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Abstract
The wasted disposable polypropylene medical mask is one of the common waste polypropylene materials. The waste mask is 
characterized by being non-biodegradable and carelessly discarded, which causes serious environmental issues and resource 
waste. This study aims to investigate the recycling of waste disposable polypropylene medical masks to address the ecological 
problem and transform them into amorphous carbon powders via the carbonization coupling with the high-energy ball-milling 
method. The recycled waste mask was applied as a carbon dispersant to prepare high-quality 8YSZ nano-powders and the 
obtained carbon dispersant owned smaller particle size and higher specific surface area than the commercial activated carbon 
powders. The as-obtained 8YSZ nano-powders were well-dispersed and nano-sized, which resulted in high relative density 
and ionic conductivity for the sintered 8YSZ ceramic body. These findings suggest that the proposed strategy in this study 
can recycle the waste disposable polypropylene medical mask to prepare amorphous carbon powders as a carbon dispersant 
for obtaining high-quality 8YSZ nano-powders and also provide an idea for the comprehensive utilization of other waste 
polymer materials.

Keywords  Waste polymer materials · Nanomaterials · High-energy ball-milling · Carbonization process · 8YSZ nano-
powders

Introduction

Waste disposable polypropylene medical masks (DPMMs) 
are the most common polypropylene waste, especially, after 
the breakout of the COVID-19 pandemic [1–3]. A surge in 
the consumption of DPMMs has become a problem due to 
the non-biodegradable characteristics of DPMMs [4]. Most 
of the waste DPMMs are discarded in landfills or inciner-
ated, polluting the environment and wasting resources [5]. 
Converting waste DPMMs into high-value-added products 
could be important and profitable for the environment and 
industry. Because the main component of waste DPMMs 
is the porous polypropylene fiber (PP, (C3H6)n) with 85.7% 
carbon content, the waste DPMMs are promising candidates 
as carbon sources for preparing various carbon materials [6]. 
According to previous studies, different routes have been 
proposed to transform the waste PP materials into different 

carbon materials [7, 8]. Among them, the most common 
method is thermal cracking. However, the product compo-
nents and the production process are complex [9, 10]. The 
other common method is the carbonization method which is 
cost-effective and easy to handle. However, the as-obtained 
product is micron-sized due to the size and structural limi-
tation of PP fibers [11, 12]. Therefore, the carbonization 
method is rational for recycling waste DPMMs. However, 
appropriate improvement to reduce product size is also criti-
cal to producing high-value-added carbon materials.

To obtain small particle size, high-energy ball-milling is a 
common and effective method used in various materials [13]. 
In this method, mechanical energy is used to obtain powder 
refinement without chemical reaction, and simultaneously 
achieve atomic diffusion, solid-phase reaction, or phase tran-
sition in the process, which is one of the material preparation 
methods for the production of submicron powder, alloy, and 
compound [14–17]. This technology has attracted much atten-
tion because of its simplicity, applicability to a variety of mate-
rials, and ability to reduce hard agglomeration, and is a prom-
ising method for reducing the particle size of carbon products 
prepared by the carbonization method. In previous studies [18, 
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19], this technology has been successfully used to prepare vari-
ous powders with small sizes and controllable structures. Nam 
et al. [20] investigated the effect of ball-milling modes and 
additives on the structural change and morphological modi-
fication of graphite and multi-wall carbon nanotubes. López-
Sánchez et al. [21] produced defective few-layered graphene 
from graphite flakes via the high-energy ball-milling method.

8 mol% yttria-stabilized zirconia (8YSZ) as conventional 
ceramic powders have been widely used in many fields, such 
as refractories, electronic ceramics, and biological ceramics, 
because of their excellent thermomechanical, ionic conduc-
tivity, dielectric constant, and biocompatibility [22–26]. Par-
ticularly, 8YSZ nano-powders can improve many process-
ing technologies and devices, because 8YSZ nano-powders 
can provide more grain boundary volume to 8YSZ ceramic 
bodies than that prepared with conventional coarse-grained 
powders [27, 28]. However, aggregation is one of the main 
drawbacks for 8YSZ nano-powders to impede their applica-
tion. In our previous studies [29], activated carbon can act as 
a dispersant in modified sol–gel processing to reduce 8YSZ 
nano-powders agglomeration and benefit the development 
of a tetragonal phase, attributing to the adsorptive capac-
ity of the activated carbon. In addition, the carbon black 
powder was used to prepare weakly agglomerated 8YSZ 
nano-powders via the decomposition of metal nitrates [30]. 
Thus, finding an alternative carbon material with a higher 
adsorptive capacity as a dispersant is meaningful to prepar-
ing 8YSZ nano-powders. The waste DPMMs with a dense 
porous structure may be a promising candidate to prepare 
carbon material dispersant for 8YSZ nano-powders.

This study aims to respond to crucial problems in car-
bonization and modified sol–gel methods. Our investigation 
fully utilized the waste DPMMs as the carbon source, and 
well-dispersed porous submicron graphite powders were 
prepared by coupling the carbonization method with high-
energy ball-milling. Then, high-quality 8YSZ nano-pow-
ders were prepared by a modified sol–gel method using the 
obtained graphite powder as a dispersant. The properties and 
characteristics of graphite powders and 8YSZ nano-powders 
were investigated in detail by Fourier-transform infrared 
measurement, X-ray diffraction, scanning electron micros-
copy, Brunauer–Emmett–Teller method, etc. to analyze the 
reaction mechanism in both processing. Our research pro-
vides a green and economical method to recycle DPMMs 
and prepare high-quality 8YSZ nano-powders.

Experimental Procedure

Materials

Waste disposable polypropylene medical masks, concen-
trated sulfuric acid (H2SO4, Sinopharm Chemical Reagent 

Co. Ltd., P.R. China, 98%), ethanol (C2H6O, Sinopharm 
Chemical Reagent Co. Ltd., P.R. China, 95%), zirconium 
carbonate basic (Zr2(CO3)O2(OH)2, Sinopharm Chemical 
Reagent Co. Ltd., P.R. China), acetic acid (CH3COOH, 
Sinopharm Chemical Reagent Co. Ltd., P.R. China, 
99.5%), citric acid (C6H8O7, Sinopharm Chemical Reagent 
Co. Ltd., P.R. China, 99.5%), yttrium nitrate hexahydrate 
(Y(NO3)3·6H2O, Sinopharm Chemical Reagent Co. Ltd., 
P.R. China, 99.999%), and deionized water.

Synthesis of Submicron‑Sized Graphite Powders 
and Different 8YSZ Nano‑Powders

Waste DPMMs were collected and cut into small pieces. 2 g 
waste DPMMs were mixed with 80 ml concentrated sulfuric 
acid and then put into an autoclave heated at 120 °C for 10 h 
to obtain the carbon sources. The as-obtained carbon sources 
were washed with deionized water to pH ≈ 7. After that, the 
carbon sources were heated at 900 °C for 2 h via the carbon-
bed heat treatment method to obtain graphite powders. The 
as-obtained graphite powders were further processed via 
a high-energy ball-milling method using a planetary ball 
mill to obtain submicron-sized graphite powders. The ball-
milling jar and ball were agate, the agent was ethanol, and 
the ball-to-powder weight ratio was 400. The ball-milling 
speed was 300 r.p.m and carried out for 12 h.

Appropriate proportions of Zr2(CO3)O2(OH)2, 
CH3COOH, and Y(NO3)3·6H2O were chosen as starting 
materials and were dissolved in deionized water under stir-
ring at 70 °C to form a clear mother solution. About 3 mol 
of the different carbon dispersants (non-additive, commer-
cial activated carbon, graphite carbon powders) with a pro-
portion to 1 molar of total metal cation were added to the 
mother solution. Then citric acid (the molar ratio of citric 
acid/metallic ions was 2) was added as a chelating agent to 
form a black sol. The black sol was dried at 110 °C for 24 h 
to obtain the precursor powders. The precursor powders after 
grinding were calcinated from 500 to 900 °C to obtain the 
final 8YSZ nano-powders. The diagram illustration shows 
the brief experimental processing in Fig. 1.

Characterization

The crystal structure and phase composition of the as-
prepared samples were identified by X-ray diffraction 
(XRD, D8 Advanced, Bruker, Germany) with Cu-Ka 
radiation (2 = 0.15406 nm). The functional groups of the 
as-prepared samples were analyzed in the range from 4000 
to 400 cm−1 by Fourier-transform infrared measurement 
(FT-IR, Thermo Scientific Nicolet iS20, USA). The struc-
ture of the as-prepared samples was determined by Raman 
spectroscopy measurements (Raman, Horiba LabRAM 
HR Evolution, Japan) in the range of 50–4000 cm−1. The 
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morphology and particle size distribution of the as-pre-
pared samples were characterized by a scanning electron 
microscope (SEM, Model Ultra Plus, ZEISS). The specific 
surface area of as-prepared samples was measured by the 
Brunauer–Emmett–Teller method (BET, Quantachrome 
Nova 4000e, USA) via nitrogen adsorption tests. The aver-
age relative density was calculated by the Archimedes 
method from ten different ceramic bodies prepared from 
8YSZ nano-powders sintered at 1600 °C for 2 h. The elec-
trochemical performance of the as-prepared ceramic body 
sintered at 1600 °C was measured in the air by the two-probe 
electrochemical impedance spectroscopy (EIS) method in 
an electrochemical workstation (AUTO LAB PGSTAT 204 
Frequency Response Analyzer).

Results and Discussion

Analysis of the Carbonized Sample

The waste DPMMs after carbonization and heat treatment 
were examined by XRD, FT-IR, Raman, and SEM. To inves-
tigate the phase and crystal structure of the as-obtained sam-
ple, the XRD result is shown in (Fig. 2a), there are two broad 
peaks appeared at 23.3° and 43.8° being characteristic of 
the amorphous carbon structure [31], indicating that waste 
DPMMs successfully transformed into amorphous carbon 
after carbonization and heat treatment. To further investigate 
the degree of graphitization of the as-obtained sample, the 
as-obtained sample was examined by the Raman spectrum 
(as shown in Fig. 2b) where two characteristic peaks located 

at 1350–1580 cm−1 typically correspond to the D and G 
bonds of the carbon [32]. The nature of the D bond comes 
from the lattice structure defect of the carbon atom, and the 
G bond originates from the bond stretching on the surface 
of the carbon atom [33]. The ID/IG ratio (0.86), calculated 
with the intensity of the D and G peaks, indicates the lower 
graphitization and high defect of the as-obtained sample, 
which is attributed to the surface construction of graphite 
carbon destroyed by the etching of concentrated sulfuric 
acid during the carbonization process [34]. To examine the 
functional groups on the surface of the as-obtained sam-
ple, the FT-IR spectrum is shown in (Fig. 2c). The major 
band is located at 1187 cm−1 which appeared because of the 
strong oxidation of concentrated sulfuric acid leading to the 
destruction of carbon chains and the introduction of sulfonic 
acid groups [31]. The other band is located at 1605 cm−1 
attributed to carbon–carbon double bonds which appeared 
because of the formation of a conjugated system of double-
bonded carbon with sulfonic acid sites during the carboniza-
tion process [35]. The SEM image was examined and shown 
in (Fig. 2d) to determine the morphological characteristics 
of the as-obtained sample. The structure of the as-obtained 
sample is a porous hollow tube with a diameter of about 
10 μm. The reason for the formation of the hollow structure 
is that the insufficiently carbonized core decomposed during 
the heat treatment process [36]. Therefore, according to the 
above results, waste DPMMs can successfully transform into 
graphite carbon tubes after carbonization and heat treatment.

Analysis of the Graphite Carbon Tubes After 
High‑Energy Ball‑Milling

To investigate the effect of high-energy ball-milling on the 
as-obtained graphite carbon tubes, the samples after ball-
milling were examined by XRD, SEM, particle size distri-
bution, and BET method. Compared to the XRD pattern of 
the carbonized sample, the typical peak (002) of the sample 
after ball-milling (Fig. 3a) shifts to a lower angle indicating 
an increasing interlayer space. This may be attributed to the 
graphite intended to be exfoliated during ball-milling. This 
is equivalent to an increase in the interplanar distance in the 
vertical direction which is congruent with plane exfoliation 
[21]. Meanwhile, the intensity of all peaks for the sample 
after ball-milling became broader, which is attributed to the 
decreasing curvature of the carbon tubes during the ball-
milling process [20]. Compared to the SEM image of the 
carbonized sample, as shown in (Fig. 3b), the particle size 
of the sample after ball-milling is decreased evidently, and 
the particle is well-dispersed. To further study the particle 
size of the sample after ball-milling, the particle size histo-
gram was also examined and shown in (Fig. 3c). It can be 
seen that the particle size distribution of the sample after 
ball-milling is narrow and the average particle size is only 

Fig. 1   Diagram illustration of the brief experimental processing
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0.29 μm. To investigate the adsorptive capacity of the sam-
ple after ball-milling, the BET results were examined and 
shown in (Fig. 3d). The isotherm of the sample after ball-
milling exhibits a feature of H2-type isotherm indicating the 
characteristic of microporous adsorbent [35], and the spe-
cific surface area is relatively higher (420.1 m2·g−1). There-
fore, the product of the carbon tubes after the high-energy 
ball-milling are well-dispersed carbon particles, which own 
small particle sizes and high specific surface area compared 
with commercial activated carbon powders (as shown in 
(Fig. 4a-b).

Combining with all the results, the preparation mecha-
nism of the obtained samples can be considered as follows:

During carbonization, sulfuric acid erodes the PP fib-
ers, resulting in sulfonic acid groups attached to the carbon 
atoms, forming olefinic unsaturation near 100 °C [37]. How-
ever, these sulfonic acid groups are unstable and decompose 
into isolated C=C double bonds in the range of 100–120 °C, 
forming two highly reactive allylic sites [38]. These sites 
facilitate the formation of conjugated sequences of C=C 
double bonds. Therefore, the surface of pp fiber is carbon-
ized. After heat treatment, the uncarbonized part of the 
PP fiber core decomposes and the graphite carbon tube is 

formed finally. In the high-energy ball-milling process, the 
refinement happened caused by collisions between graphite 
carbon tubes and balls inside the mill to produce submicron-
sized graphite carbon particles (as shown in Fig. 5).

Analysis of 8YSZ Nano‑Powders

To investigate the effect of different carbon dispersants on 
phase and crystallinity evolutions of 8YSZ nano-powders, 
the XRD patterns of the 8YSZ nano-powders prepared 
with non-additive (N-8YSZ), commercial activated carbon 
(CA-8YSZ), and carbonized samples after ball-milling (CS-
8YSZ) calcinated from 500 to 900 °C for 2 h are exam-
ined and shown in (Fig. 6a). At 500 °C, all powders are 
crystallographic and pure metastable tetragonal phase ZrO2 
(PDF#48–0224, P42/nmc(137) space group, cc = 5.168). 
With the increasing calcination temperature, the sharpened 
peaks gradually appeared and no phase transition can be 
observed. However, the peaks of AC-8YSZ and CS-8YSZ 
nano-powders shift to a lower angle, and several peaks split, 
more evident in the CS-8YSZ sample, indicating the devel-
opment of the tetragonal phase [39]. To further investigate 
the phase evolution, the lattice parameters were obtained via 

Fig. 2   (a) XRD pattern, (b) FT-IR spectrum, (c) Raman spectrum, and (d) SEM image of the graphite powders
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the whole pattern refinement module of Jade 6.5 software, 
and the results are shown in (Fig. 6a). It can be seen that the 
cc parameter was increased after adding carbon dispersant, 
which indicates the stabilization and development of the 
tetragonal phase. This may be because of the combustion of 
carbon dispersant using different oxygen, such as lattice oxy-
gen, gaseous oxygen, and gaseous molecules, leading to the 

introduction of oxygen vacancies in the 8YSZ crystal [40]. 
These oxygen vacancies decrease the repulsion between oxy-
gen ions leading to the appearance of distortion in the coor-
dination layer, which contributes to releasing the interlayer 
stress and promoting the stabilization of the tetragonal phase 
[41, 42]. Compared with AC-8YSZ, CS-8YSZ presents an 
evident increase in the c-direction caused by the sulfonic 

Fig. 3   (a) XRD pattern, (b) SEM image, (c) Particle size distribution, and (d) BET results of the graphite powders after high-energy ball-milling 
for 12 h

Fig. 4   (a) SEM image and (b) BET results of the commercial activated carbon powder
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acid group existing on the surface of the graphite carbon. 
According to previous studies [43], the phase transformation 
from the tetragonal to monoclinic phase in 8YSZ starts from 
the surface region and then gradually proceeds in the bulk. 
When the sulfonic acid group is adsorbed on the surface, 
the sulfonic acid group bonds to the surface of the zirconia, 
which limits the migration of surface atoms and increases 
the energy required for phase transformation [44]. To inves-
tigate the effect of different carbon dispersants on crystal 
growth behavior, the average crystallite size was calculated 
by the Scherrer equation [45] and the results are shown in 
(Fig. 6b). The average crystalline size of as-obtained 8YSZ 
nano-powders prepared with carbon dispersant was smaller 
than that with no addition, and 8YSZ nano-powders pre-
pared with carbonized samples after ball-milling own the 
smallest average crystalline size. This may be because the 
carbonized sample after ball-milling owns a high adsorptive 
capacity, which can adsorb and separate the precursors lead-
ing to pinning the particle boundaries and stropping particle 
growth during the nucleation stage [46]. To further study 
the crystal growth behavior, the activation energy (E) was 
calculated by the Arrhenius equation [47]. The lnD-1/T was 

plotted in (Fig. 6c) and the activation energy (E) was shown 
in (Fig. 6d). The CS-8YSZ nano-powders own the highest 
activation energy because of the addition of carbon disper-
sant changing the arrangement of the atoms in the precursor 
structure [48].

To investigate the morphology structure, the SEM images 
of different 8YSZ nano-powders calcinated at 600 °C were 
examined and shown in Fig. 7. Among them, CS-8YSZ 
nano-powders are well-dispersed, attributed to the high 
adsorptive capacity and gas generation from the decomposi-
tion of the carbon dispersant during the calcination process, 
which can lead to the well-dispersed and loose reactant.

To evaluate the sintering property of different 8YSZ 
nano-powders, 8YSZ ceramic bodies were synthesized 
by sintering 8YSZ nano-powders at 1600 °C for 2 h and 
then measured by Archimedes’ method to obtain the rela-
tive density as shown in (Fig. 8g). As to the relative density 
results, the CS-8YSZ ceramic body owns the highest relative 
density attributed to the well-dispersed and small-sized CS-
8YSZ nano-powders. To further investigate different 8YSZ 
ceramic bodies, the SEM images and grain size distribution 
of ceramic bodies were examined as shown in (Fig. 8a– f). 

Fig. 5   Diagram illustration of 
the preparation process

Fig. 6   (a) XRD pattern and lattice parameters, (b) Average crystallite size, (c) ln(D) against 1/T for crystal growth, and (d) active energy for 
crystal growth of 8YSZ nano-powders calcinated from 500 to 900 °C
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It is noted that the CS-8YSZ ceramic body owns homogene-
ous grain growth, a narrow grain size distribution, and the 
smallest average grain size, which may contribute to the high 
activation energy for CS-8YSZ nano-powders.

To evaluate the electrochemical performance of differ-
ent sintered ceramic bodies, the electrochemical impedance 

spectrum (EIS) analysis was conducted from 650 to 900 °C. 
From Fig. 9, the Nyquist plot is made of one incomplete and 
complete semi-circle which are related to grain boundary 
(Rgb) and electrodes (Re) resistance [49]. The total resistance 
of the ceramic body is the intercept of the grain boundary 
impedance spectrum with the real axis at high frequencies.

Fig. 7   SEM images of different 8YSZ nano-powders calcinated at 600 ºC

Fig. 8   (a-c) SEM images, (d-f) Grain size distribution, (g) relative density of different 8YSZ nano-powders sintered at 1600 °C for 2 h
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According to Eq. (1), the total ionic conductivity of dif-
ferent sintered samples can be calculated and the results are 
shown in (Fig. 10a).

where σ is the total ionic conductivity, L is the thickness of 
the 8YSZ ceramic electrode, S is the electrode area of the 
8YSZ ceramic electrode, and R is the total resistance of the 
8YSZ ceramic electrode. It can be seen from (Fig. 10a), that 
the ionic conductivity of the CS-8YSZ sintered sample is 
higher than that of other 8YSZ nano-powders, which may 
be because of the CS-8YSZ sintered sample with high rela-
tive density leading to more efficient oxygen ion diffusion 
[50]. The Arrhenius’ plots and activation energy (Ea) were 
obtained from Eq. (2) and shown in (Fig. 10b).

where C is the pre-exponential factor, T is the abso-
lute temperature, and k is Boltzmann’s constant 
(8.6173324 × 10–5 eV·K−1). The results reveal that the acti-
vation energy of the CS-8YSZ sintered sample is small. As 
shown in (Fig. 6a), the lattice parameter of the CS-8YSZ 
nano-powder increased by adding carbon dispersant, which 

(1)σ =
L

RS

(2)σ = (C∕T)exp
(

−Ea∕kT
)

leads to oxygen ions transferring through oxygen vacancies 
more easily [51].

Conclusions

A new carbon dispersant was successfully transformed from 
waste disposable polypropylene medical masks combining 
the carbonization and high-energy ball-milling method. 
The resulting carbon dispersant was graphite carbon pow-
ders with a submicron-sized and high adsorptive capacity 
compared with commercial activated carbon powders and 
have been successfully applied to prepare 8YSZ nano-pow-
ders via a modified sol–gel method. The as-obtained 8YSZ 
nano-powders are well-dispersed and nano-sized, which 
leads to high relative density and ionic conductivity for the 
8YSZ ceramic body. Because of the comprehensive effect 
of etching of concentrated sulfonic acid in the carboniza-
tion method and collision in the high-energy ball-milling 
method, resulting graphite carbon powders own small par-
ticle size and high specific surface area leading to higher 
adsorptive capacity. The as-obtained graphite carbon pow-
ders with high adsorptive capacity can change the arrange-
ment of atoms in the precursor and generate oxygen vacan-
cies as well as gasses in the calcination process to produce 

Fig. 9   Impedance spectra of the different sintered samples

Fig. 10   (a) The ionic conduc-
tivities and (b) Arrhenius’ plots 
and activation energy (Ea) of 
different sintered samples
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8YSZ nano-powders with less agglomeration. This method 
provides a green and low-cost strategy to recycle waste dis-
posable polypropylene medical masks or even other poly-
mer-based waste materials.
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