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sion mechanochemical
preparation of BiVO4 hybrid pigments for coloring
and reinforcing of acrylonitrile-butadiene-styrene†

Lei Wu,a Bin Mu, *a Hao Yang,b Zhaoli Wang,c Yongfeng Zhu,a Hui Douc

and Aiqin Wang *a

The traditional solid or liquid-phase preparation process of clay mineral-based inorganic pigments

inevitably involves complex experimental procedures and generation of large volumes of polluting

wastewater. To conform to the concept of green chemistry, a cleaner twin screw extrusion followed by

high-temperature crystallization technology was developed to prepare low-cost BiVO4 hybrid pigments

based on a natural mixed-dimensional attapulgite clay (MDAPT). It was revealed that the generated shear

and extrusion forces during the twin-screw extrusion process effectively promoted the formation of the

precursor with the assistance of the colloidal properties of MDAPT. After incorporation of 60 wt%

MDAPT, the hybrid pigments obtained at 700 °C presented the best color performance (L* = 74.76, a* =

4.24, b* = 80.84). In view of the synergistic effect of each component, the hybrid pigments served as

functional nanofillers for coloring and reinforcing of acrylonitrile-butadiene-styrene (ABS) after being

modified with KH-570. At the optimum added amount of 2.75 wt% of hybrid pigments, the tensile

strength and bending strength of yellow ABS composites increased by 36.87% and 25.96% compared

with that of pure ABS, respectively. Furthermore, it was worth mentioning that incorporation of hybrid

pigments also contributed to improving the UV-aging resistance of ABS due to the better absorption and

reflection performances of hybrid pigments toward UV and visible light. Therefore, this study is expected

to provide a feasible strategy for continuous mechanochemical preparation of low-cost BiVO4 hybrid

pigments for the coloring of ABS with excellent mechanical properties and aging-resistance.
1. Introduction

Acrylonitrile-butadiene-styrene (ABS) is widely used for industry
products, such as the structural components of automotive and
consumer products, and the housing of pipes, electronic and
electrical devices (machines, computers, telephones handsets,
and televisions) by virtue of its easy processing, high surface
gloss, good mechanical properties and chemical-resistance.1–3

However, ABS polymers are vulnerable and age quickly when
exposed to heating, oxygen or ultraviolet (UV) light. This is due
to the C]C bonds in the butadiene component of ABS, which
are easily broken under the conditions of UV radiation and
oxygen, and ultimately means ABS polymers fail to meet
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performance requirements, subsequently limiting their further
application.4–6 Therefore, the aging of ABS polymers in outdoor
applications has been a crucial issue hindering their imple-
mentation in end commercial products. To overcome this
disadvantage and simultaneously enhance the mechanical
properties of ABS products as well as endow them with a benign
color, a feasible strategy has been recognized, in which various
inorganic pigments are introduced as functional nanollers
with different colors into the polymer matrix.7 Among the
inorganic pigments, clay mineral-based inorganic hybrid
pigments presented unique superiority in view of the synergistic
effect of each component, especially the morphology, thermal
stability, weather-resistance and low cost of clay minerals.8,9

In the case of the preparation routes of clay minerals-based
inorganic hybrid pigments, the solid-phase (high-energy ball
milling and vibratory milling)10 and liquid-phase (chemical
precipitation method, sol–gel method, hydrothermal or
microwave-assisted hydrothermal method)11–13 technologies are
still the mainstream synthesis methods. It has been conrmed
that incorporation of clay minerals obviously reduced the
pigment production cost and improved the color properties of
inorganic pigments due to the doping of chemical composi-
tions of clay minerals and the control of the particle size and
RSC Mechanochem., 2025, 2, 297–306 | 297
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Fig. 1 A schematic diagram of the preparation process of BiVO4 hybrid pigments.
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dispersion of the pigment particles. Although the solid-phase
experimental processes exhibited obvious advantages due to
fewer steps and shorter process ow for the preparation of the
clay minerals-based inorganic hybrid pigments, the defects of
the intermittent preparation mode and high energy consump-
tion are increasingly evident with the swi development of
science and technology. Compared with the solid-phase route,
the liquid-phase method presented obvious advantages for
controlling the purity, size and color of clay mineral-based
inorganic hybrid pigments. However, it inevitably involves
discharge of large volumes of wastewater and organic solvents.
To conform with the principles of green chemistry, it is urgently
required to develop cleaner production technology with little or
no waste discharge for the preparation of high-performance clay
minerals-based inorganic hybrid pigments.

Different from the common solid-phase and liquid-phase
preparation routes, twin screw extrusion is an emerging and
popular technology in the elds of chemistry and material
science, which uses minimal solvent or no solvent to synthesize
new compounds and materials by continuous mixing or the
chemical reaction of reactants under shearing and kneading
forces.14 Therefore, twin screw extrusion could be an alternative
strategy for replacing liquid-phase methods to fabricate clay
mineral-based inorganic hybrid pigments, and it is of great
signicance to investigate the feasibility of preparing clay
minerals-based inorganic hybrid pigments by twin screw
extrusion technology, which can not only conform to the prin-
ciples of green chemistry, but also provide a clean solvent-free
scheme for the preparation of clay minerals-based inorganic
hybrid pigment on an industrial scale.

China is one of the main countries possessing abundant
reserves of attapulgite (APT) clay in the world.15,16 However, the
APT clay resource in Gansu province has more complex asso-
ciated ores with one-dimensional and two-dimensional mixed
morphologies as well as a deeper red color due to the formation
cause of lacustrine deposits, and has been named as mix-
dimensional APT clay (MDAPT). It was reported that the color
of MDAPT mainly resulted from hematite and isomorphism
substitution of iron ions (Fe2+ and Fe3+) with octahedral Mg2+ or
Al3+. In order to realize the large-scale applications of raw
MDAPT in related industrial elds and high-quality
298 | RSC Mechanochem., 2025, 2, 297–306
development of the MDAPT industry, this study employed twin
screw extrusion for the cleaner preparation of MDAPT-based
BiVO4 (MDAPT@BiVO4) hybrid pigments for coloring and
reinforcing of ABS using MDAPT, bismuth nitrate hydrate, and
ammonium meta-vanadate as the raw materials (Fig. 1), in
which BiVO4 hybrid pigments were modied with 3-
methacryloxy-propyltrimet-hoxysilane (KH-570) to improve the
surface/interfacial compatibility between hybrid pigments and
ABS matrix. The effects of hybrid pigment content on the
coloring, thermal, mechanical and ageing properties of ABS
composites were comparatively studied in detail compared with
the pure ABS. In addition, the possible structure–activity rela-
tionship was analyzed and discussed.
2. Experimental
2.1 Materials

The raw MDAPT originated from the Dimaitong Mine, Gansu
Province, China. Oxalic acid dihydrate (OA, C2H2O4$2H2O, AR)
was purchased from Sichuan Xilong Chemical Co., Ltd
(Sichuan, China). KH-570 was obtained from Nanjing United
Silicon Chemical Co., Ltd (Nanjing, China). Ethanol was gained
from Tianjin Langmaoshiye Industrial Co., Ltd. Bismuth nitrate
hydrate (Bi(NO3)3$5H2O, AR) and ammonium meta-vanadate
(NH4VO3, AR) were purchased by Chengdu Kelong Chemical
Industry Co., Ltd (Chengdu, China), while ABS was provided by
KUMHO-SUNNY Plastics Co., Ltd. Other reagents were all
analytical grade and used without further purication.
2.2 Preparation of the precursors of MDAPT@BiVO4 hybrid
pigments

Typically, the raw MDAPT was rstly treated with 1 mol L−1 OA
for 10 h at a solid-to-liquid ratio of 1 : 20, 90 °C and 400 rpm to
remove the main color-causing ions (e.g., Fe3+), and then the
solid product was centrifugated, washed three times with water,
dried at 60 °C, ground and passed through a 400-mesh sieve
before use. Next, 35.67 g of Bi(NO3)3$5H2O, 22.587 g of NH4VO3

and 24 g of MDAPT (60 wt% of theoretical yield of BiVO4) were
well mixed in a beaker, and then the premixed samples were put
in the extruder and extruded for 10 times (FT-26 twin-screw
extruder, Guangzhou Huagong Optical Mechanical & Electrical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Technology Co. Ltd) with the working parameters including
screw speeds of 80 rpm and extruder pressure of 5 kg at room
temperature. Then a series of precursors of MDAPT@BiVO4

hybrid pigments containing different weight fractions of
MDAPT (20 wt%, 40 wt%, 60 wt% and 80 wt%) were prepared
and abbreviated as pre-MDAPT@BiVO4.

2.3 Preparation of MDAPT@BiVO4 hybrid pigments

The calcining of the precursors in a muffle furnace was con-
ducted at different temperatures for 120 min with a heating rate
of 10 °C min−1 from room temperature to prepare
MDAPT@BiVO4 hybrid pigments. The effects of calcination
temperature (300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 800 °C)
and addition amount of MDAPT (20 wt%, 40 wt%, 60 wt% and
80 wt%) on the color performance of the pigments were
systematically investigated. The prepared composite pigments
were labelled as MDAPT@BiVO4-T-M, where T represented the
calcining temperature, while M was the addition amount of
MDAPT. As a control, the hybrid pigments were also prepared
aer incorporation of 60 wt% raw MDAPT by the same proce-
dures, and the product was marked as RMDAPT@BiVO4-T-60,
where T represented the calcining temperature.

2.4 Surface modication of BVO4 hybrid pigments

Firstly, 3.0 g of MDAPT@BiVO4 hybrid pigments was well
dispersed in 30 mL absolute ethanol under sonication. Next,
7 wt% of KH-570 was dissolved in the above dispersion to form
a light-yellow solution. Then the prepared solution was heated
at 80 °C for 12 h. Aer being cooled to room temperature, the
solid sample was collected by centrifugation and washed with
deionized water and ethanol several times, and the product was
obtained aer being dried at 60 °C for 24 h. Finally, the dry solid
product was ground and passed through a 400-mesh sieve for
further use.

2.5 Evaluation of chemical stability

The chemical stability of the hybrid pigments was evaluated
using 1 mol L−1 HCl solution, 1 mol L−1 NaOH solution and
anhydrous ethanol. Typically, 2.0 g of hybrid pigments was
immersed in 15 mL of the aforementioned solutions or solvents
and stirred at room temperature for 24 h. Aer being immersed,
centrifuged, dried in an oven at 60 °C, the color coordinates of
hybrid pigment were measured by comparing the color coor-
dinates of hybrid pigments before and aer immersion.

2.6 Preparation of the colorful ABS composite

The prepared hybrid pigments and ABS granules were rstly
dried at 80 °C for 12 h before being mixed with each other, then
the polymer composites were obtained aer melt mixing of ABS
granules and hybrid pigments in a single screw extruder. To
reach a better distribution and dispersion of hybrid pigments
throughout the ABS matrix, all the mixtures were extruded twice
using the single screw extrude with the working parameter of
extruder temperature of 200 °C and rotation speed of 80 rpm.
The standard tensile spline model and curved spline model was
© 2025 The Author(s). Published by the Royal Society of Chemistry
prepared by putting the above polymer composites into the
injection molding machine with the extrusion temperature of
200 °C and moulding temperature of 40 °C. The content of
hybrid pigments in the ABS matrix was 0.25 wt%, 0.50 wt%,
0.75 wt%, 1.00 wt%, 1.25 wt%, 1.50 wt%, 1.75 wt%, 2.00 wt%,
2.50 wt%, 2.75 wt% and 3.00 wt%, respectively.
2.7 Mechanical properties test of ABS composites

All the mechanical properties tests of the tensile splines and
curved spline were performed on a universal testing machine
(SANS general material testing instrument, CMT4304) at room
temperature with a load cell of 1000 N and test speed of 3
mm min−1. The initial gauge length of tensile splines is 30 mm
and the curved spline is 64 mm. Each series of tensile splines
and curved spline was tested in parallel at least ve times and
the averages were reported.
2.8 Evaluation of the anti-aging performance

The accelerated aging experiment was conducted by exposing
the polymer composites to a uorescent UV lamp (lamp 2 A,
40 W, UV A-313) for 120 h at the black panel 60 °C in the UV
aging chamber (Xinlang electronic, ZN-P). The samples were
taken out every 24 h to conduct the UV ageing test, and each
series of samples were tested in parallel ve times and the
averages were reported.
2.9 Characterizations

The commission International de l’Eclairage (CIE)-L*a*

b* colorimetric method was used to characterize the color values
of the as-prepared pigments on a Color-Eye automatic differ-
ential colorimeter (X-Rite, Ci 7800, USA), where L* is the light-
ness axis (0 for black and 100 for white), a* is the green-red axis
(negative for green and positive for red) and b* is the blue-yellow
axis (negative for blue and positive for yellow). Fourier trans-
form infrared (FTIR) spectra of hybrid pigments samples were
collected on a Nicolet NEXUS FTIR spectrometer (Thermo
Nicolet 6700, Thermo Fisher, USA) in the wavenumber range of
4000–400 cm−1 using KBr tablettingmethod. XRD patterns were
collected in the range of 3° to 80° (2q) at a scanning rate of 0.05°
s−1 with a step interval of about 0.167° at room temperature on
a SmartLab SE multifunctional X-ray diffractometer (Rigaku
Co., Japan), equipped with a Cu-Ka radiation source (l =

1.540598 Å, 40 kV, 40 mA). The micro-morphology of the hybrid
pigments sample was observed on a JEM-2100 transmission
electron microscope (TEM, Field Electron and Ion Co., USA)
aer being dispersed into ethanol and kept in an ultrasonic
bath for 20 min. The dispersion of hybrid pigments in ABS
matrix and the fracture surface morphology of ABS composites
aer the tensile tests were observed using a JSM-6701F scanning
electron microscopy (JEOL, Ltd Japan), the ABS splines were
treated by freezing in liquid nitrogen rst before observing.
Energy dispersive X-ray spectroscopy (EDX, JSM-5600LV, Japa-
nese Electronic Optical Co., Ltd, Japan) was used to determine
the composition and distribution of surface element of the as-
prepared samples. Similarly, pure ABS splines were also
RSC Mechanochem., 2025, 2, 297–306 | 299
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treated by freezing in liquid nitrogen to obtain a ruptured
surface.
3. Results and discussion
3.1 Preparation condition optimization of hybrid pigments

Fig. 2a–d depicts the color parameters of BiVO4 hybrid pigments
prepared at different calcining temperatures and different
amounts of MDAPT added. As the calcining temperature
decreased below 800 °C, the brightness value (L*), redness value
(a*) and yellowness value (b*) of MDAPT@BiVO4 hybrid
pigments increasingly improved (Fig. 2e). However, the color
parameters began to decrease when the calcining temperature
reached 800 °C, which might be caused by the coating of BiVO4

on the MDAPT surface, the damage of crystal structure of
MDAPT and the nanochannel collapse of APT at high temper-
ature with the removal of zeolitic water, structural water and the
de-hydroxylation. In addition, hybrid pigments possessed the
Fig. 2 Color coordinates of MDAPT@BiVO4 hybrid pigments preparedwi
20 wt%, (b) 40 wt%, (c) 60 wt%, and (d) 80 wt%). (e) Digital photographs o
incorporation of 60 wt% MDAPT.

300 | RSC Mechanochem., 2025, 2, 297–306
maximum b* value when the calcining temperature was up to
700 °C. At the optimum calcining temperature, the prepared
BiVO4 pigments exhibited better color performance when the
added amount of MDAPT was relatively low (20–60 wt%). By
contrast, MDAPT@BiVO4 hybrid pigments presented the
optimal color performance when the added amount of MDAPT
was 60 wt% (L* = 74.76, a* = 4.24 and b* = 80.84). It suggested
that the low added amount of MDAPT did not contribute to the
benign dispersion of BiVO4 particles on the surface of MDAPT,
while the high incorporation amount of MDAPT (80 wt%)
resulted in the presence of MDAPT agglomeration. Based on the
above analysis, the optimum preparation conditions were
summarized as follows: calcination temperature was 700 °C and
added amount of MDAPT was 60 wt%.

Furthermore, pure BiVO4 and hybrid pigments prepared
with raw MDAPT as the carrier were also prepared using the
same process (Fig. S1†). Aer calcination treatment above 500 °
C, the color of pure BiVO4 changed signicantly, as shown in
th different amounts of MDAPT and different calcining temperatures: (a)
f the hybrid pigments prepared at different calcining temperatures after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. S1a.† The L* and b* values of the pigments decreased from
67.39 and 72.48 to 59.97 and 51.8, respectively. Compared with
the hybrid pigment prepared using OA leached MDAPT, the
color parameters of the hybrid pigment prepared based on raw
MDAPT decreased signicantly with a high red value, and low
brightness and yellow values at the same calcination tempera-
ture, as shown in Fig. S1b.† This suggested that the introduc-
tion of MDAPT improved the color performance of BiVO4,
especially OA leached MDAPT.

The crystal phase composition of MDAPT and
MDAPT@BiVO4-T-60 hybrid pigments were studied by XRD
patterns (Fig. 3a). In the case of raw MDAPT, the diffraction
peaks at 2q = 8.48°, 19.81°, and 34.94° were attributed to APT,
corresponding to (110), (040) and (400) planes, respectively. The
peaks of quartz were observed at 2q = 20.88° (100), 26.7° (101),
36.55° (110), 42.45° (200), 50.13° (112), 59.94° (211) and 68.14°
(203), respectively. In addition, the peaks at 2q = 8.836° were
assigned to illite.17 Therefore, the main crystalline phases of
MDAPT were composed of APT, quartz and illite. Aer incor-
poration of BiVO4, the characteristic diffraction peaks of
monoclonal scheelite type BiVO4 (ms-BiVO4) appeared at 2q =

18.98°, 28.58°, 30.54°, 34.49°, 35.22°, 39.78°, 42.46°, 45.88°,
46.71°, 47.30°, 50.31°, 53.44°, 56.06°, 58.53° and 59.26°, which
were assigned to (011), (−130), (040), (200), (002), (211), (051),
(−132), (210), (042), (202), (310), (−152), (321) and (123)
planes,18 respectively, suggesting the successful formation of
ms-BiVO4. However, the characteristic peaks of the main crystal
phases of MDAPT vanished, while the diffraction peaks of APT
were very weak aer incorporating of BiVO4 at above 600 °C
(Fig. 3a). This phenomenon might be due to the decrease in the
content of MDAPT with the introduction of BiVO4 and the
damage of crystal structure of clay minerals at high
temperature.
Fig. 3 XRD patterns (a) and FTIR spectra (b) of hybrid pigments prepar
MDAPT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
FTIR spectra of MDAPT@BiVO4-T-60 were further used to
conrm the presence of BiVO4 in the hybrid pigments. As
shown in Fig. 3b, the characteristic absorption bands of the
stretching vibrations of hydroxyl groups (Al–OH and Si–OH), Si–
O–Si, and the physically adsorbed water were found at 3414–
3730 cm−1, 1029–1065 cm−1 and 1625–1634 cm−1, respec-
tively.19,20 The band at 531–534 cm−1 was attributed to the Si–O–
Al stretching vibration. In the case of BiVO4, the main absorp-
tion bands were almost the same before and aer annealing.
The symmetric and asymmetric stretching/bending vibrations
of V–O bond in VO4

3− and the weak and intense stretching and
bending vibrations of Bi–O were observed near 720–729 cm−1,
824 cm−1 and 472–475 cm−1, respectively.21,22 In addition, it was
worth noting that the characteristic peaks of the Si–O–Al bond
were very weak or even disappeared aer incorporating BiVO4 at
different temperatures, and the positions of the BiVO4 diffrac-
tion peaks presented an obvious shi aer incorporation of
MDAPT and the calcining process, which might be due to the
collapse of the nanochannel of APT and high crystallinity of
BiVO4. To improve the dispersion of MDAPT@BiVO4-700-60
hybrid pigments in the ABS matrix, hybrid pigments were
modied with KH-570. As shown in Fig. S2,† the absorption
bands at 2932 cm−1 and 2851 cm−1 corresponded to the C–H
stretching vibration peaks of –CH2 and –CH3 of KH-570,
respectively, indicating that MDAPT@BiVO4-700-60 hybrid
pigments were successfully modied with KH-570.

Fig. 4 depicts the TEM images of MDAPT before and aer OA
treatment. As shown in Fig. 4a, MDAPT wasmainly composed of
one-dimensional nanorods and two-dimensional nanoakes.
Combined with XRD analysis, the lamellar morphology was
mainly ascribed to illite, while APT possessed a typical rod-like
morphology but there was severe agglomeration among the
nanorods. Aer OA treatment, the rod-like morphology and
length of nanorods were maintained, but the number of
ed at different calcination temperatures after introduction of 60 wt%

RSC Mechanochem., 2025, 2, 297–306 | 301
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Fig. 4 TEM images of before (a) and after (b) oxalic acid treatment of
MDAPT, (c) TEM and (d) electron diffraction images of MDAPT
@BiVO4-700-60.
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nanorod bundles or agglomerates decreased (Fig. 4b), indi-
cating that OA treatment enhanced the dispersion of nanorods
with the removal of the impurities. Aer introducing BiVO4

nanoparticles, it was evident that the BiVO4 nanoparticles were
uniformly anchored on the surface of the one-dimensional and
two-dimensional matrix (Fig. 4c), rendering the surface of
MDAPT rougher. By contrast, severe aggregation of the rod-like
structure emerged due to the sintering of hybrid pigments.
Furthermore, the SAED image also indicated that BiVO4

prepared at 700 °C was single crystalline (Fig. 4d).
3.2 Coloring properties

Fig. 5a shows the digital photos of RMDAPT@BiVO4-700-60,
MDAPT@BiVO4-700-60, and KH-570 modied MDAPT@BiVO4-
700-60. It was found that the hybrid pigment prepared using
raw MDAPT was orange, while it was yellow fabricated based on
OA leached MDAPT. In fact, the color of the yellow pigments in
the color space L*a*b* (CIELAB system) wasmainly related to the
b* value, and the yellow hue of the hybrid pigments exhibited
Fig. 5 (a) Digital photographs of the prepared hybrid pigments, the
chromaticity values of (b) the pigments and (c) chromaticity CIE
coordinate diagram ((1) Raw MDAPT@BiVO4-700-60, (2) MDAPT@
BiVO4-700-60, (3) KH-570 modified MDAPT@BiVO4-700-60).
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a positive relation with the positive b* value. As shown in Fig. 5b,
hybrid pigments prepared by raw MDAPT exhibited a low
b* value and high a* value, while hybrid pigment based on OA-
treated MDAPT presented a high b* value and low a* value. This
might be due to the removal of the free hematite and color-
causing ions from MDAPT by OA. Compared with the red
color of the raw MDAPT, OA-treated MDAPT was white
(Fig. S3†), indicating that the color-causing impurities were
dissolved by OA. Generally, OA dissolved metal ions by breaking
the Si–O–M bond, and the ability to coordinate with metal ions
might accelerate the dissolution of metal ions. The chemical
composition of MDAPT before and aer OA treatment was
shown in Table S1.† Aer being treated with OA, the contents of
Fe2O3, MgO, Al2O3 and Na2O of MDAPT decreased from 4.49%
to 2.54%, 5.31% to 1.84%, 13.18% to 11.51% and 1.11% to
0.42%, respectively, which might reduce the negative effect of
color-causing ions on the color properties of hybrid pigments.
By contrast, the color of MDAPT@BiVO4-700-60 underwent
a slight change aer being modied with KH-570 (L* = 75.48,
a* = 1.09, b* = 83.04), which could be due to the change of the
absorbance and reection of hybrid pigments to visible light
before and aer decoration with KH-570. In addition, it was
found that the reection of visible light of the as-prepared
MDAPT@BiVO4-700-60 above 400 nm was increased compared
with the raw MDAPT@BiVO4-700-60 according to the UV-vis
diffuse reectance spectra (Fig. S4†), which also conrmed
that the prepared MDAPT@BiVO4-700-60 presented a better
color performance than that of RMDAPT@BiVO4-700-60.
3.3 Evaluation of chemical stability

As summarized in Fig. S5,† there was no obvious color variation
that the naked eye could distinguish aer HCl, NaOH and
ethanol treatment compared with the original MDAPT@BiVO4-
700-60 hybrid pigments. Moreover, the color saturation hardly
changed before and aer different treatments. From Table S2,†
no obvious changes were observed from the color parameters of
the samples treated with HCl or NaOH solution compared with
that of the original MDAPT@BiVO4-700-60, suggesting the
prepared pigments presented benign acid and alkali resistance.
Although there was a slight decrease in the brightness (L*) aer
treatment by ethanol, the high b* value could still satisfy the
requirements of the related application elds to the yellowness
values (Table S2†). Thus, the minor color value changes indi-
cated that the as-prepared hybrid pigments possessed good
environmental stability.

Aer being modied with KH-570, MDAPT@BiVO4-700-60
was incorporated into the ABS matrix to obtain yellow ABS
composites (Fig. 6). Obviously, the greater the amounts of hybrid
pigments added, the deeper the color of the ABS composites,
which could be attributed to the fact that KH-570 modication
improved the surface/interfacial compatibility between hybrid
pigments and the ABS matrix, signicantly enhancing their
dispersion in the ABS matrix. No obvious difference in the color
variation was observed for the ABS composites spline when the
added amount of KH-570 modied MDAPT@BiVO4-700-60 was
higher than 1.5 wt%. This phenomenon was also consistent with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Tensile and bending splines of ABS composites containing
different contents of KH-570 modified MDAPT@BiVO4-700-60 ((a):
0.00 wt%, (b): 0.25 wt%, (c): 0.50 wt%, (d): 0.75 wt%, (e): 1.00 wt%, (f):
1.25 wt%, (g): 1.50 wt%, (h): 1.75 wt%, (i): 2.00 wt%, (j): 2.50 wt%, (k):
2.75 wt%, and (l): 3.00 wt%).

Table 1 Chromatic values of ABS composites containing different
contents of KH-570 modified MDAPT@BiVO4-700-60

Pigment content

Color parameters of ABS composites

L* a* b* C* h* ASTM E313

0.00 wt% 58.09 −6.15 −7.83 9.96 231.85 −8.65
0.25 wt% 61.97 −11.67 32.09 34.15 109.98 56.53
0.50 wt% 62.29 −14.85 35.02 38.04 112.97 57.69
0.75 wt% 61.98 −14.58 35.43 38.31 112.37 58.73
1.00 wt% 69.51 −13.74 67.18 68.57 101.56 90.19
1.25 wt% 70.56 −13.10 68.25 69.50 100.87 91.11
1.50 wt% 68.65 −14.30 65.87 67.40 102.25 84.98
1.75 wt% 68.11 −10.94 66.76 67.65 99.31 93.15
2.00 wt% 73.31 −11.92 74.51 75.46 99.09 95.30
2.50 wt% 72.11 −13.15 73.36 74.53 100.17 93.94
2.75 wt% 71.66 −12.59 76.38 77.41 99.36 96.52
3.00 wt% 71.81 −12.42 75.92 76.93 99.29 96.34
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the CIE L*a*b* color parameters (Table 1). Compared with pure
ABS (L* = 58.09, a* = −6.15, b* = −7.83), the L* and b* values of
the ABS composites decreased initially and subsequently
increased, and the a* values increased initially and subsequently
decreased with the increase in the added amount of KH-570
modied MDAPT@BiVO4-700-60. Specically, the b* value of
the ABS composites reached 65.25 aer incorporation of
1.25 wt% KH-570 modied MDAPT@BiVO4-700-60-HP, and the
ABS composite presented the best color performance (L* = 71.66,
a*=−12.59, b*= 76.38) as the added amount of hybrid pigments
was 2.75 wt%, and then it slightly decreased (L* = 71.81, a* =

−12.42, b* = 75.92) at the added amount of 3.00 wt%. This
phenomenon could be attributed to the presence of the aggre-
gation phenomenon of the introduced excessive pigment parti-
cles.23 Thus, the optimum added amount of KH-570 modied
MDAPT@BiVO4-700-60 was determined as 2.75 wt%.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.4 Mechanical properties of ABS composites

Fig. 7a–c shows the mechanical properties of pure ABS and ABS
composites, which were characterized by the tensile strength
testing and bending strength testing. The tensile strength,
elongation at break and bending strength of pure ABS were
45.25 MPa, 13.06% and 75.35 MPa, respectively. Compared with
the mechanical properties of pure ABS, the tensile strength of
ABS composites was obviously improved with the increase in
the added amount of KH-570 modied MDAPT@BiVO4-700-60,
and it reached a maximum when the added amount was
2.75 wt%, and the tensile strength and bending strength of ABS
composites increased by 36.87% and 25.96%, respectively.
However, the mechanical properties of the ABS composites
began to decrease when the content of hybrid pigments was
more than 2.75 wt%. In fact, the increase in the tensile strength
and bending strength of ABS composites depended on the
surface/interfacial compatibility between the hybrid pigments
and ABS matrix.24,25 The decrease in the mechanical properties
of ABS composites could be related to the aggregation
phenomenon of excessive pigment particles in the ABS
matrix.26,27 In order to achieve a desirable balance between
reinforcement and toughness, the optimum content of KH-570
modied MDAPT @BiVO4-700-60 was determined to be
2.75 wt%, taking into account the comprehensive mechanical
properties of the ABS composites.

Fig. 7d and e illustrate the SEM images of the tensile failure
section of ABS and ABS composites. It was observed that the
section of pure ABS existed in the form of water waves (Fig. 7d).
Compared with the SEM images of pure ABS, ABS composites
containing modied pigment presented a plain and compact
surface, which could be attributed to the good dispersion of
MDAPT@BiVO4-700-60 in ABS matrix. It suggested that KH-570
modication realized a surface adjustment of hybrid pigments
from hydrophilic to hydrophobic, which increased the surface/
interfacial compatibility between pigments particles and the
ABS matrix. In addition, the thermal degradation of ABS and
ABS composites was investigated under nitrogen atmosphere at
the same temperature (Fig. 7f). Below 300 °C, there was almost
no obvious mass loss for both pure ABS and ABS composites.
With the increase in the temperature, the sharp mass losses for
all of samples were observed, which was related to the thermal
degradation of ABS. The thermal degradation of ABS consisted
of two stages, the rst step initiated at 200 °C and ended at 400 °
C, while the decomposition of butadiene started at 340 °C and
styrene at 350 °C. The second step ranged from 400 until 550 °C,
which involved the decomposition of acrylonitrile beginning at
400 °C. Due to the low added amount of hybrid pigments,
incorporation of hybrid pigments hardly affected the thermal
degradation of ABS, but ABS composites exhibited a higher
thermal decomposition temperature and lower mass loss than
pure ABS at the same heating temperature. This phenomenon
could be attributed to the synergistic effect of each component
in hybrid pigments. On the one hand, the removal of the
physically adsorbed water and zeolitic water in MDAPT could
hinder the thermal degradation of ABS during the heating
process. On the other hand, the surface/interface compatibility
RSC Mechanochem., 2025, 2, 297–306 | 303
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Fig. 7 Effect of the contents of hybrid pigments on themechanical properties of ABS composites: (a) tensile strength, (b) elongation at break and
(c) bending strength. SEM images of the bending failure section for (d) pure ABS and (e) ABS composites, (f) TGA curves of pure ABS and ABS
composites.
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and interfacial bonding between hybrid pigments and ABS were
enhanced aer being modied with KH570 accompanied with
the good dispersion of hybrid pigments in ABS matrix, which
effectively prevented gas out-diffusion derived from the
degraded product and shielded the penetration of free radicals
generated during thermal decomposition, resulting in the
inhibition of the thermal degradation of ABS.28–30 Due to the
incorporated amount of MDAPT@BiVO4-700-60 in ABS being
small, ABS and ABS composites almost presented the same
maximum decomposition temperature. Consequently, incor-
poration of MDAPT@BiVO4-700-60 also endowed the ABS with
benign thermal stability on the basis of coloring and reinforcing
performances.

In addition, the element mappings are used to probe the
dispersion of the incorporated hybrid pigments in the ABS
matrix. As depicted in Fig. 8, the C and N elements were found
in the elemental mapping images of pure ABS, which was also
consistent with the chemical compositions of ABS. Aer
304 | RSC Mechanochem., 2025, 2, 297–306
incorporation of KH570 modied MDAPT@BiVO4-700-60, the
elements of O, Bi, V, Al, Mg and Fe were observed besides C
and N, and all of elements were uniformly distributed in the
ABS composites. In other words, the modied MDAPT@BiVO4-
700-60-HP presented good dispersion in the ABS matrix.
3.5 Aging-resistance of ABS composites

It is well-known that the ABS is widely used for tough products,
because of its property–price prole intermediates between
inexpensive thermoplastic and high-performance engineering
plastics.31,32 However, one critical drawback of ABS is its poor
UV-resistance, which is caused by the existing butadiene
component. When ABS is used in outdoor applications, the
C]C bonds in butadiene easily undergoes chemical aging
under the condition of UV radiation and oxygen. Therefore, the
mechanical properties of pure ABS and ABS composites con-
taining 2.75 wt% KH-570 modied MDAPT@BiVO4-700-60 were
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Elemental mappings of the tensile splines of pure ABS (a–c) and
ABS composites containing KH-570 modified MDAPT@BiVO4-700-60
(d–l) after bending testing.

Table 2 Effect of aging time on the colors of ABS composite con-
taining 2.75 wt% KH-570 modified MDAPT @BiVO4-700-60

Aging days

Color parameters of ABS composites

L* a* b* C* h* ASTM E313

0 71.84 −12.30 76.13 77.12 99.18 96.56
1 73.10 −12.49 75.05 76.08 99.45 95.22
2 73.64 −12.27 74.19 75.19 99.39 94.65
3 73.18 −12.18 76.72 77.68 99.02 96.50
4 72.03 −13.56 72.02 73.29 100.66 92.72
5 73.15 −12.45 75.42 76.44 99.38 95.46
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evaluated aer being exposed to UV light for different times. It
was clearly observed that the mechanical properties of pure ABS
and ABS composites changed with the increase in the aging
days.

As shown in Fig. 9a–c, the mechanical properties of pure ABS
changed obviously with the increase in the aging time. The
tensile strength of pure ABS presented an increasing trend with
the prolonging in the aging days, but the elongation at break
indicated a downtrend. The tensile strength of pure ABS
increased from 53.49 MPa to 56.68 MPa aer aging for 5 days
under UV light, while the bending strength decreased from
76.54 MPa to 72.91 MPa. In the case of the ABS composites, the
tensile strength decreased from 59.68 MPa to 57.04 MPa, and
the bending strength decreased from 87.95 MPa to 82.92 MPa
under UV light radiation for 5 days.
Fig. 9 (a–c) Effect of aging time on the mechanical properties of ABS
and ABS composites. (d) UV-vis diffuse reflectance spectra of ABS and
ABS composites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the UV-vis diffuse reectance spectra of ABS
and ABS composites containing KH-570 modied
MDAPT@BiVO4-700-60 with the increase in the aging time are
shown in Fig. 9d. It was obvious that the reectance of ABS
composites was higher than pure ABS, because MDAPT@BiVO4-
700-60 presented excellent dispersion properties in the ABS
composites. According to UV-vis diffuse reectance spectra, it
was observed that hybrid pigments could absorb and reect the
visible light below 400 nm and above 500 nm (Fig. S4†), which
suggested that hybrid pigments played important roles of
absorption and reection to UV and visible light, which might
be in favor of enhancing the aging-resistance ABS.

Aer being exposed to outdoor sunny conditions for a period
of time, ABS products usually become brittle and fade in color.
It is thought that the aging of ABS is derived from the 1,4-
butadiene component and the labile position of hydrogen atom
in the a-position of the C]C bond, meaning it could be easily
abstracted. As shown in Table 2, no obvious changes were
observed for the b* values of ABS composite before and aer
aging, which implied that there was almost no effect of the UV
accelerated aging on the L* and b* values of the ABS composites.
However, the L* value of pure ABS splines obviously changed
aer aging (Table S3†), the L* value of pure ABS deceases from
57.45 to 54.8 accompanied by an increase in the yellowness (b*)
aer exposure to UV light. Therefore, the obtained hybrid
pigments exhibited benign aging-resistance, presenting good
application prospects in favor of enhancing the aging-resistance
of ABS.
4. Conclusions

In summary, MDAPT@BiVO4 hybrid pigments were successfully
prepared with the assistance of twin-screw extrusion mechano-
chemistry. The results suggested that the mechanical force
derived from screw extrusion effectively promoted the combi-
nation of Bi3+ and VO4

3− on the MDAPT surface and the
prepared hybrid pigments presented good color properties aer
incorporation of 60 wt% MDAPT. Compared with those of pure
ABS, the tensile strength and bending strength of ABS
composites containing 2.75 wt% hybrid pigments increased by
36.87% and 25.96%, respectively, which was attributed to the
fact that KH-570 modication improved the surface/interfacial
compatibility between pigments particles and ABS matrix.
Furthermore, the incorporation of MDAPT@BiVO4 hybrid
RSC Mechanochem., 2025, 2, 297–306 | 305
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pigments also effectively enhanced the aging-resistance and
thermal stability of ABS, resulting in the improvement of the
long-term stability and service life of the polymer composites.
Thus, this study presented great signicance to realize the
direct value-added and sustainable utilization of MDAPT and
continuous cleaner preparation of BiVO4 hybrid pigments.
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