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Abstract

Coal is a vital energy resource worldwide, but pollutants and greenhouse gases from its combustion 

causes environmental problems. To explore the non-combustion approach to utilize and valorize coal, 

anthracite or lignite were blended with polyamide 12 (PA 12) through FDM printing in this work and 

compared in the composites. By adding lignite, Young’s modulus improved with increasing loading 

while tensile strength increased at 20 wt% (44.6 MPa) and slightly decreased at 50 wt% (40.4 MPa), 

compared to that of neat PA 12 (42.6 MPa). By contrast, the addition of anthracite decreased the 

tensile strength, Young’s modulus and elongation at break at all loadings.  Rheology test and 

morphology analysis from SEM suggested that the interfacial differences between fillers (anthracite 

and lignite) and PA 12 may have cause the differences in tensile properties. In addition, the printed 

lignite composites showed improved thermal conductivity (~ twofold), indicating lignite demonstrates 

the potential to build functional composites. This work provides a strategy to use lignite in composites 

by 3D printing for value-added products and reduces the demand for petroleum-based polymers. Our 

approach divers lignite from combustion processes and alleviates the negative impact of lignite use on 

the environment. 
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Introduction

Coal has long been used as an energy resource for heat and electricity. However, the emissions from 

its combustion result in pollution and greenhouse gas emissions. Many approaches demonstrated the 

economic value of coal-based materials when diverted from direct combustion for energy. For 

example, coal has been converted to carbon fiber[1, 2], activated carbon[3-5], graphene[6-8] and 

carbon membrane[9], which can be further utilized in battery[9-13], catalyst[14], pollutant 

adsorption[15-17] and energy storage[4, 18]. In these reports, untreated coal was subjected to extreme 

thermal or chemical treatment to obtain the desired microstructure, which involves high-energy costs 

or chemical pollution that may also cause environmental problems. Some studies have taken 

advantage of raw coal as fillers to manufacture polymer composites[19]. Polok-Rubiniec et al. 

blended untreated anthracite with polypropylene for composites and reported an increase in Young’s 

modulus on the addition of anthracite[20]. Tan et al. prepared surface-modified anthracite with higher 

hydrophobicity and blended it with styrene-butadiene rubber (SBR). The mechanical properties and 

thermal stability were increased with a modest loading of modified anthracite[21]. In another report, 

Tan et al. modified low-rank coal slime by surfactants and added it to SBR. The tensile strength of the 

composites with sodium dodecylbenzene sulfonate-modified coal exceeded that of SBR composites 

with a commercial filler (Carbon black N660)[22]. Phillips et al. studied the flexural and tensile 

behavior of three types of bituminous coal on high-density polyethylene-coal composites. Flexural 

strength reached a maximum at 30% loading, and tensile strength decreased with coal as the filler. 

The addition of a coupling agent did not affect the mechanical properties due to the low abundance of 

hydroxyl sites in coal[23]. These reports indicate that the surface chemistry of coal particles strongly 

affects the interactions in coal-based composites. Therefore, from the view of the surface chemistry of 

coals, the coal species may play an important role in coal composites preparation. Coal can be 

categorized into different ranks as peat, lignite, subbituminous coal, bituminous coal, and anthracite, 

according to the carbon/aromatic density, heat contents, and oxygen contents, etc.[24]. Different coal 

species may affect coal composites in different ways in terms of chemical differences (Fig 1a). Thus, 



coal species should be carefully selected for producing coal-polymer composites (CPC) with higher 

value. 

Fig. 1 (a) Structure comparison between anthracite and lignite. Redrawn according to Ref. [24], 

copyright 2011 Energy & Environmental Science; (b) Mechanism of FDM, copyright 2020 RSC 

Advances

Recently, three-dimensional printing (3D printing) has been intensively studied in polymer 

composites[25]. The target items can be built layer-by-layer with a 3D printer. The mold-free 

manufacturing methods allow complex hierarchy, which can further extend the functions of the 

composites. Several techniques, including but not limited to fused depositional modeling (FDM), 

stereolithography (SLA)/ digital light processing (DLP), and selective laser sintering (SLS), can be 

used to prepare polymer composites [25, 26]. The most widely used technique is FDM for its low cost 

and multi-material capability[27]. In FDM, the prepared filaments are fed into a liquefier that melts 

the polymer and extrudes roads through a nozzle (Fig. 1b)[26]. Parameters like the temperature of the 

nozzle and printing bed, printing speed, fill%, and filling pattern can be adjusted depending on the 

need. FDM has been demonstrated to produce functional polymer composites for thermal 

conductivity[28], electrical conductivity[29, 30], and shape memory effect[31-33]. 

This work explored lignite and anthracite as fillers in coal composites by FDM. Polyamide was 

chosen as the polymer matrix according to a previous report which suggested the amide group may 



contribute to the interactions between polymer matrix and coal particles[34]. PA 12 was selected 

because it has the lowest water adsorption among all PAs[35] and is widely used in FDM and SLS. 

The two types of coal were compared as a filler for 3D-printed composites in terms of chemical 

structure, interaction with PA 12, and the corresponding mechanical performance and morphology to 

understand the relationship between chemical structures and the resultant composite properties, 

thereby guiding the research in building coal composite. 

2. Materials and Methods

2.1 Materials

Polyamide 12 (PA 12) pellets (viscosity number of 230 mL/g) was purchased from Scientific Polymer 

Products Inc. (New York, US). No. 4 anthracite coal was a kind gift from Blaschak Coal Corp 

(Mahanoy City, PA). Raw lignite was collected from the Salt Range of Punjab province in Pakistan. 

More details of the lignite are shown in the supporting information (Table S1 and Table S2).  Both 

anthracite and lignite particles were ground with a Masuko supermasscolloider for 5 passes at 0 μm, 

20 passes at -100 μm, and 5 passes at -200 μm (Saitama-pref, Japan). Details of the friction grinder 

are available elsewhere[36]. The size distribution of lignite and anthracite was measured by laser 

refraction on Malvern S3500, as shown in Fig 2.

Fig 2. Size distribution of the anthracite and lignite



2.2 Preparation of the coal composite filaments

The coal particles (lignite or anthracite) and PA 12 pellets were dried at 45 oC in a vacuum oven 

overnight before the blending. Then the coal particles were blended with PA 12 respectively in 

Thermo Scientific HAAKE MiniLab II twin-screw extruder equipped with a 1.5 mm die at 220 oC 

with a rotating speed of 70 rpm. The obtained composite filament was cut to small particles (~3-5 

mm) by a pelletizer and extruded with the extruder for the second time at 220 oC with 50 rpm. 

According to the weight contents of the coal particles, the composites were marked as Lig-X or An-X 

or Lig-X & An-Y (ternary blend), in which X or Y represents the weight concentration of coal 

particles in the composites. For example, An- 5 represents that 5 wt% of anthracite was contained in 

the PA composite, Lig-20% & An-5% represent that 20 wt% of lignite and 5 wt% of anthracite was 

added in the composite. Pure PA 12 also underwent the same procedure to prepare the neat filament 

and was labeled as PA. 

2.3 3D printing of the composite filament

The composite filaments with a diameter of ~1.75 mm were mounted on an FDM printer, MakerGear 

M2, for 3D printing with a nozzle diameter of 0.35 mm. The hot end temperature was set as 250 oC 

while the temperature of the printing bed (coated with polyimide tape) was set as 110 oC. All the 

items are printed with 100% infill and 45o of the rectilinear pattern. Other details in FDM printing 

(e.g., layer height, printing speed, etc.) can be found in the supporting information in Fig S1.

2.4 Characterizations

2.4.1 Fourier-transform infrared spectroscopy (FTIR)

The FTIR-ATR spectra were acquired on a Perkin Elmer FTIR-ATR spectrometer II at 18 oC for coal 

samples and the printed composites. Each spectrum had 16 scans at 4 cm-1 resolution from 4000 cm-1 

to 600 cm-1.

2.4.2 Tensile testing 



The composite filaments were printed to dog-bone shape (Type V) for tensile tests according to 

ASTM 638[37]. The tensile sample was drawn uniaxially on a universal testing machine (Instron-

5567, Instron Co.) with a 30 kN load cell under a constant crosshead speed of 10 mm/min. The tensile 

force was recorded, and the nominal tensile stress was generated according to the sample size. The 

tensile strength values were marked as the maximum tensile stress during a tensile process, while 

Young's modulus values were obtained by linear fitting of the stress-strain curve within the linear 

strain region from 0.1% - 0.5%. 

2.4.3 Rheology test

All samples for rheology testing were pressed at 220 oC using pellets cut from the second-extruded 

filaments to melt and form disks with a diameter of 25 mm and thickness of 2 mm. The tests were 

performed on a rotational rheometer (ARES-G2, TA Instruments.) equipped with a 25 mm parallel-

plate geometry with 1000 μm as the gap. The frequency sweep was conducted at 230 oC with the 

shear frequency range from 0.0628 rad/s to 628 rad/s at 1% strain (in the linear viscoelastic region).

2.4.4 Scanning electron microscopy (SEM)

The morphological analysis was taken on the cross-section of the second-extruded filaments. The 

filament was first soaked in liquid nitrogen for 30 min and then fractured cryogenically and mounted 

on stubs. The cross-section was coated with a thin layer of gold before the observation using an SEM 

instrument (Zeiss EVO MA15). The acceleration voltage was set to 5 kV.

2.4.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific (Waltham, MA, 

USA) Model K-Alpha XPS instrument. The instrument utilizes monochromated, micro-focused Al K 

α X-rays (1486.6 eV) with a variable spot size (i.e., 30-400 µm). Analyses of the sample were 

performed with the 400 µm X-ray spot size for maximum signal and an average surface composition 

over the largest possible area. The instrument has a hemispherical electron energy analyzer equipped 

with a 128-channel detector system. Base pressure in the analysis chamber was typically 2 × 10-9 

mbar or lower. The sample was mounted by dispersing the powder onto double-sided tape fixed to a 



clean glass slide. Survey spectra (pass energy = 200 eV) were acquired for qualitative and quantitative 

analysis, and high-resolution core-level spectra (pass energy = 50 eV) were acquired for detailed 

chemical state analysis. All spectra were acquired with the charge neutralization flood gun turned on 

to maintain a stable analysis condition. The flood gun uses a combination of low-energy electrons and 

argon ions for optimum charge compensation. The typical pressure in the analysis chamber with the 

flood gun operating was 2 × 10-5 Pa. Data were collected and processed using the Thermo Scientific 

Avantage XPS software package (v.5.96). Peak fitting was performed using mixed 

Gaussian/Lorentzian peak shapes and a Shirley/Smart type background.

2.4.6 XRD

The X-ray diffraction for the lignite particle was recorded through a PANalytical Empyrean X-ray 

diffractometer for lignite powder. A Cu Kα source was used with the wavelength λ=0.154 nm 

(generator voltage of 45 kV and tube current 40 mA). The spectrum was recorded with the 2θ range of 

10°– 60o.

2.4.7 Thermal conductivity test 

Thermal conductivity was measured using the transient plane source (TPS) method, which is also 

known as the Hot Disk technique.  The sensor/heater is a thin, double-spiral nickel disk sandwiched 

between Kapton insulation films (Shown in Fig S2).  The senor was placed between two identical 

specimens during the measurement, and constant power heating from 5-40 seconds (depending on 

thermal conductivity) was applied.  The sensor measures the interface temperature as a function of 

time. The transient was directly used to calculate the thermal conductivity of the material.  For this 

work, a Hot Disk sensor with a radius of 3.189 mm was used, and the heating was 20 mW for 10 

seconds.

3 Results and discussion:

3.1. Chemical difference between anthracite and lignite 



Anthracite and lignite were characterized for the chemical difference by FTIR before blending with 

PA 12 shown in Fig 3. For both coal species, there are mainly four spectral regions of interest 

including hydroxyl, aliphatic, mineral, and aromatic, as shown in Fig 2[38]. For lignite, the stretching 

of free hydroxyl groups was assigned to the peaks at 3691, 3650, and 3619 cm-1 and the 

intermolecular bonded hydroxyl group at 3366 cm-1. The two peaks at 2919 and 2844 cm-1 were 

attributed to the stretching of -CH2 and CH3, and the peak at 1700 cm-1 was related to the stretching of 

C=O. The strong peaks in the region of 1000-1200 cm-1 were attributed to the metal-O bonding 

compounded in the coal due to clay minerals such as quartz, kaolinite, and illite montmorillonite 

during the geological formation[39]. Aromatic -CH's bending showed strong peaks at 797 (3 

substitutions) and 749 cm-1 (2 substitutions). With respect to anthracite, the peaks at hydroxyl, 

aliphatic, and mineral regions can also be assigned (Table 1), but they have weaker peaks compared to 

the strong absorption at the aromatic region. The results correspond with the predicted structures of 

lignite and anthracite in the literature, as shown in Fig 1a that there are more oxygen-contained 

functional groups and aliphatic structures in lignite, while anthracite has high aromatic structure 

content as well as carbon density[24]. All the assignments of the peaks can be found in Table 1. The 

FTIR results of the printed samples (PA/lignite and PA/Anthracite) are also obtained, as shown in Fig 

S4.



Fig 3. FTIR spectra of anthracite and lignite particles

Table 1. Peak assignment of the groups in lignite and anthracite by FTIR

Wavenumber (cm-1)Structures

Lignite Anthracite

Aromatics with 2 substitutions 749[39] 748[40]

Aromatics with 3 substitutions 797[39] 792[40]

Aromatics with 4 substitutions 827[40]

Aromatic -CH 

out of plane

Aromatics with 5 substitutions 871[40]

X-O bonding in minerals, X represent metal 

atoms (Si, Al et al.)

1007, 1030, 1114, 1167[39] 1001, 1167[40]

vibration of C-O, stretching of -OH in phenoxy 

structures, ethers

1294[39] 1252[41] 

bending of -CH3 and -CH2 1373(Symmetric) [42],

1445 (Asymmetric)[42-44] 

1430[45]

C=C stretching 1617[43] 1567[24]



C=O stretching 1700 (-COOH) 1736 (aromatic)

Stretching of aliphatic -CHx 2844, 2919 2880, 2997

intermolecular bonded O-H 3366 3317

free -OH 3619, 3650, 3691 3620

3.2 Tensile performance of 3D-printed PA/Anthracite and PA/Lignite composites

Anthracite is the highest rank of coal which is expected to reinforce the composites[20, 21]. 

Therefore, the tensile performance was first measured for the PA/anthracite composites. The tensile 

curves in Fig 4a show that the elongation at break (EB) and tensile strength decreases significantly. 

From the collected results in Fig 4b, EB dropped from ~83% (PA) to ~26%, ~11%, and ~8%, while 

the tensile strength decreases from 42.6 MPa to 38.2 MPa, 35.5MPa, and 29.9 MPa, respectively, with 

increasing the filling contents of anthracite in the printed samples. The Young’s modulus also 

decreases from 1.66 GPa (PA) to 1.38 GPa (An-5%), 1.40 GPa (An-10%) and 1.19 GPa (An-20%). 

This observation is an unexpected result granted that anthracite could be a reinforced filler in other 

reports[20, 21], which might be due to the poor interaction between anthracite and PA 12.

Fig. 4 a. Selected tensile curves of the PA/Anthracite composites with various anthracite 

concentrations. b. Comparisons for Tensile strength, Young's modulus, and elongation at break among 

PA/Anthracite composites.



For lignite, the addition of lignite also leads to a lower EB, as seen from Fig 5a. However, the tensile 

strength level off for the composites with more lignite loading than that of anthracite composites. As 

shown in Fig 5b, EB of PA/lignite composite (44% for Lig-5%, 15% for Lig-10%, 24% for Lig-20%, 

and 3% for Lig-50%) are all lower than that of pure PA (~83%). the tensile strength is respectively 

42.6 MPa (PA), 42.5 MPa (Lig-5%), 39.1 MPa (Lig-10%), 44.6 MPa (Lig-20%) and 40.4 MPa (Lig-

50%). Some notable results include that Lignite-20% had a higher tensile strength than pure PA, and 

the 50% of lignite contents can still retain tensile strength of 40.4 MPa, which may come from the 

interactions between oxygen-contained functional groups on lignite and the amide bond of PA. The 

slightly changed tensile strength value implied lignite could replace PA without sacrifice the tensile 

strength when lignite <50 wt%. Young’s modulus increase as more lignite is added from 1.66 GPa 

(pure PA) to 1.69 GPa (Lig-5%), 1.72 GPa (Lig-10%), 1.73 GPa (Lig-20%), 2.43 GPa (Lig-50%). 

Based on the tensile results, the Lig-20% composites had higher tensile strength and Young's modulus 

compared to the pure PA sample, which could be reinforced PA composites with a moderate EB 

(~24%). Lignite-50% composites own a 46%-improved Young’s modulus with a tensile strength of 

40.4 MPa could also be a replacement of pure PA in FDM 3D printing products. 

Fig. 5 a. Selected tensile curves of the PA/Lignite composites with various lignite concentration. b. 

Comparisons for tensile strength, Young's modulus, and elongation at break among PA/Lignite 

composites.

3.3 Rheology tests to understand the interactions between coal particles and the PA matrix



Given that tensile test results implied differences in tensile behavior between anthracite-PA and 

lignite-PA, rheology was carried out to understand the interactions in the composite melt. With the 

addition of fillers (lignite and anthracite in the current study), the rheology performance may also be 

influenced, which will give the information of the interactions between fillers and the polymer matrix. 

The log of storage modulus (log G') plots as a function of the log of angular frequency (log ω) are 

given in Fig 7a. At high shear frequency, all the samples fall into a similar range of log G’ because 

large units (e.g., molecular chains) do not have enough time to relax; thus, small units (like segments, 

carbon-carbon bonding) dominate the rheological performance, leading to a similar storage. At low 

frequency, the rheology performance is more related to the large-scale structures, for example, the 

polymer network, which will be useful to understand the relationship between the fillers and the 

polymer matrix[46]. All coal-filled melts have higher G' at low frequency (< 30 rad/s) compared to 

pure PA. Specifically, anthracite-filled melt increases the storage modulus with a limited degree, 

while adding lignite significantly improves the storage at low angle frequency with increasing 

contents. According to existed reports, the increase of G’ at low frequency could be attributed to the 

particle-polymer interactions, particle-particle interactions that enhance the melt network as a whole, 

or the hydrodynamic effect by adding particles[46]. The loss tangent (tanδ) can also be obtained from 

tanδ=G’’/G’. Given that G' represents the elastic behavior while G'' represents the viscous behavior, 

the loss tangent could indicate if the melt is more elastic or viscous at a different frequency. As we 

can see from Fig 7b, the incorporation of anthracite and lignite decreases the loss tangent except at 

high frequency (>100 rad/s), which means both the two coal particles could enhance the elastic 

behaviors the PA/coal melts. Within the frequency range, lignite-filled melt had a lower loss tangent 

than that of anthracite-filled melt, which implies higher elastic behavior by adding lignite. From the 

above data, a conclusion that lignite benefits the interactions with PA 12 could be obtained compared 

to the pure PA sample from the G’ and tanδ plots while anthracite has less influence as lignite at given 

size distribution. To understand the enhanced interaction, PLS analysis was done by correlating FTIR 

with rheology data for lignite composites. According to the variable importance plot from PLS 

analysis data (Fig S5), the first three absorbances most contributed to the rheology behavior are at 

1032 cm-1, 1008 cm-1, and 1632 cm-1 (circled as red). The two peaks at 1032 cm-1 and 1008 cm-1 are 



related to the X-O bonding (X represents Si or Al etc.) in lignite, and 1632 cm-1 is attributed to Amide 

I (C=O or C-N stretching) in PA 12 skeleton, which imply possible bonding might be formed between 

these groups. From this point, the enhanced interactions in the melt elasticity, thereby maintaining 

comparable tensite strength of lignite composites to PA 12. 

 

Fig 7. Rheology tests results. (a). Storage modulus(G') vs angular frequency; (b) Loss tangent (tanδ) 

vs angular frequency

3.4 Morphology analysis for the composites

The interaction between filler and the polymer matrix can also be illustrated by the compatibility 

analyzed and compared from the morphology difference in SEM. The poor interaction between 

anthracite and PA resulted in holes and pits after the cryogenically fractured cross-sections, as seen 

for An-10% in Fig 8 (some of them are marked by red circle) and Fig S4. The pits in the SEM images 

are shown as the grey area (Fig 8b, c, d) due to the detachment of anthracite particles. The apparent 

gap between the anthracite particle and the matrix also implies poor interaction, as shown in Fig 8d 

(pointed by yellow arrow). The holes were formed in a similar way but may be caused by fillers 

deeper buried in the polymer matrix that was pulled out during the cryogenically fracture. By contrast, 

at the same loading concentration of 10 wt%, lignite showed few detachment spots (marked by red 

circle) on the cross-section, shown in Fig 9a and Fig 9b. The lignite particles were well-bonded with 

polymer matrix, as shown in Fig 9c (yellow arrow). The good interaction between lignite and PA 12 

that leads to few detachments can also be proved by the cross-section of Lig-20% as shown in Fig S5. 



The morphological difference is also in accord with the rheology test that lignite favors the interaction 

of anthracite in the PA matrix.

Fig 8. Cross-section SEM images of the PA/anthracite filament. Scale bar: (a) 300 μm; (b) 50 μm; (c) 

10 μm; (d) 10 μm 

Fig 9. Cross-section SEM images of the PA/lignite filament. Scale bar: (a) 300 μm; (b) 50 μm; (c) 5 

μm  

Fig 10. Tensile performance between PA, Lig-20%, An-5%, Lig-50% and Lig-20%&An-5%



3.6. Exploring the thermal conductivity of the lignite composite

As lignite can be blended in the composites at high concentration, the other components in lignite may 

also affect the performance of the lignite composites. Raw lignite is a mixture of various compounds 

including many elements as shown in XPS results (Fig S6 and Table S1). These elements existed as 

metal oxides, which may be used for further functional applications of the coal composites. For 

example, Al2O3 can be found in lignite by XPS and XRD (Fig S7). The addition of lignite could 

increase the thermal conductivity of composite due to the natural heat conduction properties of Al2O3 

[47].  The thermal conductivity was measured for pure PA sample and Lignite-50%, as shown in 

Table 2. The thermal conductivity of lignite-50% (0.1927 W/mK) is ~2-time of that for PA (0.1041 

W/mK), which implied the potential for lignite as the thermal-conductive filler. With a tensile 

strength of 40.4 MPa and Young’s modulus of 2.43 GPa, Lig-50% could be studied to improve 

thermal transmission for thermal-conductive materials such as electronic components[48]. 

Table 2. Thermal conductivity comparison between printed samples from PA and Lig-50%

Sample PA Lig-50%

Thermal conductivity, W/mK 0.1041 ± 0.0008 0.1927±0.0012

Conclusion

The current study investigated anthracite and lignite as the filler in polymer composites with PA 12. 

FTIR spectra showed strong oxygen-contained functional groups in lignite and strong absorbance in 

the aromatic region for anthracite. Tensile test results showed a decrease in tensile strength, Young’s 

modulus, and EB with the addition of anthracite to PA 12, indicating poor interaction between them, 

which was also supported by the rheological and morphological analysis. By contrast, adding lignite 

to PA 12 maintained a comparable tensile strength up to 50%. Young’s modulus remains comparable 

as lignite was added up to 20 wt% and significantly improved when adding 50 wt%. The 

morphological analysis also supported the good interaction between lignite and PA12. Rheology test 



results showed that lignite affected the relaxation of the polymer network in terms of higher melt 

elasticity. Along with the results from PLS, this may be attributed to the filler-polymer interaction that 

comes from the possible bonding between PA 12 and the surface functional groups from lignite. 

Lignite also showed improved thermal conductivity at 50 wt%. Based on these results, lignite could 

be an inexpensive filler for PA composites in FDM 3D printing to replace PA products at a proper 

feeding ratio. The improved thermal conductivity of the composites could also extend the application 

of lignite for further building functional composites. This work provided a strategy to use lignite in 

composite by 3D printing for value-added products, which may extend the lignite utilization to non-

combustion approaches to reduce the negative impact on the environment. 
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