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Abstract: This study utilized siderite tailings and polypropylene as the main raw materials to prepare stone paper composites
through the melt blending and hot-pressing molding process. Using characterization techniques such as scanning electron
microscopy and a universal electronic testing machine, the effects of the addition amounts of four different additives —
calcium stearate, maleic anhydride grafted polypropylene, silane coupling agent KH550, and polypropylene toughening
agent — on the microstructure, tightness, tensile strength, smoothness, and tear resistance of the materials were system-
atically investigated under a fixed tailings content of 40%. The results demonstrated that an appropriate number of
additives effectively improved the overall performance of the materials, whereas excessive addition not only increased
costs but also potentially led to a decline in performance. In summary, the rational use of additives significantly enhanced
the compatibility and dispersion between the tailings and the polypropylene matrix. Under the specific conditions of 40 wt%
siderite tailings loading and the processing parameters used in this study, the optimal addition amounts for calcium stearate,
maleic anhydride grafted polypropylene, KH550, and the polypropylene toughening agent were found to be 2, 2, 2, and 5%,

respectively.
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1. Introduction

Stone paper is a composite material primarily made from
polymers and inorganic fillers, with a small amount of
additives, produced through polymer melt extrusion and
calendering processes. It offers advantages such as water
resistance, fog resistance, oil resistance, insect resistance,
flame retardancy, and nontoxicity, making it widely
applicable in industries such as construction materials,
decoration, packaging, and printing [1]. Traditional paper-
making not only consumes large amounts of wood and
water resources but also discharges wastewater, malo-
dorous gases (such as hydrogen sulfide, methyl mer-
captan, and sulfur dioxide), and heavy metal-containing
sludge, posing a significant burden on the ecological envir-
onment. In contrast, the production process of stone paper
does not use plant fibers and does not generate pollutants
such as wastewater or exhaust gases [2]. Clearly, stone
paper possesses environmental advantages, aligns more
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closely with green development requirements, and holds
broad market prospects [3].

Inorganic fillers are a crucial component of stone
paper, directly influencing its physical properties and
cost structure [4]. In recent years, to reduce reliance on
natural mineral resources and enhance material sustain-
ability, researchers have focused on developing new types
of inorganic fillers [5,6]. Iron tailings, as a bulk solid waste
generated during iron ore beneficiation, have a large cumu-
lative stockpile and low comprehensive utilization rate.
Their resource utilization has become a key issue in solid
waste management and the development of a circular
economy [7,8]. As a type of iron tailings, siderite tailings
primarily consist of chemical components such as SiO,,
CaO, MgO, and Fe;03, with mineral compositions mainly
including quartz and calcite, giving them potential value
as inorganic fillers [9-13]. Preliminary studies have shown
that using siderite tailings as a filler for stone paper is
technically feasible [14]. Previous systematic investigations
on the effect of siderite tailings content (0-60 wt%) on the
microstructure and physical properties of stone paper
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showed that at a content of 20 wt%, the material exhibited
optimal comprehensive physical properties, with tightness,
smoothness, tear resistance, and tensile strength increased
by 11, 8.1, 49.5, and 42.1%, respectively. When the content
was increased to 40 wt%, although the properties were
slightly lower than those at 20 wt%, they remained superior
to those of the unmodified polypropylene system, and the
microstructure remained dense. When the tailings content
exceeded 40 wt%, agglomeration of the tailings intensified,
interfacial defects increased, and all properties deteriorated
significantly. Considering the balance between solid waste
utilization and material performance, this study selected
40 wt% as the baseline content of siderite tailings. This
approach not only enables the high-value utilization of tail-
ings but also alleviates environmental pressure and creates
economic benefits.

However, in the preparation of siderite tailing-based stone
paper, the interfacial compatibility between the polymer
matrix and inorganic fillers is a critical factor affecting the
comprehensive performance of the material [15-17]. Addi-
tives, as important components for improving interfacial
bonding, regulating processing fluidity, and enhancing the
mechanical properties of the final product, have a decisive
influence on the mechanical strength, molding stability, and
ultimate application performance of stone paper [18-20].
Therefore, systematically studying the regulatory mechanism
of additive dosage on the properties of siderite tailing-based
stone paper is of great significance for optimizing material
formulations, improving product quality, and promoting the
efficient and high-value utilization of tailings resources.

2. Materials and methods

2.1 Materials and instrument

Materials: Siderite tailings, a company in Shaanxi, as shown
in Figure 1; polypropylene, PetroChina Lanzhou Petrochem-
ical Company; calcium stearate (CaSt, CzsH;oCaO, AR,
purity 299.9%) and liquid paraffin (C,Hypg n = 17~ 35,
AR, purity 299.9%), Tianjin Huasheng Chemical Reagent
Co., Ltd.; maleic anhydride grafted polypropylene (MAH-g-
PP) and polypropylene toughening agent, Dongguan Din-
ghai Plastic Chemical Co. Ltd.; silane coupling agent
(KH550), Dongguan Shanyi Plastics Chemical Co., Ltd.
Instrument: XU-XQM-2A Planetary Ball Mill, Xi'niu
Technology; 101-0 A Electrically Heated Constant Temperature
Forced Air Drying Oven, Shaoxing Shangcheng Instrument
Manufacturing Co., Ltd.; LC-ES-60 High-Speed Mixer, Lichen
Technology; QE-70C Micro Mixer, Wuhan Qien Technology

Figure 1. Appearance morphology of the siderite tailings powder.

Development Co. Ltd; R3212 Hot Press, Wuhan Qien
Technology Development Co., Ltd; MIRA4 Scanning
Electron Microscope, TESCAN; ZY-PHB Smoothness Tester,
Shandong Zhongyi Instrument; 60-2600-PROTEAR Paper
Tear Tester, BRAZIL; CL-5000N Multi-Function Universal
Testing Machine, Jiangdu Changlong Testing Machinery
Factory; SS-7862 Ultraviolet Aging Test Chamber, Songshu
SARTEC; GG988-MAZ2011 Laser Particle Size Analyzer,
Malvern Panalytical.

The siderite tailings used in the experiment is black
powder, as shown in Figure 1.

Figure 2 shows the particle size distribution histogram of
the siderite tailings powder, which shows that the particle
sizes are mainly distributed between 0.166 and 51.8 um, exhi-
biting a unimodal and positively skewed distribution. The
characteristic particle sizes D50 and D90, corresponding to
cumulative volume percentages of 50 and 90%, are approxi-
mately 12.0 and 27.5 um, respectively. This particle size char-
acteristic meets the basic requirements for stone paper fillers.

2.2 Synthetic preparation

Figure 3 shows the synthesis process diagram of stone
paper, as shown in Figure 3, and according to the formula-
tions shown in Tables 1-4, each raw material is weighed
and mixed thoroughly using a high-speed mixer. The mix-
ture is then transferred to an internal mixer and knead at
180°C for 30 min. After kneading, the resulting material is
cut into masterbatches with a radius of 0.5mm. In the
molding process, a hot-pressing technique is adopted:
weigh 3 g of the masterbatches and spread them evenly
in a standard mold measuring 100 x 100 x 0.2 mm. Hot-
pressing is performed at 180°C for 30 minutes, with pres-
sure applied in stages up to 15MPa. Subsequently, the
material is cooled under pressure to room temperature
and demolded to obtain stone paper substrates. These sub-
strates are then cut into specimens of different
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Figure 2. The particle size distribution histogram of the siderite tailings powder.

specifications for subsequent performance testing. Figure 4
presents a mechanism diagram of powder modification.

2.3 Test performance

2.3.1 Microstructure of the surface and cross-section of
stone paper

The microstructure of the surface and cross-section of the
stone paper was observed using scanning electron micro-
scopy (SEM). The stone paper was cut into 0.5 x 0.5cm
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Figure 3. Synthesis process diagram of stone paper.

Mix the materials

pieces, adhered to the sample stage with conductive adhe-
sive, and sputter-coated with gold before observation.

2.3.2 Tightness test of stone paper

The tightness is calculated using equation (1):

D =1000G/o @
where D is the tightness of the paper, g/cm?; G is the basis

weight of the paper, g/m% and o is the thickness of the
paper, mm. Five specimens were prepared for each

Internal mixer
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Group Siderite tailings PP CaSt MAH-g-PP SCA-KH550 Liquid paraffin PP toughener
1 40 49 1 2 1 5
2 40 48 2 2 1 5
3 40 47 3 2 1 5

Table 1. Component content of siderite tailings-based stone paper under different calcium stearate contents (wt%)

Group Siderite tailings PP Cast MAH-g-PP SCA-KH550 Liquid paraffin PP toughener
1 40 49 2 2 1 5
2 40 48 2 2 1 5
3 40 47 2 2 1 5

Table 2. Component content of siderite tailings-based stone paper under different maleic anhydride grafted polypropylene contents

(Wt%)

Group Siderite tailings PP CaSt MAH-g-PP SCA-KH550 Liquid paraffin PP toughener
1 40 49 2 1 1 5
2 40 48 2 2 1 5
3 40 47 2 3 1 5

Table 3. Component content of siderite tailings-based stone paper under different silane coupling agent contents (wt%)

formulation. The results are presented as mean values
with standard deviations.

2.3.3 Smoothness test of stone paper

The test was conducted in accordance with GB/T 456-2002,
with sample dimensions of 100 x 100 mm. The smoothness
of each stone paper was measured using a smoothness
tester [21]. Ten specimens were tested for each formula-
tion. The results are expressed as mean * standard
deviation.

2.3.4 Tear strength test of stone paper

Sampling and testing were performed according to GB/T
455-2022, with sample dimensions of 75 x 63 mm [22]. Ten
specimens were tested for each formulation. The results
are expressed as mean + standard deviation.

2.3.5 Tensile strength test of stone paper

A multifunctional universal testing machine was used, and
the test was conducted in accordance with GB/T 1040.3-2006
[23]. Five specimens were tested for each formulation, and
the average value with standard deviation is reported.

3. Results and discussion

3.1 Effect of additive content on the
microstructure of stone paper

3.1.1 Effect of calcium stearate content on the
microstructure of siderite tailings-based stone paper

Figures 5 and 6 show the surface and cross-sectional SEM
images of siderite tailings-based stone paper with different

Group Siderite tailings PP CasSt MAH-g-PP SCA-KH550 Liquid paraffin PP toughener
1 40 51 2 2 1 2
2 40 48 2 2 1 5
3 40 45 2 2 1 8

Table 4. Component content of siderite tailings-based stone paper under different toughening agent contents (wt%)
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Figure 4. Mechanism diagram of powder modification.

calcium stearate contents, respectively. It can be seen from
the figures that the structure of the siderite tailing-based
stone paper is composed of siderite tailings particles and a
PP matrix. The siderite tailings exhibit typical granular
characteristics, while the PP forms a three-dimensional
continuous molten matrix with a microporous structure.
As the calcium stearate content increases, the SEM images
show signs of progressively poorer interfacial bonding. At
a calcium stearate addition of 1wt%, particle agglomera-
tion is somewhat reduced, indicating that calcium stearate
forms a lubricating layer at the interface, weakening the
direct bonding between the powder and the matrix. At an
addition of 2 wt%, interfacial gaps become more common,
and the powder appears to be embedded in the matrix
without actual fusion. At 3wt% addition, the tailings
powder particles easily detach from the matrix, leaving
clear holes, indicating very weak interfacial adhesion.
The calcium stearate molecule consists of a polar calcium
carboxylate head and a nonpolar long alkyl chain tail. Its

head adsorbs onto the polar inorganic powder surface,
while the nonpolar long alkyl chain extends outward.
This alkyl chain layer is highly compatible with the PP
matrix, but it is a soft, low-strength physical lubricating
layer that isolates the PP molecular chains from direct
contact and entanglement with the powder surface,
thereby weakening the physical bonding strength at the
interface.

3.1.2 Effect of maleic anhydride grafted polypropylene
content on the microstructure of siderite tailings-
based stone paper

Figures 7 and 8 show the surface and cross-sectional SEM
images of siderite tailings-based stone paper with different
MAH-g-PP contents. It can be observed from the figures
that as the MAH-g-PP content increases from 1 to 3 wt%,
the interfacial morphology of the material shows a clear
improvement trend. At 1wt% MAH-g-PP, there are

10pm

Figure 5. Scanning electron microscopy images of the surface of siderite tailings-based stone paper with different calcium stearate

contents: 1, 2, and 3 wt%.
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Figure 6. Scanning electron microscopy images of the cross-section of 31der1te talhngs -based stone paper with different calcium stearate

contents: 1, 2, and 3 wt%.

Figure 7. Scanning electron microscopy images of the surface of siderite tailings-based stone paper with different MAH-g-PP contents: 1,

2, and 3 wt%.

numerous gaps and voids between the tailings powder and
the PP matrix, and the powder is not tightly bonded to the
matrix; some interfaces remain clearly distinguishable,
indicating weak interfacial adhesion. When the content
increases to 2wt%, the interface between the powder
and the matrix tends to become blurred, the powder par-
ticles are tightly wrapped by the PP matrix, particle
agglomeration is reduced, and dispersion uniformity is
significantly improved, indicating effective enhancement
of interfacial adhesion. Upon further increasing the con-
tent to 3wt%, the interfacial adhesion is significantly

strengthened, the phase interface becomes indistinct,
and a relatively continuous transition layer structure
forms between the powder and the matrix. MAH-g-PP, as
a typical interfacial compatibilizer, possesses maleic anhy-
dride functional groups on its molecular chains that are
highly polar and can undergo esterification or form strong
hydrogen bonds with hydroxyl groups on the surface of
inorganic fillers, thereby achieving chemical bonding to
the filler surface. Simultaneously, the polypropylene seg-
ments in the MAH-g-PP chain have an identical chemical
structure to the matrix PP resin, allowing mutual diffusion

Figure 8. Scanning electron microscopy images of the cross-section of 51der1te tallmgs -based stone paper with different MAH-g-PP

contents: 1, 2, and 3 wt%.
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and chain entanglement during melt blending, achieving
complete compatibility. Ultimately, one end of MAH-g-PP
chemically bonds to the inorganic filler, while the other
end integrates into the PP matrix through chain entangle-
ment, greatly enhancing the interfacial adhesion between
the originally incompatible phases.

3.1.3 Effect of silane coupling agent KH550 content on
the microstructure of siderite tailings-based
stone paper

Figures 9 and 10 present the surface and cross-sectional
SEM images of siderite tailings-based stone paper with
different KH550 silane coupling agent contents. It can be
seen that at 1wt% KHS550, there are many obvious gaps
and voids between the powder and the PP matrix, signifi-
cant powder agglomeration is observed, and the interface
is clearly defined, indicating insufficient interfacial adhe-
sion and ineffective stress transfer. When the content
increases to 2wt%, the interface between the powder
and the matrix becomes blurred, the powder particles
are tightly encapsulated by the PP matrix, particle distri-
bution uniformity is markedly improved, and although
some defects remain in the cross-sectional structure,

they are mitigated, indicating enhanced interfacial com-
patibility. When the content increases to 3 wt%, this likely
exceeds the saturated adsorption capacity of functional
groups on the powder surface. The ethoxy groups in
KH550 molecules hydrolyze during processing to form
silanol groups, which can undergo condensation reactions
with hydroxyl groups on the inorganic filler surface,
forming stable siloxane covalent bonds, thereby achieving
chemical anchoring of the coupling agent molecules onto
the powder surface. Meanwhile, the amino group at the
other end of the KH550 molecule, as a polar functional
group, can undergo physical entanglement and hydrogen
bonding with the PP matrix, thus establishing effective
interfacial coupling between the filler and the matrix.
However, when the KH550 content exceeds the maximum
number of functional groups that can chemically bond to
the powder surface, the excess coupling agent molecules
cannot all participate in chemical bonding reactions at the
interface; instead, they physically adsorb onto the powder
surface, forming a poorly crosslinked silane layer of low
mechanical strength. This weak boundary layer cannot
effectively transfer stress at the interface and instead
becomes a weak link in the composite, thereby weakening
the interfacial adhesion.

Figure 9. Scanning electron microscopy images of the surface of siderite tailings-based stone paper with different SCA-KH550 contents:

1, 2, and 3 wt%.

. 3 M— AR v L\d I J iy’
Figure 10. Scanning electron microscopy images of the cross-section of siderite tailings-based stone paper with different SCA-KH550

contents: 1, 2, and 3.
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3.1.4 Effect of polypropylene toughening agent content
on the microstructure of siderite tailings-based
stone paper

Figures 11 and 12 show the surface and cross-sectional SEM
images of siderite tailings-based stone paper with different
polypropylene toughener contents. At 2wt% addition, the
elastomer is dispersed in the PP matrix as a small number
of isolated particles. At 5wt% addition, the number of
dispersed-phase particles increases significantly, particle
size slightly increases, and distribution density rises. At
8 wt% addition, the morphology of the dispersed phase
evolves from isolated particles to a partially intercon-
nected island-sea structure. At higher addition levels,
local agglomeration of the dispersed phase occurs,
forming larger irregular particles. At low toughener con-
tent, the elastomer is mainly dispersed within the PP
matrix; as content increases, some elastomer gradually
accumulates around the powder, making the interface
more distinct. The toughener is partially compatible with
the PP matrix but incompatible with the powder, leading
to phase separation during melt blending, with the elas-
tomer forming an independent dispersed phase. The
higher the content, the larger the dispersed-phase
domains and the higher their distribution density, making

it easier to form local stress concentration points in the
interfacial region. From the dispersion characteristics, at
low toughener content, the elastomer is mainly distributed
inside the PP matrix, having little direct influence on the
powder-matrix interface. As the content increases, some
elastomer gradually enriches around the powder,
resulting in a clearer interface. The toughener is partially
compatible with PP but incompatible with the powder;
phase separation occurs during melt blending, and the
elastomer forms an independent dispersed phase. Higher
content leads to larger dispersed-phase sizes and higher
distribution density, making it easier to form local stress
concentration points in the interfacial region, which can
become preferential sites for microcrack initiation when
the material is loaded.

3.2 Effect of auxiliary agent dosage on the
tightness of stone paper

3.2.1 Effect of calcium stearate content on the tightness
of siderite tailings-based stone paper

Figure 13 shows the tightness of stone paper with different
calcium stearate contents. As the calcium stearate addition

Figure 11. Scanning electron microscopy images of the surface of siderite tailings-based stone paper with different PP toughener

contents: 2, 5, and 8 wt%.

Figure 12. Scanning electron microscopy images of the cross section of siderite tailings-based stone paper with different PP toughener

contents: 2, 5, and 8 wt%.
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Figure 13. Tightness of stone paper with different calcium stearate contents.

increases from 1 to 3wt%, the tightness gradually
decreases. This is because the lubricating layer of calcium
stearate isolates the direct contact between PP and the
powder, forming a weak interface. Under external force,
this interface layer is more prone to slippage and defor-
mation, failing to achieve a solid filling like a strong inter-
face, thus leaving more microscopic defects. The weak
interface acts as a potential defect source, easily devel-
oping into micro-voids during processing or subsequent
treatment, reducing the overall densification of the mate-
rial. Although high lubricity improves surface smoothness,
it may also cause the material to slip more easily during
hot pressing, which is detrimental to achieving the max-
imum theoretical density. The lubricant sacrifices interfa-
cial strength for processability and smoothness, inevitably

1.260

introducing more microscopic defects and pores, leading
to decreased tightness.

3.2.2 Effect of maleic anhydride grafted polypropylene
content on the tightness of siderite tailings-based
stone paper

Figure 14 shows the tightness of stone paper with different
MAH-g-PP contents. As the MAH-g-PP addition increases
from 1 to 3 wt%, the tightness gradually increases. MAH-
g-PP is not completely compatible with the matrix; at
appropriate levels, it disperses well and acts at the inter-
face. When over-added, excess molecules that cannot
effectively migrate and anchor onto the inorganic filler
interface will self-aggregate in the PP matrix, forming
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Figure 14. Tightness of stone paper with different contents of maleic anhydride grafted polypropylene.
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tiny agglomerated phases that become new stress concen-
tration points, leading to deteriorated mechanical proper-
ties. The improvement in tightness is mainly because,
without a compatibilizer, the inorganic powder and PP
matrix have poor interfacial adhesion. MAH-g-PP
enhances interfacial bonding through its bridging action,
eliminating interfacial voids, while also reducing inor-
ganic powder agglomeration, making the powder disper-
sion more uniform. The air and pores trapped inside
agglomerates are consequently eliminated, resulting in a
denser composite system and higher tightness.

3.2.3 Effect of silane coupling agent KH550 content on
the tightness of siderite tailings-based stone

paper

Figure 15 shows the tightness of stone paper with different
KH550 contents. Within the addition range of 1-3 wt%, the
tightness first increases and then decreases with the
increasing KH550 content, reaching a maximum at 2wt
%. KH550 enhances the interfacial bonding between the
powder and the matrix through chemical bonding, redu-
cing micro-voids and gaps at the interface, which is the
main reason for the increased tightness. At 1 wt% addition,
the coupling agent is insufficient to fully cover the powder
surface, resulting in inadequate interfacial modification.
At 2wt% addition, a complete chemical bonding layer
forms on the powder surface, and tightness reaches its
optimum. When the addition further increases to 3 wt%,
excess silane molecules physically adsorb onto the powder
surface, forming a weak boundary layer of low mechan-
ical strength, which has a slight negative effect on close
packing, causing a slight decrease in tightness.

3.2.4 Effect of polypropylene toughening agent content
on the tightness of siderite tailings-based stone

paper

Figure 16 shows the tightness of stone paper with different
PP toughener contents. As the toughener addition
increases from 2 to 8wt%, the tightness gradually
decreases. This is because the tightness of the toughener
itself is lower than that of polypropylene; replacing part of
the high-tightness PP with a low-tightness component the-
oretically reduces the overall tightness. The toughener
combines with the PP matrix through physical blending,
forming a phase interface. The packing and entanglement
of the two molecular chains are not as dense as in the
homogeneous pure PP system, creating more micro-voids
and free volume at the phase interface. By introducing a
low-tightness component and increasing micro-defects,
the toughener reduces the overall densification of the
material.

3.3 Effect of additive content on the
tensile strength of stone paper

3.3.1 Effect of calcium stearate content on the tensile
strength of siderite tailings-based stone paper

Figure 17 shows the tensile strength of stone paper with
different calcium stearate contents. Within the addition
range of 1-3wt%, as calcium stearate content increases,
tensile strength first increases and then decreases. At 1wt
% addition, the tensile strength is slightly lower than that
at 2 wt%, mainly because the amount of calcium stearate
does not match the amount of tailings; although the
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Figure 15. Tightness of stone paper with different contents of silane coupling agent KH550.
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Figure 16. Tightness of stone paper with different contents of polypropylene toughening agent.

dispersion uniformity of the inorganic powder in the
matrix is improved, local agglomeration still exists,
leading to uneven stress distribution. At 2wt% addition,
the dispersion effect is optimal. At 3 wt% addition, tensile
strength decreases because the lubricating layer formed
by calcium stearate on the powder surface, while benefi-
cial for dispersion, has low mechanical strength, creating a
weak boundary layer at the interface. Under tensile stress,
this weak boundary layer cannot effectively transfer load
from the matrix to the rigid powder, leading to preferen-
tial interfacial debonding, easy initiation and propagation
of microcracks, and thus fracture of the material at lower
stress.

3.3.2 Effect of maleic anhydride grafted polypropylene
content on the tensile strength of siderite tailings-
based stone paper

Figure 18 shows the tensile strength of stone paper with
different MAH-g-PP contents. Within the addition range of
1-3 wt%, tensile strength increases with the increasing
MAH-g-PP content. The maleic anhydride functional
groups on the MAH-g-PP molecular chain can undergo
esterification or form strong hydrogen bonds with
hydroxyl groups on the siderite tailings powder surface,
achieving chemical anchoring; its polypropylene seg-
ments have an identical chemical structure to the matrix
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Figure 17. Tensile strength of stone paper with different calcium stearate contents.
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Figure 18. Tensile strength of stone paper made from polypropylene grafted with maleic anhydride with different contents.

PP resin, allowing mutual diffusion and chain entangle-
ment during melt blending, achieving complete compat-
ibility. Through this dual action, MAH-g-PP establishes a
strong interfacial bond between the powder and the
matrix, enabling efficient stress transfer from the matrix
to the rigid powder and fully utilizing the reinforcing
effect of the filler. Unlike silane coupling agents, the PP
segment of MAH-g-PP is fully compatible with the matrix;
even with excess addition, no weak boundary layer
forms at the interface, so no performance decline inflec-
tion point is observed within the addition range of this
study.

3.3.3 Effect of silane coupling agent KH550 content on
the tensile strength of siderite tailings-based
stone paper

Figure 19 shows the tensile strength of stone paper with
different KH550 contents. Within the addition range of
1-3 wt%, as the coupling agent content increases, tensile
strength first increases and then decreases, reaching a
maximum at 2wt% addition. KH550 molecules, after
hydrolysis of their ethoxy groups, undergo condensation
reactions with hydroxyl groups on the powder surface to
form siloxane covalent bonds, and their amino ends

20 ]:
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Figure 19. Tensile strength of stone paper with different contents of silane coupling agent.
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undergo physical entanglement and hydrogen bonding
with the PP matrix, thereby establishing effective cou-
pling at the interface. At 1wt% addition, the coupling
agent is insufficient to fully cover the powder surface,
resulting in incomplete interfacial modification, with
some regions still having interfacial defects. At 2 wt%
addition, a complete monolayer of chemical bonding
forms on the powder surface, providing the highest inter-
facial bond strength and optimal tensile strength. At
3wt% addition, excess silane molecules physically
adsorb onto the powder surface, forming a low-mechan-
ical-strength weak boundary layer, which instead
weakens the interfacial bonding effect and causes a
decrease in tensile strength.

3.3.4 Effect of polypropylene toughening agent content
on the tensile strength of siderite tailings-based
stone paper

Figure 20 shows the tensile strength of stone paper with
different PP toughener contents. Within the addition range
of 2-8 wt%, the tensile strength of stone paper decreases.
This is attributed to the replacement of part of the rigid PP
resin with a flexible elastomer, diluting the strength of the
matrix. The elastomer modulus is much lower than that of
the PP matrix; when subjected to tensile stress, these soft
particles become stress concentration points, causing the
matrix PP to prematurely craze and crack around them,
which macroscopically manifests as a decrease in tensile
strength and yield strength. Furthermore, excessive elas-
tomer may worsen the interfacial bonding between the
inorganic powder and the matrix, further reducing load-
bearing efficiency.

3.4 Effect of auxiliary agent content on the
smoothness of stone paper

3.4.1 Effect of calcium stearate content on the
smoothness of siderite tailings-based stone paper

Figure 21 shows the smoothness of stone paper with dif-
ferent calcium stearate contents. Within the addition range
of 1-3wt%, the smoothness gradually increases. This is
because calcium stearate reduces the friction between resin
molecular chains, improves melt uniformity, and makes the
material easier to level during processing. It also reduces
adhesion between the melt and processing equipment sur-
faces, making it easier for the specimen to detach from the
mold, thus achieving a high-smoothness surface. The lubri-
cating layer coated on the powder surface reduces the det-
rimental effect of powder particles on surface smoothness.
Higher content results in stronger lubrication and better
smoothness. However, excessive addition should be
avoided, as it may lead to an overly slippery surface,
affecting subsequent printing.

3.4.2 Effect of maleic anhydride grafted polypropylene
content on the smoothness of siderite tailings-
based stone paper

Figure 22 shows the smoothness of stone paper with dif-
ferent MAH-g-PP contents. Within the addition range of
1-3 wt%, the smoothness increases. As MAH-g-PP content
increases, the powder is better encapsulated by the PP
matrix, reducing its protrusion onto the surface, resulting
in a more uniform surface composition. Strong interfacial
bonding reduces micro-voids between the powder and the
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Figure 20. Tensile strength of stone paper with different contents of PP toughening agent.
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Figure 21. Smoothness of stone paper with different contents of calcium stearate.
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Figure 22. Smoothness of stone paper with different contents of maleic anhydride grafted polypropylene.

matrix. During hot pressing, this more uniform structure
is more easily compressed into a smooth surface. The
introduction of MAH-g-PP may slightly alter the surface
polarity, making it interact better with the mold during
hot pressing, thereby achieving better smoothness.

3.4.3 Effect of silane coupling agent KH550 content on
the smoothness of stone paper based on siderite
tailings

Figure 23 shows the smoothness of stone paper with dif-
ferent KH550 contents. Within the addition range of 1-3 wt%,
smoothness first increases and then decreases. This is
because the coupling agent enables the powder to be better
encapsulated by the matrix, reducing the influence of

powder on the surface. Strong interfacial bonding reduces
micro-voids, making the material surface smoother after
hot pressing. The coupling agent reduces powder agglom-
eration, making the surface composition more uniform. At
3 wt% addition, excess unreacted silane coupling agent may
migrate to the material surface; due to its certain viscosity
and different surface energy, it disrupts surface uniformity,
leading to decreased smoothness.

3.4.4 Effect of polypropylene toughening agent content
on the smoothness of siderite tailings-based stone

paper

Figure 24 shows the smoothness of stone paper with dif-
ferent PP toughener contents. Within the addition range of
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Figure 23. Smoothness of stone paper with different contents of silane coupling agent.
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Figure 24. Smoothness of stone paper with different contents of polypropylene toughening agent.

2-8 wt%, smoothness gradually decreases with increasing
addition. The reason is that the hardness of the elastomer
is lower than that of the PP matrix and inorganic powder.
Under hot pressing pressure, components with different
hardness exhibit different degrees of elastic recovery and
plastic deformation. The softer elastomer regions become
depressed under pressure, while the hard PP and powder
regions maintain their shape, creating microscopic surface
unevenness, leading to decreased smoothness. The higher
the toughener content, the more pronounced these micro-
reliefs become.

3.5 Effect of auxiliary agent content on the
tear strength of stone paper

3.5.1 Effect of calcium stearate content on the tear
strength of siderite tailings-based stone paper

Figure 25 shows the tear strength of stone paper with different
calcium stearate contents. As the calcium stearate addition
increases from 1 to 3wt%, the tear strength continuously
decreases. Tear failure essentially involves crack propagation.
When interfacial bonding is strong, crack propagation requires
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Figure 25. Tear resistance of stone paper with different calcium stearate contents.

substantial energy to bypass filler particles or fracture the
particles themselves. In the calcium stearate—treated system,
due to extremely weak interfacial bonding, cracks can propa-
gate along the powder surface with low resistance, leading to
interfacial debonding. The energy required for powder parti-
cles to debond and pull out from the matrix is extremely low,
thus macroscopically exhibiting low tear strength.

3.5.2 Effect of maleic anhydride grafted polypropylene
content on the tear strength of siderite tailings-
based stone paper

Figure 26 shows the tear strength of stone paper with dif-
ferent MAH-g-PP contents. Within the addition range of
1-3wt%, the tear strength of stone paper increases with

increasing MAH-g-PP content. The enhanced interfacial
adhesion due to MAH-g-PP requires greater energy to break
the powder-PP interface. Strong interfacial bonding forces
prevent cracks from simply propagating along the weak
interface. Instead, cracks must bypass particles or penetrate
the particles themselves, resulting in a more tortuous pro-
pagation path and higher energy consumption. Therefore,
the tearing process must overcome greater resistance,
which macroscopically manifests as increased tear strength.

3.5.3 Effect of silane coupling agent KH550 content on the
tear strength of siderite tailings-based stone paper

Figure 27 shows the tear strength of stone paper with
different KH550 contents. Within the addition range of
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Figure 26. Tear resistance of stone paper with different contents of maleic anhydride grafted polypropylene.
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Figure 27. Tear resistance of stone paper with different contents of silane coupling agent KH550.

1-3 wt%, tear strength first increases and then decreases
with increasing KH550 content, reaching a maximum at
2wt% addition. This trend is attributed to the effective
chemical bonding formed by an appropriate amount of
silane coupling agent at the interface between the inor-
ganic filler and the polypropylene matrix, which signifi-
cantly enhances interfacial adhesion and forces cracks to
avoid propagating along the original weak interface
during tearing. During tearing, cracks must bypass the
firmly anchored tailings particles or directly cause particle
fracture; the process of powder debonding and pull-out is
significantly suppressed, macroscopically resulting in a
marked increase in tear strength. When the silane cou-
pling agent addition exceeds 2wt%, tear strength

500

decreases because excess coupling agent forms a multi-
layer physical adsorption layer on the filler surface, con-
stituting a weak boundary layer of low mechanical
strength, which again becomes the preferential path for
crack propagation, leading to reduced tear performance.

3.5.4 Effect of polypropylene toughening agent content
on the tear strength of siderite tailings-based
stone paper

Figure 28 shows the tear strength of stone paper with dif-
ferent PP toughener contents. Within the addition range of
2-8 wt%, the tear strength of the stone paper exhibits an
increasing trend with the increase of toughening agent
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Figure 28. Tear resistance of stone paper with different polypropylene toughening agent contents.
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content. This is attributed to the crazing-shear band tough-
ening mechanism of the elastomer: the dispersed elastomer
particles act as stress concentration points, inducing the PP
matrix to generate a large number of crazes and shear bands,
while dissipating energy through their own deformation and
cavitation. As a result, crack propagation is effectively hin-
dered, forcing the tear path to become more tortuous, which
macroscopically manifests as improved tear resistance. A
higher elastomer content enhances this energy dissipation
effect; however, due to cost considerations and the need to
balance overall performance, the amount of toughening
agent should not be excessively increased.

4. Conclusions

This study systematically elucidated the effects of four
additives on the structure and properties of 40 wt% side-
rite tailings-based stone paper, clarified the action
mechanisms and optimal dosage ranges of each additive,
and provided key experimental evidence for interfacial
regulation in high-filling solid waste-based composites.
The main conclusions are as follows: the core role of cal-
cium stearate is lubrication and dispersion, which
improves processability and surface smoothness, but it
forms a weak interfacial boundary layer that weakens
mechanical properties; an addition level of 2wt% is
recommended to balance dispersibility and performance
loss. MAH-g-PP achieves interfacial reinforcement through
a dual mechanism of chemical bonding and molecular
chain entanglement, significantly enhancing tensile
strength and tear resistance, and exhibits no performance
inflection point within the addition range of 1-3 wt%,
demonstrating optimal interfacial modification. The silane
coupling agent KH550 constructs interfacial coupling via
siloxane covalent bonds, improving interfacial compat-
ibility and reducing water absorption, with an optimal
addition of 2wt%; excessive addition forms a weak
boundary layer, leading to performance decline. The poly-
propylene toughening agent dissipates energy through a
crazing-shear band mechanism, markedly improving
material toughness and tear resistance at the expense of
rigidity, and its addition level should be controlled
according to toughness requirements. Furthermore, the
action mechanisms of the different additives are fundamen-
tally different: calcium stearate is a “physical lubrication
type,” MAH-g-PP and KH550 are “chemical reinforcement
types,” and the polypropylene toughening agent is a “matrix
toughening type.” In practical applications, synergistic reg-
ulation of material properties can be achieved by com-
pounding these additives.

Funding information

Authors state no funding involved.

Author contributions

Pengfei Li designed the research scheme, conducted all
experiments, processed data, wrote the paper and com-
pleted pilot tests. Junping Deng and Le Kang co-supervised
the project, optimized the scheme and reviewed the manu-
script. Lang Jia assisted in sample preparation and perfor-
mance tests; Xiaoqing Lian and Hao Zhang supported data
calculation, microscopic and property analysis. All authors
have read the full text and warrant data authenticity,
bearing corresponding academic responsibilities.

Conflict of interest statement

Authors state no conflict of interest.

References

[1] Nupur, S., Pragti, S., Singh, S.B., et al.,, Biodegradable
stone paper as a sustainable alternative to traditional
paper: A review, J. Inorg. Organomet. Polym. Mater.,
2023, 33(8): 2240-2251

[2] Ecology research, Reports summarize ecology
research findings from dalian maritime university
(bacterial communities in water and sediment
shaped by paper mill pollution and indicated bac-
terial taxa in sediment in daling river). Ecology
Environment & Conservation, 2016

[3] Webb, C, Qi, K, Anguilano, L., et al., Mechanical and
environmental evaluation of ground calcium carbo-
nate (CaCO,) filled polypropylene composites as a
sustainable alternative to virgin polypropylene,
Results Mater, 2024, 22: 100562

[4] Zhou, H., Wang, X., Wang, T., et al,, Polyurethane
synthetic papers based on different inorganic fillers
with water and fire resistance, Macromolecular
Materials and Engineering, 2019, 304(3): 1800473

[5] Radhakrishnan, S., Neve, H. Nirmal, A. et al.,
Improvement of properties in recycled glass-filled
polypropylene using novel blend technology,
Polym. Eng. Sci., 2025, 65(7): 3760-3769

[6] Lu, Q.C, Dou Q. Investigation of the micro-
structures, properties, and toughening mechanism




Additive content on structure and properties of siderite
tailings-based stone paper

(71

(8]

[9]

[10]

(11]

(12]

(13]

[14]

of polypropylene/calcium carbonate toughening
masterbatch composites, ]J. Appl. Polym. Sci., 2017,
134(46): 45515

Resource utilization technology of iron tailings in
China. Conversation Utilization Mineral Resources,
2022, 42(03): 169-178

Li, S., Wu, J., Huo, Y., Zhao, X., Xue, L., Profiling
multiple heavy metal contamination and bacterial
communities surrounding an iron tailing pond
in northwest China, Sci. Total Environ., 2021, 752:
141827

Han, X., Wang, Y., Zhang, N., et al., Facile synthesis of
mesoporous silica derived from iron ore tailings for
efficient adsorption of methylene blue, Colloids Surf.
A: Physicochemical Eng. Asp., 2021, 617: 126391
Wang, L., Tian, H., Lei, W,, et al.,, Development of
high-strength ceramsite via Sintering of iron ore tail-
ings: process optimization and properties, Constr.
Build. Mater., 2024, 457: 139440

Hamada, H.M., Al-attaR, A., Askar, MK, et al.,
Enhancing sustainable concrete with iron ore tail-
ings as fine aggregate: environmental and engi-
neering perspectives, Constr. Build. Mater., 2025,
470: 140707

Xu, F,, Yao, M,, Hao, B, et al,, An iron tailings-based
soil-like aggregate material used to fix up soil com-
paction, J. Environ. Chem. Eng., 2025, 13(2): 115765
Long, H., Xu, X, Li, S., et al,, Utilization of high-silicon
iron ore tailings for 4N8 high-purity quartz powder
production via two-stage acid leaching, Inorg. Chem.,
2025, 64(8): 3805-3823

Li, P.F, Kang, L., Deng, J.P,, et al.,, Fabrication and
characterization of stone paper from siderite tail-
ings, Pack. Eng., 2025, 46(13): 96-104

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Li, C, Liao, H,, Gao, H,, et al., Enhancing interface
compatibility in high-filled coal gangue/polyethylene
composites through silane coupling agent-mediated
interface modification, Compos. Sci. Technol., 2024,
251: 110546

Kurtlu, A.M., Tuncay, B., Tuna S., Development and
characterization of polypropylene or polyamide 6
hybrid composites filled with magnetite and silicon
carbide, Iran. Polym. J., 2025, 34(9): 1-12

Zhang, L.J., Li, HX,, Preparation and characterization
of nano-filled polypropylene dielectric films, Polym.
Adv. Technol., 2024, 35(8): 6534

Tong, Z., Jiang, T., Qiu, R, et al., Effect of different
silane coupling agent modified SiO, on the properties
of silicone rubber composites: based on molecular
dynamics, Colloids Surf. A: Physicochemical Eng.
Asp., 2025, 705: 135615

Liitfiye, A., Metehan, A., Kutlay, S., et al., The effect of
wastes of nettle fiber on mechanical and thermal
properties of polypropylene composite, ]. Nat.
Fibers, 2023, 20(1): 2172641

Venkatachalaiah, A.M., Setty, V.N.R, Johns, J., et al,,
Impact of compatibilizer on the electrical and
thermal characteristics of areca fibre-filled polypro-
pylene composites, Fibers Polym., 2024, 26(1): 1-14
Zhang, L., Zhang, M.Y.,, Wu, Y.Y, et al, Study on
related properties of stone paper, J. Shaanxi Univ.
Sci. Technol. (Nat. Sci. Ed.), 2014, 32(1): 6-9

Pan, L.W,, Xiao, Y., Hu, Z.L,, et al,, Effect of inorganic
fillers on flame retardancy and mechanical properties
of stone paper, Mod. Chem. Ind., 2016, 36(11): 78-81
Gao, F., Wen, Y., Liu, HH, et al, Preparation and
performance testing of foamed stone paper,
Packaging Eng., 2011, 32(11): 21-25



	1 Introduction
	2 Materials and methods
	2.1 Materials and instrument
	2.2 Synthetic preparation
	2.3 Test performance
	2.3.1 Microstructure of the surface and cross-section of stone paper
	2.3.2 Tightness test of stone paper
	2.3.3 Smoothness test of stone paper
	2.3.4 Tear strength test of stone paper
	2.3.5 Tensile strength test of stone paper


	3 Results and discussion
	3.1 Effect of additive content on the microstructure of stone paper
	3.1.1 Effect of calcium stearate content on the microstructure of siderite tailings-based stone paper
	3.1.2 Effect of maleic anhydride grafted polypropylene content on the microstructure of siderite tailings-based stone paper
	3.1.3 Effect of silane coupling agent KH550 content on the microstructure of siderite tailings-based stone paper
	3.1.4 Effect of polypropylene toughening agent content on the microstructure of siderite tailings-based stone paper

	3.2 Effect of auxiliary agent dosage on the tightness of stone paper
	3.2.1 Effect of calcium stearate content on the tightness of siderite tailings-based stone paper
	3.2.2 Effect of maleic anhydride grafted polypropylene content on the tightness of siderite tailings-based stone paper
	3.2.3 Effect of silane coupling agent KH550 content on the tightness of siderite tailings-based stone paper
	3.2.4 Effect of polypropylene toughening agent content on the tightness of siderite tailings-based stone paper

	3.3 Effect of additive content on the tensile strength of stone paper
	3.3.1 Effect of calcium stearate content on the tensile strength of siderite tailings-based stone paper
	3.3.2 Effect of maleic anhydride grafted polypropylene content on the tensile strength of siderite tailings-based stone paper
	3.3.3 Effect of silane coupling agent KH550 content on the tensile strength of siderite tailings-based stone paper
	3.3.4 Effect of polypropylene toughening agent content on the tensile strength of siderite tailings-based stone paper

	3.4 Effect of auxiliary agent content on the smoothness of stone paper
	3.4.1 Effect of calcium stearate content on the smoothness of siderite tailings-based stone paper
	3.4.2 Effect of maleic anhydride grafted polypropylene content on the smoothness of siderite tailings-based stone paper
	3.4.3 Effect of silane coupling agent KH550 content on the smoothness of stone paper based on siderite tailings
	3.4.4 Effect of polypropylene toughening agent content on the smoothness of siderite tailings-based stone paper

	3.5 Effect of auxiliary agent content on the tear strength of stone paper
	3.5.1 Effect of calcium stearate content on the tear strength of siderite tailings-based stone paper
	3.5.2 Effect of maleic anhydride grafted polypropylene content on the tear strength of siderite tailings-based stone paper
	3.5.3 Effect of silane coupling agent KH550 content on the tear strength of siderite tailings-based stone paper
	3.5.4 Effect of polypropylene toughening agent content on the tear strength of siderite tailings-based stone paper


	4 Conclusions
	Funding information
	Author contributions
	Conflict of interest statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


