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A B S T R A C T   

Carbon foams were synthesized from blends of coal and several C-containing additives of different nature, with 
the aim to study their influence on the foaming step, and hence in the final properties of the obtained foams. The 
additives included biomass and agricultural products, and thermoplastic and thermosetting polymers, at different 
concentrations, ranging from 5 to 20 wt%. The effects of the additives on pore structure, carbon matrix and 
thermal properties of the resulting foams were investigated. The presence of additives during pyrolysis had no 
effect on the yield of carbonaceous product. However, all the additives, except the polybutadiene phenyl 
terminated (PBP) elastomer, led to a reduction in the fluidity of the blend. This difference in the effect can be 
related to the liquid nature of PBP, which favors the impregnation of coal particles, to the decomposition pattern 
overlapping with that of the coal, and to a high chemical affinity of the degradation products of PBP and coal. 
Analysis of the fluidity development of the blends and the changes in volatile matter production at different 
temperature intervals showed that bio-type additives with the maximum emission of volatiles in the coal pre- 
plastic stage provided improvements in the porosity of the C-foams. In contrast, synthetic polymers like low- 
density polyethylene (LDPE) and PBP generated most of their thermal degradation products during the plastic 
and the own thermal degradation stages of coal, leading to a reduction in the porosity of the carbon foams. This 
behavior can be attributed to a blocking of some macropores in the C-foams by deposition, in the pore mouths, of 
molten LDPE and/or oligomers from its backbone promoted by the conditions applied during the long residence 
time inside the reactor. The addition of polyethylene terephthalate (PET) resulted in no foam formation. 
Regardless of the additive, the resulting foams derived from binary blends showed lower thermal conductivity 
compared to that synthesized from the unmixed coal. The values of thermal conductivity are closely related to 
the porous and carbon structure displayed by the foams.   

1. Introduction 

Carbon foams are 3D-materials with an interconnected open cell 
structure that are considered excellent structural engineering materials, 
due to their lightness combined with custom thermal and electrical 
characteristics. The properties of carbon foams are determined by their 
structural parameters, such as density, pore size, wall thickness and 
graphitization degree, among others [1]. The selection of the raw ma
terial used as precursor and the synthesis method play an important role 
in their final application [2–4]. 

Vitreous carbon foams derived from non-graphitizable precursors, 
such as synthetic polymers or natural products display low thermal 
conductivity (<0.5 W m− 1 K− 1), and therefore may be used as thermal 

protection materials [5–8]. On the other hand, carbon foams produced 
from such precursors as coal, coal-tar pitch or mesophase pitch present 
thermal properties that can be tailored based on the thermal history of 
the raw material. Thus, at about 350–400 ◦C certain coals and pitches 
behave like a thermoplastic material, which becomes thermosetting at 
around 450–500 ◦C [9]. As a consequence, graphitic foams derived from 
pitches reach values of thermal conductivity ranging from 100 to 200 W 
m− 1 K− 1 and work well as thermal enhancers [10–12], whereas their 
carbonized counterparts present lower values, ranging from 0.25 to 4.0 
W m− 1 K− 1 [10,13]. Specifically, coal-based carbon foams are actually 
commercialized by Touchstone Research Laboratory, Ltd. (CFOAM®), 
having competitive prices and properties in applications such as com
posite core, fire and thermal protection, electromagnetic shielding and 
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radar absorption [13,14]. 
Coal-based carbon foams are generally synthesized by a self- 

bubbling method in a pressurized reactor (under inert atmosphere 
with controlled heating and pressure), followed by carbonization [15, 
16]. During the foaming process, the coal melts and begins to release 
volatile matter. These gases create bubbles in the viscous medium that 
impinge on each other and fracture the melting matter, creating the cell 
network of the foam. At the same time, the decomposition of the coal 
causes polymerization and increases viscosity, thus hindering the flow of 
bubbles and their coalescence. Therefore, the primary porous structure 
of coal-based foams is conformed during this foaming step and will 
depend on both the experimental conditions (temperature, pressure) 
and the rheological characteristics of the coal precursor, such as fluidity 
and volatile matter content, among others. Subsequently, a carboniza
tion step is carried out to remove the remaining volatile matter and 
improve mechanical strength. 

Foam properties may be also tailored by adding external substances. 
Thus, several works based on the addition of carbon or mineral fillers to 
pitch precursors have been carried in order to improve mechanical, 
electrical and thermal properties [17–19]. However, fewer studies have 
been attempted to improve coal-based carbon foam properties by 
blending the foam precursor with additives. Boron compounds were 
successfully employed to increase their graphitic structure [20–22], 
whereas chemical activating agents such as KOH or ZnCl2 promote 
microporosity development [23,24]. 

Nowadays, many efforts are directed to the development of more 
eco-friendly technologies based on renewable resources and recycled 
materials [8]. In this scenario, the co-carbonization of coal blends with 
other carbon sources derived from agriculture and urban wastes, such as 
plastics, tires, biomass, etc. has been evaluated as suitable for metal
lurgical coke production [25–27]. However, until now, these blends 
have not been studied for carbon foam production. 

The aim of the present work is to synthesize coal-based carbon foams 
using additives of different origin, composition, and chemical structure. 
Given the importance of the plastic stage during foaming, the interaction 
of the reactive additives with coal during pyrolysis was evaluated, in 
order to assess their effect on the final properties of the carbonized 
foams, such as density, porosity and thermal properties. 

2. Materials and methods 

2.1. Precursors 

Carbon foams were prepared using a high-medium volatile and 
medium-fluid bituminous coal (TC) as carbon precursor (volatile matter: 
31 wt% db, ash: 9.2 wt% db). Coal-based blends were prepared by 
adding a series of seven organic additives that cover a broad spectrum in 
origin, chemical composition and structure, and thermal behaviour. 
They comprise two main groups: synthetic and natural polymers. Within 
the group of synthetic polymer, sub-classifications can be made based on 
their behavior during thermal processing (i.e., thermoplastics and 
thermosets) or the chemical structure of their backbone (C-C, C-O, single 
or double bonds). Two of the selected synthetic polymers were ther
moplastics contained in household wastes: low-density polyethylene 
(LDPE) and polyethylene terephthalate (PET). The third synthetic 
polymer was an elastomer, or synthetic rubber, derived from poly
butadiene, which is employed in the tire industry: polybutadiene phenyl 
terminated (PBP), with an average Mn of ~1500, 80% unsaturation, and 
a composition of 45% trans-1,4, 25% cis-1,4% and 25% vinyl (Aldrich). 
The organic additives were different kinds of biodegradable polymers of 
natural origin: (i) pine sawdust (SP), a lignocellulosic biomass derived 
from the processing, manufacturing industry; two biocompounds that 
are present in many plants, (ii) tannins (TA) (Agrovin, >68% phenols), 
mainly consisting of water-soluble polyphenols, and (iii) D(+)-sucrose 
(SU) (Carlo Erba, ACS grade +99%), a disaccharide consisting of two 
monosaccharides, glucose and fructose; and (iv) orange peel (OP), an 

agricultural biowaste rich in pectin, cellulose, and hemicellulose, which 
is the main by-product of the citrus processing industry. 

Elemental analysis of the raw materials was carried out using a LECO 
CHN-2000 for C, H and N, and a LECO VTF-900 for the direct deter
mination of oxygen. 

2.2. Fluidity development of coal and its blends 

The thermoplastic or fluidity properties of the coal and its blends 
containing 5 or 10% of each additive were assessed by means of a 
constant-torque Gieseler R.B. Automazione PL2000 plastometer, 
following the ASTM D2639-74 standard procedure. Briefly, packed 
samples (5 g, <425 µm) were heated from 340 ◦C up to nearly 500 ◦C at a 
heating rate of 3 ◦C min− 1. The rate at which the stirrer rotates is directly 
proportional to fluidity and the maximum value reached in dial divisions 
per minute (ddpm) is taken as the maximum fluidity (Fmax) of the 
sample at a specific temperature (Tf). The temperatures of initial soft
ening (Ts) and resolidification (Tr) were also recorded and the difference 
between them is taken to be the fluid or plastic range (PR). 

2.3. TGA experiments 

The thermogravimetric analysis of the raw materials and binary 
blends was performed in a thermogravimetric analyzer (TGA/DSC1 Star 
System Mettler Toledo). Samples were heated from ambient tempera
ture up to 1000 ◦C at 10 ◦C min− 1 under nitrogen atmosphere, at a flow 
rate of 75 ml min− 1. The amounts of volatile matter released up to a 
specific temperature (VMT), and at specific temperature intervals 
(VMTx-Ty) were deduced from the weight loss. The temperature of 
maximum volatile matter released (Tmax) and the maximum rate 
(DTGmax) were determined from the derivative of weight loss (DTG) 
curves. 

2.4. Synthesis of the carbon foams 

The coal-based foams were synthesized following a two-stage pro
cedure: (i) a foaming step, consisting of a pressurized carbonization at a 
temperature close to that which leads to maximum coal fluidity, and (ii) 
carbonization under inert atmosphere at 1100 ◦C [22,28]. Each of the 
raw materials was ground below 212 µm before use. In a typical 
experiment, 15 g of coal were physically mixed with the additive (5, 10 
or 20 wt%) to generate a homogeneous blend. Then, the mixture was 
molded and pressed to produce a cylindrical piece, which was loaded 
into the reactor. The reactor was purged with Ar to provide an inert 
atmosphere (Pi, 1 bar) and then heated in a fluidized sand bed oven, 
with a heating rate of 2 ◦C min-1, up to 465 ◦C, and a soaking time of 2 h. 
The outlet valve is kept close during the thermal treatment, so that the 
volatiles remain in the reactor. The final pressure reached during the 
foaming process ranged from 15 to 100 bar. The reactor was purged with 
Ar and then heated in a fluidized sand bed oven, with a heating rate of 
2 ◦C min− 1, up to 465 ◦C, and a soaking time of 2 h. Finally, the resulting 
“green” foam was heated under inert atmosphere (Ar, 100 ml min− 1) at 
1100 ◦C for 2 h, with a heating rate of 1 ◦C min− 1. The carbon foams 
obtained were denoted as CFxy, where x refers to the percentage of the 
additive (from 5 to 20 wt%) and y to the type of additive (LDPE, PET, 
PBP, SP, TA, SU, OP) (see Section 2.1 for details). For comparison pur
poses, an appropriate, additive-free carbon foam was also prepared and 
designated as CF. 

2.5. Characterization of carbon foams 

The chemical composition of the carbon foams was determined by 
elemental analysis as described in Section 2.1. The skeletal or true 
density (ρHe) of the carbon foams was measured by means of helium 
pycnometry, in a Micrometics Accupyc 1330 Pycnometer. The apparent 
density (ρHg), also known as bulk density, was determined with mercury 
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at 0.005 MPa, in a Micrometics Autopore IV 9500 mercury porosimeter. 
The percentage of open porosity (Ɛ) and the total pore volume (Vtp) were 
calculated from the values of true and apparent densities, as described in 
reference [21]. Before the analysis, the samples were outgassed at 
180 ◦C overnight. 

The morphology of the foams was evaluated by scanning electron 
microscopy (SEM), using a Zeiss microscope (model DSM 942). 

The Raman spectra of the carbon foams obtained at 1100 ◦C were 
performed on a Renishaw InVia Qontor spectroscope, equipped with a 
detector CCD Renishaw Centrus and a laser DPSS (532 nm). A Leica 
DM2700 microscope with 100x objective lens was used to focus the laser 
beam. Each first-order Raman spectrum for the carbon foam was 
deconvoluted to obtain four main components at 1595 (G band), 1520, 
1345 (D band) and around 1200 cm− 1 [29]. The D/G ratio was used as a 
measure of the degree of structural order in the carbon matrix of the 
foams. 

Thermal conductivity (k) was determined by an indirect method 
using the following equation: 

k = α . ρ. CP 

where k is the thermal conductivity (W m− 1 K− 1), α is the thermal 
diffusivity (mm2 s− 1), CP is the specific heat (J g− 1 K− 1), and ρ is the 
apparent density (g cm− 3). Thermal diffusivity (α) tests were carried out 
at 25 ◦C over samples in disk-like shape, with 12.7 mm diameter and 
2.5 mm thickness, by using a NETZSCH/LFA 457 MicroFlash thermal 
diffusivity analyzer. The specific heat capacity was measured at ambient 
temperature in a C80 Setaram calorimeter, using Calisto software for 
data processing. 

3. Results and discussion 

3.1. Effect of the additives on the fluidity development 

Most of the selected organic additives have a significant oxygen 
content compared to coal. The exceptions are the polyolefin LDPE and 
the elastomer PBP, which do not incorporate oxygen in their backbone 
structure (Table 1). It is well known that the presence of heteroatoms in 
the reaction media leads to a reduction in the plastic properties of coal 
[26,30]. Therefore, it is expected that such additives will cause changes 
in thermoplasticity during foaming to different extents, depending on 
their composition. 

The main thermoplastic parameters of coal TC and its binary blends 
with 5 and 10 w% additive are given in Table 2. In all the coal-additive 
blends, a loss in Gieseler Fmax occurs, with the extent of the reduction 
depending on the kind and the amount of the additive. The exceptions 
are the blends containing the PBP elastomer, which enhances in a large 
extent this parameter, reaching values 10 times higher than that of the 
unblended coal. To further study the fluidity increase caused by PBP, 
blends containing 5 wt% of two commercial polybutadiene-based 
polymers were also tested: polybutadiene with predominantly 1,2-addi
tion (PB12) (Aldrich, ~90% of 1,2-vinyl) and polybutadiene with pre
dominantly 1,4-addition in cis configuration (PBcis) (Aldrich, 98% of cis 
and average MW of 200.000–300.000). These polymers also produced 
an increase in the Gieseler Fmax of the blends, the highest being when 
the PB12 is added (11300 and 7378 ddpm for PB12 and PBcis, 

respectively). Although PBP and PB12 are the strongest enhancers of 
fluidity, the fluid temperature range decreases and then, the system is 
kept in a fluid stage for a shorter time. The Ts of the coal-PBP blend shifts 
to values 15–19 ◦C higher than that the unblended coal, while that of the 
coal-PB12 blend shifts up 27 ◦C. No significant variation is observed for 
the coal-PBcis blend. 

A different effect can be observed in coal-PET blends. This polymer is 
the strongest inhibitor of coal fluidity since the fluidity of the blend with 
5 wt% addition drastically drops to values as extremely low as 3 ddpm 
(only 0.1% of the initial fluidity of coal TC), and at 10 wt% the fluidity of 
the blend is destroyed. A similar behavior can also be observed for the 
blend with 10 wt% of sucrose. In general, the following order of 
decreasing coal plasticity can be established:  

Additive 
(wt%) 

Higher inhibitor ————————→ Lower inhibitor Enhancer 

5 PET >> SU > SP > TA > LDPE > OP 
—————————————————————— PBP 

10 PET=SU >SP >> OP > TA ≈ LDPE 
———————————————————————— PBP  

Based on their plastic range, the additives can be divided into three 
categories (Table 2): (i) PET, PBP, SU and TA produce a decrease in the 
temperature fluid interval, due to the higher softening temperature of 
the blends, being more marked as the concentration is increased; (ii) SP 
and OP, which do not produce changes in the plastic range, and (iii) 
LDPE, which slightly increases the plastic range, this effect being more 
marked as its concentration is increased. 

For bio-additives, no clear relation between the oxygen content and 
the fluidity parameters can be inferred. For example, 5 wt% OP addition 
produces the lower reduction of fluidity parameters in comparison with 
the other additives, despite its higher oxygen content. It appears, 
therefore, that the type of oxygen functionalities, rather than simply 
oxygen concentration, is the more critical factor in the development of 
coal fluidity. When comparing the bio-additives (SP, TA and SU), the 
carbohydrate proportion in the additive could explain the different 
suppression of fluidity, which agrees with the suppression fluidity order 
of lignocellulosic wood components: cellulose > lignin > xylan [26]. 

3.2. Thermal behavior of raw materials 

To understand what happens during the plastic stage of the coal and 
the blends, and to gain further understanding of the influence of addi
tives on coal fluidity development, thermogravimetric analysis was 
carried out. Bearing in mind that the majority of coking coals become 
fluid in a temperature range of around 400–500 ◦C and reach maximum 
fluidity near 450 ◦C, the temperature intervals chosen to evaluate the 
distribution of volatile products in gaseous form of the additives were 
related to the pre-plastic stage of the coal (up to 400 ◦C), the plastic or 
fluid stage of the coal between softening and maximum fluidity in the 
system (400–450 ◦C), between the maximum fluidity and resolidifica
tion (450–500 ◦C), and the post-plastic stages (500–750 and 
750–1000 ◦C). The percentage of volatile matter (VM) released by the 
coal and additives during pyrolysis at these specific temperature in
tervals are displayed in Fig. 1 and Table S1. The carbon yield at 1000 ◦C 
(CY) and the temperature and rate at which the maximum release of VM 
takes place (Tmax and DTGmax) are also provided in the Supplementary 
information (see Table S1). 

The first point to note in Fig. 1 is that the decomposition of the ad
ditives into gaseous products and their release takes place in different 
quantities and at stages different from the key stage of coal trans
formation into carbon foams. Fig. 2 shows the DTG curves of the syn
thetic polymers and the coal. LDPE and PET undergo decomposition in a 
narrow temperature range (400–500 ◦C). The degradation products 
from LDPE are concentrated in the 450–500 ◦C range, with a Tmax of 
477 ◦C and a DTGmax of 28.03% min− 1, whereas PET released the 

Table 1 
Elemental analysis of the coal and additives (wt% ash free).   

TC LDPE PET PBP SP TA SU OP 

C  86.04  85.72  62.50  88.95  49.83  50.59  42.11  45.76 
H  5.37  14.28  4.17  11.05  6.05  4.20  6.43  6.16 
N  1.70  0.00  0.00  0.00  0.12  0.00  0.00  0.95 
O  6.89  0.00  33.33  0.00  44.00  45.20  51.46  47.13 
O/C  0.06  0.00  0.40  0.00  0.66  0.67  0.92  0.77 
H/C  0.75  1.99  0.80  1.49  1.46  1.00  1.83  1.62  
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largest quantity at a much lower temperature interval (400–450 ◦C), 
with a Tmax of 434 ◦C and a DTGmax of 20.48% min− 1 (Table S1). PBP, 
however, generates about half of the decomposition products in the 
temperature interval that ranges from 450 to 500 ◦C, with a contribution 
of 25% to the other low-temperature stages. The generation of volatile 
products in the case of synthetic polymers (LDPE, PET and PBP) overlaps 
with the starting of VM release from the coal, when it starts to soften and 
becomes fluid. The coal shows a maximum VM evolution at 467 ◦C, 
eight times lower than those of the polymers (2.46% min− 1) (Table S1), 
with a residue yield of 69 wt% at 1000 ◦C. 

The bio-type additives, SP, TA, SU and OP, present different thermal 
behavior compared to the coal and the synthetic polymers. A large 
quantity of volatiles is released before coal softening (<400 ◦C), during 
the pre-plastic stage (Table S1, Fig. 1). SP, SU and OP are less thermally 
stable than TA, and the generation of volatile compounds are between 
76 and 82 wt% of the total decomposition products. Sawdust (SP) dis
plays a thermogravimetric profile typical of lignocellulosic biomass 
(Fig. 3). The main DTG peak observed at 363 ◦C is assigned to the 
decomposition of cellulose and the shoulder at about 322 ◦C to hemi
cellulose, whereas the lignin decomposes slowly over a broad temper
ature interval, from 200 ◦C to above 500 ◦C [26]. Tannins (TA) are 
natural polyphenolic compounds, composed mostly of flavan-3-ol 
repeating units and smaller fractions of polysaccharides and sugars. 
TA presents a devolatilization in four stages: (i) <120 ◦C, which is 
attributed to the loss of moisture and absorbed gases, and represents 
only 3.7 wt%; (ii) 120–350 ◦C, where the primary decomposition takes 
place with a significant mass loss before 300 ◦C (21.8 wt%) and up to 
400 ◦C of 34.4 wt%; (iii) 350–700 ◦C, where a small decomposition 
occurred with a weight loss of 10.3 wt% and the starting of charring 
reactions, and (iv) >700 ◦C, dominated by charring reactions with the 
release of small molecules. The complex condensed aromatic structure 
of tannin presents a high thermal resistance with a remaining weight at 
1000 ◦C of about 27 wt%. 

Sucrose (SU) undergoes caramelization during heating, which in
volves the formation of glucose and fructose anhydrides and their 
further condensation to polymeric products such as caramelan, car
amelen and caramelin [31]. The residual mass is 24.5 and 16.1 wt%, at 
500 and 1000 ◦C, respectively. The DTGmax also occurs below the fluid 
stage of the coal (Table S1, Fig. 3). The thermal decomposition takes 
place between 200 and 400 ◦C, with two maximum peaks of weight loss 

Table 2 
Thermoplastic parameters of the coal TC and its blends with the several additives.   

Additive (%) Fmax (ddpm) Ts (oC) Tf (oC) Tr (oC) PR (oC) Fluidity variation (%) Residual Fluidity (%) 

TC 0 2913 397 442 478 81 0 100 
TC5LDPE 5 1550 395 445 479 84 -47 53 
TC10LDPE 10 1440 384 444 483 99 -51 49 
TC5PET 5 2.6 436 448 478 42 -100 0 
TC10PET 10 0 n.d. n.d. n.d. 0 -100 0 
TC5PBP 5 15719 412 445 484 72 440 540 
TC10PBP 10 27762 416 449 485 69 853 953 
TC5SP 5 778 397 442 478 81 -73 27 
TC10SP 10 133 395 443 476 81 -95 5 
TC5TA 5 1126 409 442 477 68 -61 39 
TC10TA 10 1346 414 438 477 63 -54 46 
TC5SU 5 664 419 446 482 63 -77 23 
TC10SU 10 0 n.d. n.d. n.d. 0 -100 0 
TC5OP 5 2131 399 444 480 81 -27 73 
TC10OP 10 1032 399 444 479 80 -65 35 

n.d.: no detected; Fmax: maximum fluidity; Ts: initial softening temperature; Tf: temperature of maximum fluidity; Tr: solidification temperature 

Fig. 1. VM released by the coal and the C-containing additives during pyrolysis 
at specific temperature ranges. 

Fig. 2. Comparison of DTG curves corresponding to the synthetic polymers and 
the coal. 

Fig. 3. Comparison of DTG curves of the bio-type additives and the coal.  
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at 234 and 282 ◦C (Fig. 3). For orange peel (OP) the DTG curve obtained 
shows a first stage below 120 ◦C, attributed to water desorption, fol
lowed by several stages partially overlapped in a large temperature 
range from 150 ◦C to 600 ◦C (Fig. 3). The volatile matter was produced 
up to 400 ◦C; it represents a 69 wt% and peaks at 209, 257 and 334 ◦C 
due to the decomposition of its components, pectin, hemicellulose and 
cellulose, respectively [32,33]. The mass loss above 400 ◦C can be 
attributed to lignin, which decomposes slowly over a very broad tem
perature range. The mass loss between 400 and 500 ◦C is only 6.5 wt%, 
so the interaction with the plastic stage of coal will be minimal. The 
residual mass at 1000 ◦C was 16.1 wt%. 

Not only the bio-type additives show some different patterns in their 
thermal decomposition, but the morphology of the carbon products 
obtained at 500 ◦C are also different. Further thermogravimetric ex
periments were performed at a final temperature of 500 ◦C (the optimal 
temperature) to reveal the foaming capacity of the additives. The most 
remarkable findings are observed for PBP and SU. PBP leads to a residue 
with reticular carbon structure and fluid cell walls (Fig. S1), similar to 
that obtained in foams derived from thermosetting materials such as 
phenolic resins [1], and SU is the bio-type additive that shows swelling 
capacity with an appearance of sponge (Fig. S1), which is consistent 
with its foaming capacity [34]. 

3.3. Interactions between coal and additives 

In the first stage of the preparation of carbon foams, the comparison 
of the individual thermal behavior of the blend components gives some 
guides in relation to the potential interaction of the precursors. To ac
quire additional and useful data for identifying potential combination 
effects between the coal and each additive, the thermogravimetric 
analysis of the blends with increasing amounts of the additive up to 
50 wt% were also evaluated. The blends of coal and each organic ad
ditive can give different kinds of interactions (synergy, antagonism and 
non-interactive) and they can occur over a broad range of concentra
tions; i.e., various ratios should be tested. 

The profiles of the DTG curves obtained for the blends are very 
similar for a given type of additives (synthetic polymers and bio- 
additives); then, only one representative blend of each group will be 
commented in detail: TC+LDPE and TC+SP (Figs. 4a and 5a, respec
tively). The remaining blends are included in the Supplementary In
formation (Figs. S2-S6). 

The thermal decomposition of LDPE overlaps with that of coal giving 
a single DTG peak in a temperature interval ranging from 400 to 500 ◦C 
(Fig. 4a). By applying the additivity law, no synergetic effect during co- 
pyrolysis can be observed in terms of the carbonaceous solid produced at 
500 ◦C (Fig. 4b), suggesting an independent VM evolution. No evidence 

of synergy effect was observed for PET and PBP either (Figs. S2-S3). 
Thus, the increase in the fluidity measured in TC+ 5PBP and TC+ 10PBP 
blends should be attributed to the fluidity of the polymer, not to a real 
chemical interaction between the coal and the additive. For blends 
TC+SP, however, two devolatilization steps occur (Fig. 5a). The low- 
temperature peaks in the DTG curve (<400 ◦C) correspond to the bio- 
additive, whereas the peak at around 467 ◦C corresponds to the VM 
release from coal. As the percentage of bio-additive in the blend in
creases, so do their decomposition peaks and the coal released decreases 
in a similar trend. These results together with the correlation obtained 
between experimental and calculated carbonaceous solid yields (Fig. 5b) 
indicate that no interactions take place during co-pyrolysis. The absence 
of synergetic effect was also found for TA, SU and OP (Figs. S4-S6). 

3.4. Carbon foams prepared from the binary blends 

Considering the results obtained so far, it is noticed that: (i) the 
volatiles derived from the additives evolve without any chemical 
participation in the solvolysis process under the experimental conditions 
of TG analysis; and (ii) the Gieseler plastometry demonstrates the exis
tence of physical interactions between the blend components that 
decrease the fluidity of the coal and shorten, in some cases, the tem
perature plastic range, as shown in Table 2. PET and sucrose do not seem 
to be suitable additives for carbon foam synthesis, since, depending on 
its concentration, they cause a great loss or the near total loss of coal 
fluidity. Consequently, PET is discarded as a carbon foam precursor. 
Sucrose, however, is known as an excellent foam precursor, since during 
heating at ambient pressure it becomes fluid and swells [34–36], as it is 
clearly evidenced by the appearance of the char derived from TGA ex
periments at 500 ◦C (Fig. S1). For the rest of additives, which act 
reducing fluidity, it should be also taken into account that coal-based 
carbon foams can also be prepared from low-fluidity coals (<20 
ddpm) [13,21]. Therefore, if the additive modifies the fluidity param
eters within the range of optimum values to allow foaming, it should be 
possible to obtain suitable carbon foams derived from blends with coal. 
Moreover, in a pressurized reactor, the volatile matter is retained in the 
reaction media, and changes in the composition of the gases produced 
(such as the presence of oxygenated-compounds or more hydrogen) may 
modify the degree of fluidity. Thus, considering that the results obtained 
by Gieseler plastometry and TG analysis give preliminary but not 
conclusive information for foam synthesis, the next step is to find the 
optimal conditions for chemical and physical interactions to obtain a 
carbonaceous porous structure with a suitable cross-linked matrix and 
an adequate distribution of pores. In this context, foams derived from 
blends containing 10 wt% of each additive under pressurized conditions 
were synthetized. Larger amounts (20 wt%) were also employed for OP 

Fig. 4. DTG curves corresponding to the blends of coal TC and LDPE (a), and relationship between the percentage of LDPE in the blend and the experimental and 
calculated char yield at 500 ◦C (b). 
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and SU, while the amount of LDPE was limited at a 5 wt%. 
SEM assessment allowed the detailed analysis of the morphology of 

the carbon foam surface. All the carbon foams consist of a network made 
of cells with an average size of 1 mm. The cells are connected by the 
presence of pores in the carbon walls with a size of around 100 µm 
(Fig. 6a). The micrographs presented in Figs. 6 and 7 confirm that the 
incorporation of additives to the raw coal do not prevent the develop
ment of the cellular structure of the foams. For blends with bio-type 
additives, SEM images show a homogenous structure with primary 
cells of lower dimensions (Fig. 7). However, for synthetic polymer LDPE 
and rubber PBP, the corresponding foams display heterogeneous struc
ture with larger cells for CF5LDPE and less porosity in the walls of the 
cells for CF10PBP (Fig. 6b and c). 

The apparent density of coal-based carbon foams is closely related 
with the fluidity and the pressure generated during the foaming step. 
Thus, the apparent density of the foam decreases with the increasing 
fluidity of precursor coal [13,14,21]. However, the results of this study 
reveal that the use of bio-additives gives rise to foams of lower apparent 
density values and higher total pore volumes than the foam derived from 
the individual coal, despite their lower fluidity (Table 3). On the con
trary, the synthetic polymers, PBP and LDPE, lead to high density foams. 

To explain the better development of porosity with the addition of 
bio-type additives, several parameters should be considered other than 
fluidity, such as the volatiles released and the pressure generated inside 
the reactor. Unlike in Gieseler plastometry, the volatiles generated 
during foaming remain in the reactor, so these species can act as “sol
vating” agents. Specifically, oxygen- and hydrogen-rich species cause 
changes in fluidity during foaming and render carbon foams of lower 
density. As it was pointed out by TG experiments, blends derived from 
coal/bio-type additives release a large quantity of these products before 
coal-softening. Most of the degradation products correspond to highly 
reactive oxygenated compounds that may interact with the free radicals 
derived from the cracking reactions of the coal, improving fluidity under 
pressurized conditions, promoting cross-linking reactions and resulting 
in a better porosity development. As it can be observed in Table 3, the 
additives SP, SU and TA render foams with higher H/C content. The 
texture of the resulting foam is also related to the pressure generated 
inside the reactor [15,28]. When foams are prepared from coal/OP and 
coal/SU blends, the final pressure gradually increases from the 66 bar 
reached with the coal to 75 and 100 bar obtained for CF10OP/CF10SU 
and CF20OP/CF20SU, respectively. The increased foaming pressure 
under the same temperature may produce an increase in the fluidity of 
the coal, since the release of the volatile matter from coal is hampered, 
remaining in the coal matrix and causing a decrease of the viscosity with 
respect to the values reported by the Gieseler test [28]. Therefore, foams 
of higher pore volume were obtained (Table 3). 

On the opposite side, addition of LDPE and PBP renders carbon foams 
of higher apparent density. Furthermore, the helium picnometry anal
ysis performed over these samples in pieces and powder shape, reveals 
the existence of close porosity in such foams, since the values where 
higher in the powdered samples (Table 3). Despite volatile release in the 
plastic stage of the carbons no interactions were observed in TGA ex
periments. Therefore, it is expected that the high pressure generated 
during the plastic stage of the coal promotes condensation reactions, 
hindering the foaming process and rendering high-density foams due to 
a blocking of some pores in the C-foams by the deposition of the molten 
LDPE and/or oligomers from thermal decomposition. 

According to the data detailed in Table 3, the order from more to less 
porosity is as follows:  

TC10SP > TC5SP > TC20OP > TC10OP > TC10TA > TC20SU > TC10SU 
≈TC > TC20PBP > TC5LDPE                                                               

These findings suggest that a better porosity development can be 
achieved by the use of bio-type additives, while synthetic polymers, such 
as thermoplastics and elastomers, seem unsuitable additives for the 
production of carbon foams derived from coal. 

The pore size distribution obtained by mercury porosimetry is pre
sented in Fig. 8. It can be clearly observed that CF has a higher volume of 
mercury intrusion compared to CF5LDPE (Fig. 8a). However, the pore 
size range is not affected by the presence of the additive, according to 
the similar curves obtained. Both samples present a mean pore size of 
around 110 µm. By contrast, sample CF10PBP shows a wider pore size 
distribution with a smaller mean pore size, around 70 µm. Fig. 8b 
compares the pore size distributions of carbon foams derived from the 
blends with 10 wt% of bio-type additives. It can be observed that all the 
samples present porosity sizes of 170–20 µm, with a more substantial 
presence of pores of lower size compared to CF, which ranges between 
90 and 50 µm. The effect is more marked for CF10SP, whose mean pore 
size shifts from 110 µm for CF to 80 µm. However, CF10SU has a mean 
pore size slightly higher, around 130 µm. The rise to 20 wt% of the 
additive amount for OP and SU gives rise to an increase in the proportion 
of pores with sizes between 90 and 20 µm (Fig. 8b). 

3.4.1. Effect of additives on thermal conductivity 
Specific heat, thermal diffusivity and thermal conductivity data of 

carbon foams with different additives at 10 wt% are reported in Table 4. 
CF5LDPE is not included is this study, since it was not possible to obtain 
a piece with the necessary dimensions for the experimental tests, due to 
its cell network. 

The thermal conductivity of the coal-based carbon foam (CF) is 
around 3 W m− 1 K− 1. However, when additives are incorporated to the 
coal, a decrease in the values can be observed for all the resultant foams, 

Fig. 5. DTG curves corresponding to the blends of coal TC and SP (a), and relationship between the percentage of SP in the blend and the experimental and 
calculated char yield at 500 ◦C (b). 
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ranging from 1.5 to 0.7 W m− 1 K− 1. SU and PBP display similar values 
(1.5 W m− 1 K− 1), whereas those derived from SP, OP and TA show 
values lower than 1 W m− 1 K− 1. The values of thermal conductivity are 
within the range to those reported for commercial CFoam®, which can 
be employed as thermal insulator and in seasonal storage applications 
based on phase-change materials [10,37,38]. 

Thermal conductivity is a property related to the pore structure 
(density, cell size) and the carbon structure (the degree of graphitization 
and the presence of heteroatoms) [5,39]. The different nature and 
composition of the additives used in this study does not allow estab
lishing a correlation between thermal conductivity and bulk density. 
However, the results can be interpreted by the additive nature. Thus, the 
heterogeneous structure and closed porosity showed by TC10PBP can 
make heat transmission difficult, decreasing thermal conductivity 
compared to the reference TC foam [17]. In the case of bio-type 

additives, the porosity follows an opposite trend, in such manner that 
the apparent density decreases. A relation with the D/G Raman 
parameter confirms that the incorporation of SP, SU, OP and TA leads to 
a more disordered carbon foams (Fig. 9), which is consistent with their 
non-graphitizable nature and a complex mechanism involving 
cross-linking during the foaming process. Therefore, the lower thermal 
conductivity values can be attributed in these foams to the fact that 
bio-type additives limit the stacking of aromatic layers, hindering the 
conduction of heat. 

4. Conclusions 

Biomass, biomolecules and polymers founded in wastes from agri
culture, automotive and urban origin can be used as additives for coal- 
based carbon foam synthesis. Cellular carbon foams were successfully 

Fig. 6. SEM micrographs of several carbon foams: (a) carbon foam from coal TC (displayed as a reference), (b) CF5LDPE, and (c) CF10PBP.  
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Fig. 7. SEM micrographs of several carbon foams: (a) CF10SP, (b) CF10TA, (c) CF10SU and (d) CF10OP.  
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synthesized, using blends in which a bituminous coal was selected as the 
main precursor. The foaming mechanism of the blends and the proper
ties of the resultant foams showed that bio-type additives (orange peel, 
pine sawdust, tannins and sucrose) had a beneficial impact on porosity 
development, whereas synthetic polymers (polyolefins and elastomers) 
had the opposite effect. 

The interaction of coal and additives evaluated by the Gieseler test 

showed that the incorporation of additives to coal produced a reduction 
in the plastic properties of the blends, except for the elastomer PBP. 
During the co-pyrolysis of the binary blends by using thermogravimetry, 
the volatiles evolved independently without any synergetic effect for all 
the additives evaluated. The generation of volatile products in the case 
of synthetic polymers (LDPE, PET and PBP) overlaps with the starting of 
VM evolution of coal. The pressure generated inside the reactor during 
the plastic stage of the coal may promote condensation reactions, 
rendering foams of higher density. In addition, the low fluidity showed 
by the blend with PET impeded the foam synthesis. 

Bio-type additives release the highest amount of volatiles at low 
temperature (<400 ◦C), so the reduction in the thermoplastic properties 
of blends can be a consequence of the oxygen-rich species evolving 
before the softening of coal. During foaming in a pressurized reactor, an 
opposite effect may occur. In that case, the volatiles released before the 
plastic stage can interact among themselves and with the free radicals 
derived from the cracking reactions of the coal. In addition, a higher 
pressure in the initial foaming stages may also increase fluidity. As a 
consequence, the use of bio-type additives renders foams of lower den
sity, higher porosity and worse thermal properties than those of its 
counterpart derived from the unblended coal. A relationship between 
thermal conductivity and the disorder degree of the carbon matrix 
derived by microRaman spectroscopy was established. 
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Table 3 
Structural properties of the carbon foams derived from the coal and the binary blends.   

Additive (%) Pr (bar) ρHe (g cm¡3) ρHg (g cm¡3) ƐƐ (%) Vtp (cm3 g¡1) H/C O/C 

CF  0 66 1.89  1.01 46.6  0.46  0.0238  0.0024 
CF5LDPE  5 15* 1.76/1.87**  1.14 35.1/39.0  0.31  0.0145  0.0009 
CF10PBP  10 86 1.76/1.86**  1.07 39.2/42.6  0.40  0.0182  0.0019 
CF5SP  5 46 2.21  0.67 69.6  1.04  0.0339  0.0010 
CF10SP  10 23 1.92  0.58 69.8  1.20  0.0408  0.0015 
CF10TA  10 50 1.78  0.77 56.6  0.74  0.0385  0.0033 
CF10SU  10 75 1.84  0.97 47.3  0.49  0.0285  0.0017 
CF20SU  20 95 1.72  0.88 48.8  0.55  0.0337  0.0018 
CF10OP  10 75 1.97  0.70 58.6  0.76  0.0168  0.0030 
CF20OP  20 100 1.86  0.77 64.5  0.92  0.0205  0.0029 

* Clogged tube; * * Data obtained in piece/powder 
Pr: final foaming pressure; ρHe: helium true density; ρHg: apparent density; Ɛ: open porosity; Vtp: total pore volume 

Fig. 8. Pore size distribution obtained by mercury porosimetry: (a) carbon 
foams CF, CF5LDPE and CF10PBP, and (b) carbon foams CF, CF10SP, CF10TA, 
CF10SU and CF10OP. 

Table 4 
Thermal parameters measured at 25 ◦C.  

Sample CP (J g− 1 K− 1) α (mm2 s− 1) k (W m− 1 K− 1) 

CF  0.80  3.40  2.75 
CF10PBP  0.76  1.74  1.41 
CF10SP  0.71  2.11  0.87 
CF10TA  0.72  2.67  0.74 
CF10SU  0.72  3.20  1.47 
CF10OP  0.67  1.96  0.92 

Cp: specific heat; α: thermal diffusivity; k: thermal conductivity 

Fig. 9. Thermal conductivity as a function of Raman parameter D/G.  
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