrusion and pelleting process.

The r-PVC/CFA-P were added into the hopper of a
parallel twin-screw extruder to be extruded, cooled, shaped,
hauled, cut, and finally formed into an r-PVC/CFA compo-
sites (X is used to denote the CFA content in the r-PVC/CFA
composites in the form of r-PVC/CFA-X). The rotational
speeds of the screws in the extruder and dosing unit were
set to 20 and 21.5 rpm, respectively. The speed of the haul-off
unit was set to 1.565 m-min~". The pressure and temperature
of the melt were 16.8 MPa and 179°C, respectively. The sec-
tional temperatures of the extruder barrel were set to 160°C,
160°C, 160°C, and 159°C. The temperature of the connecting
area was set to 160°C. The sectional temperatures of the die
were set to 203°C, 203°C, 191°C, and 204°C.

2.3 Testing and characterization
2.3.1 Thermal analysis

A NETZSCH STA 449 F3 comprehensive thermal analyzer
(NETZSCH-Geratebau GmbH, Germany) was used to per-
form the thermogravimetric analysis (TGA). The testing
range and heating rate were set to 30-1,000°C and
10°C-min ", respectively. N, was used as a protective
gas. In addition, a Q20 differential scanning calorimeter
(TA Instruments, USA) was used for differential scanning
calorimetry measurements. The testing range and heating
rate were set to 30-180°C and 10°C-min ", respectively. N,
was used as a protective gas.

2.3.2 Mechanical analysis

A UTM4304 electronic universal testing machine (Shenzhen
Suns Technology Stock Co., Ltd, China) was used to test the
tensile and bending strengths of the specimens according to
the GB1040.2-2006 and GB/T9341-2000 standards, respec-
tively. I-shaped specimens were used for tensile strength
testing (tensile speed: 2mm-min ™). Specimens having dimen-
sions of 80 mm x 10 mm x 4 mm were used for the bending
strength testing (span: 64 mm and speed: 2mmmin~). An
MZ-2056 cantilever beam impact testing machine (Jiangsu
Mingzhu Testing Machinery Co., Ltd, China) was used to
test specimens with a dimension of 80 mm x 10mm X
4mm following the GB/T1843-2008 standard. An HRS-150
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digital Rockwell hardness machine (Shanghai Lianer Test
Equipment Co., Ltd, China) was used to measure the hardness
of the specimens. Each specimen had a thickness of 6 mm
and an area large enough for measurements to be taken at a
minimum of five points with a spacing of >10mm and a
distance of >10 mm from the closest edge of the specimen.
A JM-101PT automatic nail-holding capacity tester for sheet
materials was used to test specimens with dimensions of
150 mm x 50 mm x 50 mm at a speed of 2 mm:min " according
to the GB/T14018-2009 standard. Ordinary low-carbon steel
nails with a length of 45 mm and a diameter of 2.5 mm were
used in the test.

2.3.3 Other characterization and properties testing

The water absorption rates were tested according to the
GB/T1034-2008 standard. The sample densities were tested
using the immersion method according to the GB/T1033.1-
2008 standard. The particle sizes were determined using a
x100 particle-size distribution analyzer (Beijing Honeywell
Automatic Equipment Co., Ltd, China). Water was used as
the dispersed phase, and the specimens were ultrasonically
treated for 10 min before analysis. A WQF-520A Fourier-
transform infrared spectroscopy system (Beijing Beifen-
Ruili Analytical Instrument (Group) Co., Ltd, China) was
used to analyze the functional groups in the samples. The
samples were mixed with KBr and pressed into disks,
and measurements were carried out between 500 and
4,000 cm™",

A full range dynamic contact angle meter (Shanghai
Zhongchen Digital Technic Apparatus Co., Ltd, China)
was used to test specimens. First, we placed the sample
in the groove on a glass plate, pressed it, then the contact
angle measurements were carried out. A SIGMA 500 scan-
ning electron microscopy (SEM) system (Zeiss, Germany)
was used to perform cross-sectional morphological ana-
lysis of the composite specimens. Each composite spe-
cimen was coated with gold before testing.

3 Results and discussion

3.1 CFA modification and characterization

The presence of surface hydroxyl groups makes CFA
hydrophilic and reduces its compatibility with hydro-
phobic organic resins (Figure 2). Therefore, the surface
modification of CFA is required before it can be used as a
filler. In our process, the CFA is modified in situ during
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Figure 2: Schematic of the CFA modification process.

mixing, which is superior to previous methods that require
a multistep treatment and transport process; thus, our
method produces less dust pollution in workshops than
do conventional methods, rendering it practical for real-
world applications.

As shown in Figure 3a, the CFA had a wide particle-
size distribution, ranging from 0.55 to 65.06 um. The
median particle size (Dso) of the CFA particles was
10.46 pm. With relatively smooth surfaces, the CFA par-
ticles were irregular in shape and comprised mostly
spherical particles; however, there were also some very
large rod-like particles. The surface of the CFA modified
by the aluminate coupling agent was rough, as shown in
Figure 3b; however, the modification process did not alter
the morphology of the CFA patrticles.

()u A
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Figure 3c and d shows the contact angles of the CFA
and modified CFA, respectively (static results of five mea-
surements). As shown, a water film was formed on the
surface of the CFA because of its high hydrophilicity [46].
In contrast, the modified CFA was very hydrophobic, as
shown by its contact angle of 134 + 2°, which is a result of
its organophilicity because of the presence of a layer of
organic molecules on its surface after the aluminate-
induced activation and modification [46-48].

Figure 4a shows the infrared spectra of the CFA,
modified CFA, and aluminate. The characteristic peak
of CFA at 1,103cm™! can be attributed to the —Si-O-
stretching vibrations of SiO, [49]. The spectrum of alumi-
nate reveals the characteristic absorption peaks of —CH,—
groups at 2,917 and 2,850 cm ! and those of -C=0 groups

(c)

Figure 3: SEM images of (a) CFA particles and (b) modified CFA particles (inset in (a) is the particle-size distribution). Contact angle

measurements for (c) CFA and (d) modified CFA.
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Figure 4: (a) FTIR spectra of CFA, modified CFA, and aluminate. (b) TGA profiles of CFA, modified CFA, and aluminate.

at 1,702 cm™ [50,51]. In the IR spectrum of the modified
CFA, the characteristic absorption peaks of —~CH,— appear
at 2,917 and 2,850 cm™, whereas the characteristic absorp-
tion peak at 2,360 cm ™ can be ascribed to the interference
from CO,, suggesting that the CFA had been modified
satisfactorily.

Figure 4b shows the TGA profiles of the CFA, modified
CFA, and aluminate. The weight of the CFA remained
almost unchanged when heated to 700°C [49], whereas
the modified CFA lost 1.4% of its weight when heated to
700°C. In contrast, the aluminate was almost completely
degraded at 500°C, leaving only a trace amount of inor-
ganic substances. Thus, the TGA results indicate that the
degradation temperature of the modified CFA is consistent
with that of aluminate. Therefore, the weight loss of the

modified CFA can be attributed to the degradation of
aluminate.

3.2 Characterization of the r-PVC/CFA
(r-PVC/CFA-X) composites

3.2.1 Effects of CFA content on the morphology of the
r-PVC/CFA composites

As shown in Figure 5a, the r-PVC/CFA composites con-
taining 80 phr of the unmodified CFA is poorly shaped
and has a rough surface containing a large number of cracks.
Figure 6a shows the corresponding micromorphology.

(@)

(b)

Scm

(©

Scm

—

Scm

Figure 5: Macroscopic images of (a) unmodified r-PVC/CFA composites, (b) modified r-PVC/CFA-P, and (c) modified r-PVC/CFA composites.
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As shown, the unmodified CFA was poorly compatible
with the r-PVC resin, and there was a pronounced inter-
facial separation. In contrast, the r-PVC/CFA composites
containing 80 phr of modified CFA has a smooth surface
devoid of depressions and discoloration resulting from
degradation (Figure 5c). Figure 6e shows the corresponding
micromorphology. These morphological characteristics can
be ascribed to the enhanced interfacial interactions of the
modified CFA with the r-PVC resin. Promisingly, this result
suggests that the DWSF produced from the composites
would be suitable for commercial applications. However,
increasing the CFA content caused considerably more CFA
particles to fall off and some CFA particles to agglomerate,
as shown in Figure 6f, which can be attributed to the
decrease in the dispersion and uniformity of the CFA in
the r-PVC resin with increase in the CFA content.

3.2.2 Effects of CFA content on the thermal degradation
behavior of the r-PVC/CFA composites

Analysis of the TGA and derivative thermogravimetry
(DTG) curves reveals two typical stages during the thermal
degradation of the r-PVC. A first mass loss, denoted Wi,
which can be attributed to the loss of —Cl from the r-PVC
chains and the formation of HCl gas and loss of —-C=C-
[52,53], and a second mass loss, denoted W,, which corre-
sponds to the pyrolysis and degradation of the PVC chains
after the elimination of HCL. In this step, the main chain of
the polymer is mineralized into CO, and water [35].

Value-added utilization of CFA and r-PVC =— 7

As shown in Figure 7a—f, the TG-DTG curves show an
upward trend at 0-230°C, possibly because of the high N,
flow rate or the small sample weight. As shown in Figure 7a,
W, W,, and W for r-PVC were 43.0%, 25.9%, and 68.9%,
respectively, because CaCO; formed part of the r-PVC as a
filler; in contrast, those of r-PVC/CFA-P (Figure 7b) were
19.2%, 19.4%, and 38.6%, respectively (Table 3), suggesting
a relatively small mass loss. As shown in Figure 7c-f, as the
CFA content increased, the mass loss of the composites
gradually decreased, and this is a result of the increase in
the inorganic filler content as a result of the introduction of
the modified CFA into the r-PVC.

Analysis of the TG and DTG curves revealed that the
temperatures corresponding to the maximum mass losses
(T, and T, respectively) of r-PVC in stages 1 and 2 were
296°C and 478°C, respectively. In contrast, those of
the r-PVC/CFA composite pellets were 272°C and 458°C,
respectively (Figure 7b; Table 3). As shown in Figure 7c-f,
the T; and T, values for the r-PVC/CFA composites with a
CFA content of 40 phr (i.e., --PVC/CFA-40) were 276°C and
459°C, respectively. As the CFA content increased, both T;
and T, for the r-PVC/CFA composites gradually increased,
and the maximum values (286°C and 474°C, respectively)
were obtained at a CFA content of 60 phr (i.e., r-PVC/CFA-60).
Further increasing the CFA content did not significantly
change T; and T, (Table 3).

Therefore, the addition of the modified CFA reduced
the T, for the r-PVC/CFA composites, indicating a reduction
in its thermal stability. This behavior can be explained as
follows: SiO, and Al,O5 are the main chemical components

Figure 6: SEM images of (a) unmodified r-PVC/CFA composites, (b) modified r-PVC/CFA-P (80 phr CFA), and (c)-(f) r-PVC/CFA-X composites

varied with X (40, 60, 80, and 100).
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Figure 7: TGA and DTG curves for (a) r-PVC, (b) r-PVC/CFA-P composites (80 phr CFA), and (c—f) r-PVC/CFA-X composites varied with X

(40, 60, 80, and 100).

of CFA and are solid acids that can catalyze the dechlorina-
tion of PVC. In addition, CFA also contains basic metal
oxides (e.g., Ca0, K,0, and Na,O), which have a high
absorption capacity for HCl. As a result, CFA facilitates
the elimination of HCl from the PVC matrix [35,54].

3.2.3 Effects of CFA content on the glass-transition
temperature (Tg) of the r-PVC/CFA composites

As shown in Figure 8, the T, values of the r-PVC and
r-PVC/CFA composites were 84.8°C and 82.3°C, respec-
tively, and the T, of the composites reached 77.6°C and
83.4°C at CFA contents of 80 and 100 phr, respectively.
Therefore, the T, of the composites was lower than that of
r-PVC, which can be explained as follows. The addition of

a certain amount of additives (ACR and CPE) during pre-
paration plasticized the PVC, to some extent and, thus,
reduced its T,. However, the decrease in T, does not affect
the serviceability of the r-PVC/CFA composites.

3.2.4 Effects of CFA content on the mechanical
properties of the r-PVC/CFA composites

The mechanical properties of the r-PVC/CFA composites
developed in this study — a new type of r-PVC/CFA com-
posites are crucial (Table 4). As shown in Figure 9, the
impact strength of the r-PVC/CFA composites decreased
significantly at a CFA content <80 phr, and the maximum
impact strength (40.5k]-m ) of the r-PVC/CFA compo-
sites was achieved at a CFA content of 40 phr. Increasing

Table 3: Thermal properties of the r-PVC, r-PVC/CFA-P, and r-PVC/CFA composites

Sample First step Second step W (%) Tg (°C)
T, (°C) Wy (%) T (°C) W, (%)
r-PvC 296 43.0 478 25.9 68.9 84.8
r-PVC/CFA-P 272 19.2 458 19.4 38.6 82.3
r-PVC/CFA-40 276 31.6 459 18.0 49.6 78.3
r-PVC/CFA-60 286 26.3 474 17.7 44.0 80.9
r-PVC/CFA-80 285 25.6 472 17.2 42.8 77.6
r-PVC/CFA-100 287 20.7 473 14.6 35.3 83.4

T,: temperature corresponding to the maximum mass loss in the first stage; T,: temperature corresponding to the maximum mass loss in
the second stage; Wy: mass loss of the first stage; W,: mass loss of the second stage; W: total mass loss.
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Figure 8: TGA curves for r-PVC, r-PVC/CFA-P, and r-PVC/CFA-X
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the CFA content beyond 80 phr caused almost no signifi-
cant change in the impact strength of the r-PVC/CFA com-
posites. At a CFA content of 100 phr, the impact strength of
the r-PVC/CFA composites reached its minimum value of
10.1kJ-m™2 which is 75.1% lower than that at a CFA con-
tent of 40 phr. This can be explained as follows: the mod-
ified CFA was present mostly as spherical particles with a
low aspect ratio that were somewhat “agglomerated,”
weakening the interfacial interaction between the r-PVC
and CFA, which in turn led to a decrease in the impact
strength of the composites.

Figure 9b and d shows the bending strength with
respect to CFA content and the stress—strain curves, respec-
tively. As shown, the bending strength decreased with
increase in CFA content, and the bending strength reached
its maximum (36.24 MPa) at a CFA content of 40 phr and
minimum (25.6 MPa [29.4% lower than the maximum]) at
a CFA content of 100 phr. Comparison of these values with
industrial standards (bending strength: 31.6 MPa and bending
modulus: >2,400 MPa) suggests that a CFA content of 80 phr,
which yielded a bending strength of 33 MPa, is optimal. The
decrease in the bending strength of the r-PVC/CFA composites
can be attributed to the following factors. Increasing the CFA

Table 4: Mechanical properties of r-PVC/CFA composites

Value-added utilization of CFA and r-PVC =— 9

content reduced the dispersion of the CFA in the r-PVC resin
and caused its partial agglomeration. Therefore, there are
gaps between the CFA microspheres and r-PVC resin, which
reduces the interfacial interaction between the CFA particles
and PVC resin and increases the susceptibility of the compo-
sites to fracture on loading. In contrast, the bending modulus
of the r-PVC/CFA composites increased as the CFA content
increased. As a rigid particulate filler, CFA had a binding effect
on the surrounding r-PVC. Thus, the addition of CFA restricted
the chain mobility, thereby increasing the bending modulus.

As shown in Figure 9c, as the CFA content increased,
the Rockwell hardness of the r-PVC/CFA composites first
increased and then decreased. In particular, as the CFA
content increased from 40 to 60 phr, the Rockwell hard-
ness did not change significantly, decreasing from 72 to
68. However, on increasing the CFA content from 40 to
80 phr, the Rockwell hardness increased by 23.9%, reaching
a maximum of 89.2, probably as a result of the high hard-
ness of CFA. As the CFA content increased from 80 to
100 phr, the Rockwell hardness of the composites decreased
by 13.7% to 77 because of the uneven loading caused by the
less uniform dispersion of CFA in the r-PVC resin with
increase in CFA content.

Combining the above results, the optimal CFA content is
80 phr (i.e., r-PVC/CFA-80 was the optimum composites).
Subsequent testing of the r-PVC/CFA-80 composites revealed
that it has a density of 1.73 g.cm ™ (industrial standard: <1.8
and >1.35 g-cm‘3), tensile strength of 13.6 MPa, nail-holding
capacity of 4,800 N (industrial standard: >3,000 N), and 24 h
water absorption rate of 0.3% (industrial standard: <0.5%).
These metrics either match or are better than those of the
corresponding industrial standards, suggesting that the
r-PVC/CFA-80 composites have potential for commercial
applications.

3.3 Economic assessment of traditional and
new sub-frame materials

As shown in Figure 10 and Table 2, the conventional
DWSF material is fabricated via the extrusion and

Bending modulus (MPa)

Impact strength (kJ-m~2) Hardness (HRR)

Sample Bending strength (MPa)

r-PVC/CFA-40 36.24 3,609
r-PVC/CFA-60 34.10 3,953
r-PVC/CFA-80 33.00 4,188
r-PVC/CFA-100 25.60 4,352

40.5 72.0
27.5 68.0
111 89.2
10.1 77.0
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shaping of a mixture of light and heavy CaCOs (filler),
PVC (raw materials), and additives. The prices for PVC,
r-PVC, light CaCOs, and heavy CaCOs are 10,000, 1,100,
and 450 CNY/ton, respectively. In contrast, CFA and r-PVC
are the raw materials for the r-PVC/CFA composites, the
prices of CFA and r-PVC are 6 and 3,200 CNY/ton, respec-
tively. Therefore, the use of CFA and r-PVC appreciably
reduces the production cost per ton of DWSF by 20-35%.
Furthermore, combined with our recipes table (Table 2) we
arrive at the conclusion that replacing CaCO; with modi-
fied CFA as a filler to fabricate new DWSF composites will
consumes ca. 424 kg CFA and 530 kg r-PVC per ton. There-
fore, our CFA-based DWSF production approach offers sig-
nificant economic benefits and social benefits.

4 Conclusion

In summary, we developed a new process to reuse second
resources CFA and r-PVC to produce DWSF composite
materials. The hot-mixing of CFA with aluminate in one-
pot realized CFA in situ modification and improved its
compatibility with r-PVC. Crucially, this one-step process
prevents dust pollution (a potential problem associated
with the conventional multistep procedures), thereby pro-
tecting the environment and the health of the workers. The
effectiveness of the strategy was demonstrated through
careful characterization of the physical properties of the
composites, which exhibited exceptional mechanical per-
formance. Critically, the bending strength and modulus,
impact strength, hardness, and waterproof performance of
the obtained DWSF composite materials comply with the
current industrial standards. As our process is rather
simple and robust, it was industrialized. More importantly,
according to our strategy to produce DWSF, it is estimated
that the production cost is reduced by about 20-35% and
consumes 424kg CFA and 530 kg r-PVC per ton, which
presents rather significant economic benefits and social
benefits.
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