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Abstract

Organic phase change materials (PCMs) have been used and studied for many years. In this
work, we focus on an industrially available PCM—polyethylene waxes (PEW) modified
with seven types of carbon black (CB) exhibiting different properties. Carbon black (CB)
was selected as a more cost-effective modifier compared to carbon nanomaterials, as it is
easier to implement industrially and capable of converting and storing thermal energy.
The experiments were designed to evaluate the thermal properties and photothermal con-
version efficiency of PCMs modified with different grades of carbon black. The influence
of carbon black on selected PCM properties was investigated using differential scanning
calorimetry (DSC), thermogravimetric analysis (TG), scanning electron microscopy (SEM),
and laser flash analysis (LFA). Furthermore, the photothermal conversion capability was
evaluated. The results indicate that modification with carbon black decreases the phase tran-
sition enthalpy for most formulations, with reductions ranging from 8 to 12% for 1 wt.% CB
to 10-15% for 2.5 wt.% CB. At the same time, an improvement in the thermal conductivity
of PCMs modified with carbon black was observed, with the best performance achieved for
N234 carbon black, showing an increase of approximately 17-18% in the 25-55 °C tempera-
ture range. The ratio of the heat of solidification to the heat of melting (Qs/Qm) for most
samples was approximately 0.90-0.98, indicating excellent thermal cycling stability. The
highest photothermal conversion efficiency was observed for samples modified with N234
and N330; these materials exhibited the greatest temperature rise, reaching approximately
135 °C in about 15 min, due to enhanced light absorption of PCMs by carbon black. Overall,
the results confirm that PEW /CB systems demonstrate a good balance between absorption,
heat generation, and controlled phase-change behavior, making them promising candidates
for solar-thermal energy storage and conversion applications.

Keywords: phase-change material (PCM); carbon black; thermal analysis; photothermal
conversion; thermal conductivity

1. Introduction

The rapidly growing demand for mobile heating systems, portable thermal energy
storage devices, and integrated photothermal conversion applications motivates the de-
velopment of optimized organic PCM formulations with enhanced thermal conductivity
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and photothermal performance. Phase change materials (PCMSs) constitute an attractive
class of materials for thermal energy storage and energy conversion systems. PCMs store
thermal energy both as sensible heat—from the initial temperature to the melting point
and further to the final temperature—and as latent heat during phase transitions, such
as solid-liquid or solid—solid transformations [1,2]. Compared to conventional sensible
heat thermal energy storage systems, PCM-based systems offer the advantage of storing
significantly larger amounts of heat within a relatively small material volume [3-5].

In general, phase change materials are classified as organic or inorganic [6]. Organic
PCMs are considered chemically stable, safe, noncorrosive, and cost-effective. They are
characterized by high phase transition enthalpy and good thermal reliability over numerous
melting—solidification cycles [7,8]. Paraffin waxes are relatively inexpensive, safe to use,
chemically inert, noncorrosive, and thermally stable up to 300 °C; however, they are
flammable and exhibit low thermal conductivity (0.1-0.3 W/(m-K)). Paraffins demonstrate
excellent thermal stability even after 1500 thermal cycles [8].

Paraffin- and polyethylene-based PCMs have been investigated in numerous combi-
nations due to their structural and chemical similarities [8,9]. Zauner et al. [10] evaluated
several promising polymers, including polyethylene (PE), polyoxymethylene (POM), and
various polyamides (PAs), and selected high-density polyethylene (HDPE) for detailed
investigation. Their results showed that HDPE exhibits a high phase transition enthalpy
and remains thermally stable over more than 1000 heating—cooling cycles. The authors also
designed a suitable heat exchanger, constructed a laboratory-scale storage prototype, and
characterized its energy capacity and power profiles under various operating conditions.
Navarro et al. [11] investigated HDPE spheres impregnated with a paraffin mixture with a
melting point of 58 °C for domestic hot water applications. In their experimental system,
polyethylene spheres containing embedded PCM were placed at the top of a water tank to
enhance thermal stratification and increase energy density. The results demonstrated that
PCM had a beneficial effect on maintaining the water temperature for an extended period.
However, the presence of PE prolonged the PCM melting time as a result of its low thermal
conductivity. Additionally, PCM leakage from the spheres was observed, and the PCM
content would require optimization to enable safe use in drinking water tanks [11].

The primary limitation of organic PCMs is their inherently low thermal conductivity.
A commonly proposed strategy to overcome this drawback is the incorporation of carbon-
based additives—such as carbon black, graphene, graphite, or carbon nanotubes—to en-
hance heat transfer. Fikri et al. [12] proposed paraffin wax PCM with functionalized
multi-walled carbon nanotubes (FMWCNTs). They reported that the addition of 1 wt.%
non-functionalized MWCNTs increased thermal conductivity by 9.5%, while functional-
ized MWCNTs resulted in an improvement of 50.7% compared to the unmodified PCM.
Feng et al. [13] investigated poly(ethylene glycol) infiltrated in porous carbon skeletons of
diamond foam (DF) and dual three-dimensional carbon nanotube-diamond foam (CDEF),
both with a porosity of 70%. The use of DF improved thermal conductivity by 505%
compared to pure PCM, whereas CDF achieved an improvement of 550%. Mishra [14]
studied carbon black-modified lauric acid (LA) as a PCM. The addition of 2 wt.% carbon
black increased thermal conductivity from 0.219 W/(m-K) for pure LA to 0.241 W /(m-K);
a 5 wt.% loading resulted in an approximately 50% improvement compared to unmodified
LA. Efforts to enhance thermal conductivity are primarily driven by the need to accelerate
the PCM charging and discharging processes.

Different approaches have been investigated to enhance the thermal conductivity
of PCMs. Afaynou et al. [15] proposed the use of metal foam as a partial filler in a
hybrid heat sink (HS). While this strategy increases thermal conductivity, it suppresses
natural convection within the PCM, thereby limiting the effective heat storage capacity
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and increasing the cost of the system. N-eicosane was used as the PCM in numerical
simulations. The optimal configuration was identified as two-thirds of the metal foam,
resulting in a 33.82% reduction in eicosane temperature, a 12.67% increase in efficiency, a
57.54% increase in thermal energy storage, and a 33.33% reduction in the cost and weight
compared to a fully filled metal foam configuration [15]. Mishra et al. [16] proposed the
incorporation of lauric acid modified with 4 wt.% carbon black nanoparticles or 4 wt.%
graphene nanoplatelets into a biomass-derived porous matrix obtained from coffee or
turmeric powder. The incorporation of 25 wt.% of the porous matrix significantly improved
structural stability by effectively suppressing PCM leakage while maintaining a high latent
heat storage capacity of approximately 130 J/g. Solid—solid composite PCMs exhibited
high photothermal conversion efficiency (106%) and notable thermal regulation capability,
reducing the superheating temperature by approximately 10 °C compared with the pristine
PCM. These enhancements were attributed to improved light absorption and increased
energy conversion efficiency [16]. The thermal conductivity in organic PCMs can also be
improved by incorporating boron nitride, as demonstrated by Yu et al. [17]. The authors
constructed thermally conductive boron nitride (BN) networks within a paraffin wax (PW)
matrix supported by poly(styrene-b-ethylene-butylene-b-styrene) (SEBS). The composite
with a 20/80 SEBS to PW mass ratio and containing 30 wt.% BN exhibited excellent
dimensional stability, a high latent heat capacity (129.8 J/g), and significantly enhanced
thermal conductivity of 1.51 W/(m-K), representing a 293% increase compared to the
unfilled material [17].

Despite the superior thermal enhancements achievable with carbon nanomaterials,
carbon black represents a more cost-effective and industrially viable alternative for PCM
modification. In this work, polyethylene waxes modified with seven distinct types of
carbon black were investigated. The influence of carbon black properties, such as particle
size, specific surface area, and conductivity characteristics, on thermal behavior, thermal
conductivity, and photothermal performance was systematically assessed. The resulting
materials were characterized using differential scanning calorimetry (DSC), thermogravi-
metric analysis (TG), scanning electron microscopy (SEM), laser flash analysis (LFA), and
photothermal conversion measurements.

In this work, polyethylene waxes modified with seven distinct types of carbon black
with different parameters and characteristics were investigated. The influence of carbon
black properties, such as particle size, specific surface area, and conductivity, on thermal
behavior and thermal conductivity to find structure—properties relationships, has been
investigated. Moreover, photothermal performance was systematically assessed to identify
the most effective CB grades for solar-thermal energy conversion and storage applications
and mobile heating.

2. Materials and Methods

The polyethylene waxes (PEW) were obtained from EuroCeras Sp. z 0.0. (Cerelane 1100,
Kedzierzyn Kozle, Poland), carbon black N220, N330, N234, conductive (Konin, Poland),
carbon black HCS-2, HCS-165, HCS-200S (Hangzhou, China)—Table 1.

Samples of PEW were heated at a temperature of 130 °C to melting, then 1, 2.5, and 5%
of modifiers (carbon blacks) were added to the melted PEW and homogenized using
an ultrasonic homogenizer to obtain a homogenous dispersion. Homogenization time
was 30 s. It was observed that too long a homogenization process generates intense heat
and significantly reduces the efficiency of the process by causing excessive cavitation. The
material designations used in the tests are described in Table 2.
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Table 1. Properties of CBs.

Total Specific Surface Ash (Mass

Carbon Black Particle Size [nm] [10° m2/kg] Fraction) [%]
N220 20-25 101-111 0.50
N330 26-30 107-117 0.50
N234 19-23 70-80 0.50

conductive 20-50 65.0 £ 5.0 0.50
HCS-2 20-25 200-600 <0.50
HCS-165 16 80-200 <0.20
HCS-200S 24-28 150-300 <0.50

Table 2. Samples description.
Sample Name Used in the Article CB Content [%]
PEW PCM -

1.0

PEW + electroconductive carbon black PCM+E_CB 2.5

5.0

1.0

PEW + carbon black N220 PCM+CB_N220 2.5

5.0

1.0

PEW + carbon black N234 PCM+CB_N234 2.5

5.0

1.0

PEW + carbon black N330 PCM+CB_N330 25

5.0

1.0

PEW + carbon black HCS2 PCM+CB_HCS2 2.5

5.0

1.0

PEW + carbon black HCS165 PCM+CB_HCS165 2.5

5.0

1.0

PEW + carbon black HCS200 PCM+CB_HCS200 2.5

5.0

Differential scanning calorimetry (DSC) measurements were conducted using the
DSC 1 calorimeter from Mettler Toledo (Greifensee, Switzerland), equipped with an intra-
cooler. Prior measurements, DSC was calibrated with indium and zinc standards. The
temperature program involved a heating—cooling-heating cycle within a temperature range
of 25 to 130 °C, with a heating and cooling rate of 10 °C/min in a nitrogen atmosphere
(30 mL/min). Samples with mass ca. 3 mg were closed in pierced aluminum pans. The
first heating run was performed for the removal of the samples’ thermal history resulting
from the preparation and processing.

Additionally, DSC 1 was utilized for modulated temperature DSC measurements in
TOPEM mode, with parameters set at an amplitude of 0.5 K, a switching time of 15s, and a
base heating rate of 1 K/min over the temperature range of 25 to 130 ° C.

Additionally, DSC250 from TA Instruments (New Castle, DE, USA), was used, which
featured a refrigerated cooling system to analyze the phase change material after 20 cycles
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of heating—cooling within a temperature range of 25 to 130 °C, with a rate of 10 °C/min in
a nitrogen atmosphere (340 mL/min).

Fourier transform infrared (FTIR) measurements were performed using a spec-
trophotometer from ThermoFisher Scientific (Waltham, MA, USA) model: Nicolet
i520 Nicolet Apex with an Attenuated Total Reflection (ATR) adapter, operating with
OMNIC 9.16.188 software. Spectra were collected in absorbance mode of 4000-400 cm ™!
after 32 scans at 4 cm 1.

Thermogravimetric analyses were performed using a TGA 550 Discovery analyzer
(TA Instruments, New Castle, DE, USA). The samples were examined in a temperature
range of 40-600 °C, with a heating rate of 10 K/min under a nitrogen atmosphere.

Scanning electron microscopy (SEM) was carried out using a NOVA NANO SEM
200 system (FEI, Hillsboro, OR, USA) equipped with EDS. Before imaging, the sam-
ple was coated with a carbon layer and examined at magnifications of approximately
2000 and 10,000 x.

Thermal diffusivity was measured using the laser flash analysis (LFA) method with
an LFA 467 HyperFlash instrument (Netzsch, Selb, Germany). All measurements were
performed in an inert nitrogen atmosphere with a gas flow rate of 50 mL/min. The tests
were carried out at 25 °C, 40 °C, 55 °C, and 70 °C (solid state). For each temperature,
the chamber was first stabilized, followed by a 300 s equilibration period before the laser
pulse to ensure uniform temperature throughout the sample. Three measurements were
carried out at each temperature step. The samples were cylindrical (height: 1.55 mm;
diameter: 15 mm) and placed in a holder, externally secured with stainless-steel spacers
coated with graphite, as shown in Figure 1. Heating was carried out at 5 K/min to the target
temperature, after which a laser pulse of known energy was applied. From the moment of
irradiation, the temperature response on the rear surface of the sample was recorded. The
resulting signals were analyzed using LFA Proteus 8.0.3 software, and thermal diffusivity
was determined using the selected three-layer model. Then, the thermal conductivity
(A, W/(m-K)) was calculated as follows:

A =wpcp 1

where «, p, and ¢, stand for thermal diffusivity (mm?/s), density (g/cm?), and specific
heat capacity (J/g). The density was determined from the Archimedes method, while the
specific heat capacity was obtained from the DSC measurements. The uncertainty of the
thermal conductivity was estimated from the general formula for error propagation [18]:

oA \?2  /ar_\? oA 2
m(m) o (Zan) + (2acr) o

where J stands for the uncertainty of a specific variable. According to the producers, the
uncertainties of da, p, and dcy, are 3% [19], 0.4% [20], and 2% [21], respectively. Thus, the
estimated uncertainty of the thermal conductivity is 3.6%.

Figure 1. A sample during the preparation for the LFA measurements: (A) the sample in a PEEK ring;
(B) the sample secured with a graphite-coated stainless-steel spacer; (C) the complete measurement holder.
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The photothermal conversion performance was investigated using the LED Ossila
Solar Simulator (Ossila, Sheffield, UK), with a light spectrum ranging from 350 to 1050 nm
at a working distance of 8.5 cm and output power of 1 Sun for 36 min at room temperature.
Following the experiment, the samples were placed in a customized experimental setup for
photothermal conversion evaluation according to Figure 2.

SOLAR SIMULATOR

SAMPLE

THERMOCOUPLE innnna

>

— DATA COLLECTOR

COMPUTER

Figure 2. Scheme of the experimental setup for photothermal conversion evaluation.

The temperature of the sample was recorded through a thermocouple connected with
a PicoLog TC-08 high-resolution thermocouple data logger (Pico Technology, St Neots, UK)
connected to the computer. The temperature of the sample was recorded during the
exposition to the simulated solar light and when the simulated solar source was switched
off. When the experiment (solar exposition) time reached 36 min, the simulated solar light
source was turned off, allowing the sample to cool down naturally to the room temperature.
The photothermal conversion efficiency was calculated following Equation (3) [22-24]:

-100% 3)

where 7 denotes the photothermal conversion efficiency; m is the mass of the phase-change
material (PCM); AH represents the enthalpy of the PCM; I corresponds to the optical power
density (1000 W/ m?); S denotes the irradiated surface area; T is defined as the onset time
of the phase transition, and T, is defined as the termination time of the phase transition.

3. Results and Discussion

To evaluate the material’s ability to absorb and release heat, DSC measurements were
performed using a heating—cooling-heating cycle. Data from the second heating run were
analyzed, as the first run was used to eliminate the thermal history of the samples. The
DSC results are presented in Figure 3 and Table 3.

The addition of carbon black only slightly affects the shifts in melting or crystallization
peaks. The differences are typically around one degree between the pure PCM and the mod-
ified sample. There is no clear relationship between the temperature changes in individual
peaks and either the carbon black content or the specific type of carbon black used.

Phase transition temperatures are intensive properties of the polyethylene wax matrix
phase, determined exclusively by molecular composition and thermodynamic equilibrium.
The physical dispersion of non-interacting carbon black cannot alter this intrinsic thermo-
dynamic property. Consistent values of Tm and Ts across all formulations (95-96 °C and
90-91 °C, respectively) thus demonstrate strong thermal compatibility and the absence of
interfacial chemical reactions, as it was confirmed in FTIR results.
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Figure 3. DSC curves for PCM with carbon black 1% (A,B), 2.5% (C,D), and 5% (E,F), and heating

(A,CE) and cooling (B,D,F).

Table 3. Temperature and heat of melting and solidification of PCM/CB (Qm—the heat of fusion,

Qs—the heat of solidification).

Sample CB C(?ntent Tngonset ];ml Fl;mz "l;m;.; Qm Ts:nset Fcl:sl "Esz ,553 Qs
[%] [°Cl [°C] [°Cl [°Cl [J/gl [°C] [°Cl [°Cl [°Cl  [)/gl
PCM - 62 95 104 117 242.84 99 106 91 77 242.57
1 62 96 104 118  227.39 100 109 91 77 226.53
PCM+E_CB 2.5 62 96 104 118  213.67 100 109 91 77 210.68
5 62 96 104 115 214.51 100 109 90 77 213.35
62 96 104 115  227.85 99 106 91 77 224.50
PCM+CB_N220 2.5 62 96 104 115 22342 99 107 91 77 218.22
5 62 96 104 118  221.30 99 108 91 77 217.18
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Table 3. Cont.

CB Content Tmonset Tm1 Tm2 T3 Om Tsonset Ts1 Tso Ts3 Qs

Sample [%] [°Cl [°Cl [°Cl [°Cl [/gl [°Cl [°Cl [°Cl  [°Cl /gl

1 62 96 104 117 232.38 100 109 91 78 227.52

PCM+CB_N234 25 62 95 104 117 223.83 99 108 91 78 219.19
5 62 96 103 117 225.84 99 108 91 77 221.03

1 61 95 103 116 230.08 99 108 91 78 226.09

PCM+CB_N330 25 62 95 104 117 222.77 100 106 91 78 218.20
5 62 96 104 118 228.82 99 107 90 78 225.92

1 62 95 104 118 219.85 100 109 92 77 215.24

PCM+CB_HCS2 2.5 62 95 104 117 223.97 100 106 91 78 219.02
5 62 96 103 118 223.64 100 109 91 77 219.79

1 62 96 104 117 219.93 99 106 91 77 220.36

PCM+CB_HCS165 25 62 96 104 117 221.89 99 107 91 76 222.42
5 62 95 104 117 222.82 99 106 91 78 222.96

1 62 96 104 118 226.13 100 109 91 77 226.55

PCM+CB. HCS200 25 61 96 104 118 22360 100 109 91 78  223.60
5 62 95 104 118 212.93 99 109 91 77 213.20

In contrast, enthalpy values are extensive properties directly proportional to the mass
of active phase change material in the composite. The observed enthalpy reductions
(8-15%) result from: (i) effective PCM mass reduction due to space occupancy by carbon
black (~1% for 1 wt.% loading), (ii) crystallization hindrance caused by CB particles,
(iii) surface-mediated perturbation of local crystal order. This combined effect stay with
good agreement with the literature data on carbon-modified paraffin systems and represents
an optimized engineering trade-off: accepting modest enthalpy reduction in exchange for
substantial thermal conductivity improvement (up to 22% for optimal CB grades) [25-27].
This strategy enables faster energy transfer during charging/discharging cycles, partially
compensating for lower absolute storage capacity per unit mass.

The latent heat of fusion represents the thermal energy storage capacity of a material
and is directly measured by DSC. For the pure PCM, the heat of melting was 242.84]/g,
which is characteristic of paraffin-based PCMs. Modification with carbon black leads to a
systematic decrease in enthalpy across most formulations [28], ranging from 8 to 12% for
1 wt.% CB to 10-15% for 2.5 wt.% CB. The reduction in melting heat with increasing CB con-
tent is consistent with reports in the literature on nanoparticle-enhanced PCMs. Studies on
carbon-modified paraffin systems have demonstrated similar trends, in which the addition
of carbon-based fillers—such as carbon nanotubes, graphene, or activated carbon—results
in a slight decrease in latent heat capacity [29-31]. In general, for polymer-based PCMs,
the thermal energy storage capacity is directly connected to the degree of crystallinity. The
incorporation of micro- or nanometric-sized additives leads to changes in the polymer ma-
trix crystallization process. Depending on the type, size, shape, chemical composition, and
concentration, incorporated additives have different effects on the crystallization process.
Polymer chains can interact with fillers by chemisorption or occlusion, that trigger the
macromolecule nucleation process [32]. In the most widely accepted paracrystalline model
for different types of carbon black, continuous layers of hexagonally arranged carbon atoms
form the basic building blocks. These carbon layers are concentrically arranged around one
or more growth nuclei, resulting in adjacent layers orientated parallel to each other and
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creating ordered, parallel stacked layers known as a turbostratic structure, and finally form-
ing nearly spherical particles and aggregates [33]. In polymer systems, paracrystalline CB
structures can act as nucleating sites for polymer chains; however, the opposite confinement
effect may also influence the crystallization ability of PEW. The mobility of PEW polymer
chains can be restricted because of chain trapping within the narrow spaces between CB
particles or adsorption onto high surface-area CB particles, which limits the crystallization
process of PEW. This leads to a decrease in PEW crystallinity and a reduction in the heat of
phase transition of the PCM system. The reduction in phase change enthalpy can also be at-
tributed to a decrease in the effective PCM volume fraction within the composite, as carbon
black nanoparticles occupy space in the material and thereby reduce the mass fraction of
active PCM available for thermal energy storage [34-36]. However, the magnitude of the
decrease (8-15%) is relatively modest, suggesting good compatibility between the carbon
black particles and the PEW matrix. Previous studies on paraffin composites containing
various carbon-based nanofillers have reported comparable or even larger enthalpy reduc-
tions (ranging from 3 to 40%, depending on filler type and concentration), indicating that
the carbon black modifications applied in this study preserve thermal storage capacity to a
satisfactory extent [37,38].

The solidification temperature (Ts) remained constant at 90-91 °C for all samples
during the cooling cycle, demonstrating excellent thermal reversibility. This consistency is
particularly important for applications requiring long-term cycling stability, as it indicates
reliable phase transitions during repeated thermal cycles. The heat of solidification (Qs)
ranged from 210 to 227 ] /g and closely matched the corresponding melting enthalpy values,
further confirming the reversibility of the phase transitions and the absence of significant
material degradation during DSC measurements. The ratio of the heat of solidification to
the heat of melting (Qs/Qm) for most samples was approximately 0.90-0.98, indicating
excellent thermal cycling behavior. This observation is supported by literature on paraffin-
based PCMs, where similar ratios have been reported for properly functioning phase
change materials. Minor asymmetries between melting and crystallization enthalpies are
common and can be attributed to nucleation effects and slight differences in heat transfer
rates during heating and cooling cycles [39,40].

The melting temperatures observed in this study (95-96 °C) and the corresponding
latent heats (212-243 ] /g) are consistent with the reported values for paraffin waxes used
as phase change materials. The literature data for standard paraffin PCMs with comparable
melting points typically indicate latent heats in the range of 200-280 J/g. Polyethylene
wax used in this work represents a mid-range paraffin formulation, and the measured
thermal properties align well with those of commercially available PCM products and other
paraffin-based thermal energy storage materials [41,42].

The influence of carbon black on the melting temperature was minimal, which con-
trasts with some reports from the literature that describe temperature shifts of £2-5 °C
upon the addition of certain nanofillers. This thermal stability is advantageous for mobile
heating system applications, as it ensures consistent operating temperatures regardless of
the specific carbon black formulation used [43].

Based on the obtained data, the relationship between the specific surface area (SSA)
of CB and the investigated parameters can be found. In general, better results have been
revealed for CB with lower SSA. Samples with carbon black N330 and N234 were charac-
terized by slightly higher phase transition. Based on DSC data, the degree of crystallinity
of the PEW matrix has been calculated to check the effect of SSA and the crystallinity of the
polymer matrix—Figure 4.
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Figure 4. Degree of crystallinity of PEW vs. carbon black SSA and content [%].

From Figure 4 can be seen that in such systems polymer matrix can reach a slightly
higher degree of crystallinity in systems modified with CB, characterized by lower SSA.

In Table 4 we shown DSC results after 20 heating—cooling cycles for the PCM base
material and the two best formulations revealed that the best thermal behavior and repeata-
bility were exhibited by the PCM+CB_N330 sample, where the values of heat of phase
transition were on a similar level as before thermal cycling. For unmodified PCM and
PCM+CB_N234, some decrease in phase transition enthalpy was found, but the obtained

values are still above 200]/g.

Table 4. DSC results after 20 heating—cooling cycles.

Sample CB C;)ntent Tnéonset "l;ml "l;mz TOmS Om Ts;)nset Isl Isz Iss Qs
[%] [°C] [°Cl [°Cl [°Cl [J/gl [°C] [°Cl [°C] [°C] [J/gl
PCM - 63 97 105 115 204.38 98 102 89 76 209.42
PCM+CB_N330 1 64 96 103 116  231.63 98 104 89 76 217.09
PCM+CB_N234 1 63 97 104 117 208.00 98 104 89 76 208.25

Analysis of the FTIR results for both neat PCM, PCM/CB samples, and CB indicates
no changes in PEW in the presence of carbon black, which indicates no chemical reaction

between the PCM and the carbon additive (Figures 5 and 6).
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Figure 5. FTIR spectra of carbon black.
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Figure 6. FTIR spectra of PCM before and after 20 heating—cooling cycles (A), PCM + 1% CB_N234
before and after 20 heating—cooling cycles (B), PCM + 1% CB_N330 before and after 20 heating—cooling
cycles (C).

There are no characteristic absorption bands in the spectrum that could be associated
with functional groups in carbon black. Only absorption bands typical for polyethylene wax
were found (at 718 and 730 cm ™! from CH, rocking vibration [44], at 1462 and 1472 cm !
from CH; bending [45], at 2847 and 2914 cm ™! from C-H stretching in alkanes [46]. More-
over, Fourier transform infrared spectroscopy analysis has been performed for samples after
20 thermal cycles and showed that the PCM before phase transitions and after 20 phase
transition cycles (20 heating-cooling cycles) exhibits peaks originating from chemical bonds
at the same positions and with the same intensities as before thermal cycling. In the same
figure, we can see that a similar relationship is observed for samples modified with one
percent of carbon black in B-CB 234 and in C-CB-330.

The thermal stability of the carbon black modified PCMs was further evaluated by
thermogravimetric (TG) analysis; the results are presented in Table 5 and Figure 7.
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Figure 7. TG (A,C,E) and DTG (B,D,F) curves for PCM (Cerelane 1100) with carbon black 1% (A,B),
2.5% (C,D), and 5% (E,F).
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The unmodified PEW exhibited excellent thermal stability, with the onset of mass

loss (T19,) occurring at 267 °C. This high initial decomposition temperature ensures safe

operation in heating applications up to moderate temperatures. The temperature corre-

sponding to 10% mass loss (T10,) was 336 °C, while the temperature at 50% mass loss (T509,)

reached 420 °C, indicating a relatively broad window of thermal stability. The maximum

decomposition rate (Tprgmax) occurred at 462 °C. The residual char at 600 °C was negligible

(0.002%), confirming nearly complete decomposition of the organic paraffin material at

elevated temperatures. These values are in excellent agreement with the data from the

literature for paraffin waxes. Studies on conventional paraffin-based PCMs typically report

T109 values in the range of 300-350 °C and Ts(q¢, values between 400 and 450 °C, indicating

that the PEW formulation used in this study is representative of commercially available

paraffin products [42,47].

Table 5. Thermal stability of PCM with carbon black.

Sample CB Content [%] Tiw T Tsw  Tsw  Tion  Tsow  TpTemax  Regi du?::rﬁoo °oC
[°Cl  [°Cl [°C] [°C] [°C] [°C] [°C] [%]
PCM - 267 285 297 312 336 420 462 0.002
1 251 260 265 273 286 348 328 2.405
PCM+E_CB 25 269 286 296 309 330 417 475 3.432
5 263 280 291 305 328 429 481 6.344
1 257 274 284 299 321 403 431 0.754
PCM+CB_N220 2.5 259 275 285 299 322 404 440 1.093
5 258 275 286 301 324 406 440 1.026
1 257 273 284 299 321 399 431 0.143
PCM+CB_N234 25 255 271 282 298 321 405 441 0.859
5 250 267 278 293 316 397 426 0.882
1 252 269 280 295 319 403 436 0.507
PCM+CB_N330 25 255 272 283 298 322 403 433 0.654
5 257 273 283 298 321 401 433 1.105
1 265 280 290 305 329 415 452 1.135
PCM+CB_HCS2 25 260 278 289 304 329 415 451 2.269
5 258 275 286 301 326 414 456 4.62
1 258 275 286 302 327 417 454 1.111
PCM+CB_HCS165 25 259 276 288 303 328 416 452 2.276
5 261 280 292 308 333 423 460 4.943
1 253 271 282 298 322 405 440 0.961
PCM+CB_HCS200 25 258 274 285 300 325 410 450 2.365
5 253 271 282 298 323 411 451 3.941

The addition of carbon-black nanoparticles has a complex, nonuniform effect on

thermal stability:

e  Electroconductive carbon black (E_CB) exhibited the most pronounced influence on

thermal decomposition behavior. At a 1 wt.% loading, the onset temperature of mass

loss (T19,) decreased to 251 °C, while at higher loadings it increased to the range of

263-269 °C. The temperatures corresponding to 50% mass loss (T5ge,) varied between

348 and 429 °C, depending on the concentration of carbon black. In particular, this
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formulation showed the highest char residue at 600 °C (2.405-6.344%), indicating
incomplete decomposition and the possible accumulation of carbonaceous residue.
This behavior can be attributed to the presence of conductive carbon black parti-
cles, which do not fully decompose and remain as stable carbon-rich residues at
elevated temperatures.

e Carbon black grades N220, N234, and N330 exhibited more moderate effects on
the thermal stability of PEW. The onset temperatures of mass loss (Ty¢,) ranged
from 250 to 257 °C at a 1 wt.% loading, while the temperatures corresponding to 50%
mass loss (T5qe,) remained relatively stable at 399—406 °C, only slightly lower than those
of the pure PCM. The char residue for these formulations was minimal (0.143-1.105%),
indicating more complete thermal degradation compared to electroconductive variants.
This behavior, which closely resembles that of the unmodified PCM, suggests that con-
ventional carbon black grades exhibit good thermal compatibility with paraffin-based
matrices [48,49].

e  Carbon Black HCS series: The HCS formulations (HCS2, HCS165, and HCS200) exhib-
ited an intermediate influence on the thermal stability of PEW. The onset temperatures
of mass loss (Tj¢,) ranged from 253 to 265 °C, while the temperatures at 50% mass
loss (Ts502,) were between 405 and 423 °C, remaining very close to the pure PCM
baseline. The char residue at 600 °C varied from 0.961 to 4.943%, which is higher
than that observed for standard carbon black grades but lower than for electrocon-
ductive variants. This behavior suggests that specialty carbon black grades may form
more thermally stable interactions with the paraffin matrix, contributing to enhanced
thermal resistance at elevated temperatures.

The observed thermal behavior can be understood in the context of carbon-paraffin
interactions. Studies on PCMs enhanced with carbon nanoparticles have demonstrated
that carbon additives can enhance or slightly reduce thermal stability depending on their
surface properties and degree of dispersion [34,35].

The reduction in Ty9, (initial decomposition temperature) observed in this study stay
with good agreement with literature findings. Research on graphene-enhanced paraffin sys-
tems reported Ty, reductions of 5-15 °C compared to pure paraffin, similar to the 8-16 °C
reduction observed with carbon black in this study. This phenomenon is attributed to
surface-catalyzed decomposition, where the high surface area of nanoparticles can catalyze
the thermal decomposition of nearby paraffin molecules at lower temperatures [48-50].

The formation of a carbonaceous residue (char) at elevated temperatures is a charac-
teristic feature of carbon-filled composites. The increase in char residue with increasing
carbon black content observed in this study follows the expected trend: for a composite
containing N wt.% of non-decomposable carbon black, the theoretical char yield should ap-
proach N wt.%. However, the experimentally observed values (0.002-6.344%) are generally
lower than the nominal carbon black loadings (up to 5 wt.%), suggesting partial pyrolysis
of carbon black into gaseous products and/or interactions with paraffin decomposition
products. Previous studies on the thermogravimetric behavior of carbon-filled polymers
indicate that char formation at 600 °C may account for 40-100% of the initial carbon black
content, depending on the carbon black grade and thermal processing conditions. The
relatively low char yields observed in this work—particularly for standard carbon black
grades—suggest good dispersion and integration of carbon black within the paraffin macro-
molecular structure, as well as possible partial degradation of the carbon filler under the
applied measurement conditions [48].

For applications in mobile heating systems, the thermal stability demonstrated by all
formulations is excellent. According to the DSC results, the melting point was determined
at ca. 90-96 °C, well below the Ty9, values (251-269 °C) observed in TG analysis. This
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margin ensures that these PCM will maintain their thermal storage functionality throughout
the design life of mobile heating systems that operate in typical temperature ranges (up
to 60-100 °C) [41].

The observed carbon black aggregate sizes (in the range of 100-500 nm) are consistent
with those of industrial carbon black products commonly used in thermal and electrical
applications. Literature on carbon black nanostructure indicates that commercial carbon
blacks consist of primary particles aggregated into larger structures, with aggregate sizes
typically ranging from tens of nanometers to several micrometers, depending on the
manufacturing process. The size range identified in this study places carbon black within
the nanoparticle regime, which is advantageous for achieving property enhancement while
maintaining adequate dispersion stability [51]. The uniformity of particle distribution
observed at the micrometer scale compares favorably with reports on other nanoparticle—
polymer systems. Studies on graphene oxide—paraffin and carbon nanotube—paraffin
composites frequently describe localized agglomeration and clustering, particularly at
higher filler loadings. The superior dispersion observed in the present carbon black-based
systems may be attributed to the spherical or near-spherical morphology of carbon black
aggregates, which pack more efficiently than the highly anisotropic structures of carbon
nanotubes or graphene sheets [34,52,53].

For mobile heating system applications, the microstructural characteristics revealed
by SEM analysis are highly advantageous. The homogeneous distribution of carbon
black throughout the paraffin matrix ensures uniform material properties, which are
critical for reliable thermal energy storage and heat transfer. In addition, good interfacial
contact between the filler and the matrix reduces thermal resistance at the particle-matrix
interfaces, which would typically be expected to enhance thermal conductivity. However,
the LFA results indicate an unexpected decrease in thermal conductivity, suggesting that
other effects—such as particle-induced phonon scattering or disruption of the paraffin
crystalline structure—may dominate over the benefits of improved interfacial contact in
this system [54].

Figure 8 shows SEM images of carbon black modified samples, and Figure 9 also
shows EDS analysis.

1% 2.5% 5%

Figure 8. SEM 5000x images of PCM + 1%, 2.5%, 5% E_CB (first row) PCM + 1%, 2.5%, 5% CB_N220
(second row), PCM + 1%, 2.5%, 5% CB_N234 (third row), and PCM + 1%, 2.5%, 5% CB_N330 (forth row).
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Figure 9. SEM images, from left to right respectively: PCM 2000, 5000, EDS (first row) PCM + 1%
E_CB 2000x%, 10,000x, EDS (second row), PCM + 5% E_CB 2000 %, 10,000, EDS (third row).

The absence of pronounced agglomeration or clustering in the SEM images further
suggests that the composites are likely to maintain microstructural integrity during repeated
thermal cycling. Such stability is essential for the durability and long-term reliability
of phase change materials subjected to multiple heating and cooling cycles. Previous
studies on PCM composites have emphasized the importance of microstructural stability
in preserving long-term performance [55].

Figure 10 shows graphs of the specific heat capacity obtained using TOPEM DSC
measurements. During phase transitions, the specific heat is highest [56]. Additionally, the
highest heat of fusion is observed for materials with the highest carbon black content.
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Figure 10. TOPEM DSC results: (A) reversing heat flow curves, (B) non-reversing heat flow curves,
(C) total heat flow curves of TPCMs mixtures, (D) specific heat capacity curves of PCM with carbon
black mixtures.
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Figure 10 shows that the reversing heat flow curves (A) indicate melting during heating
as a reversible process. In contrast, the non-reversing heat flow (B) exhibits exothermic
signals associated with recrystallization, followed by a peak corresponding to complete
melting (C). Samples with higher carbon black mass fractions show a greater extent of
recrystallization, which leads to an increased number of crystal defects. As a result, the
enthalpy of the phase transition may be reduced. Overall, the heat flow profiles closely
resemble those obtained from conventional DSC measurements. The specific heat capacity
(Cp) values were determined from the TOPEM DSC measurements. The results of the
thermal conductivity measurements were calculated using Equation (1) and are presented
in Table 6.

Table 6. Results of thermal diffusivity and thermal conductivity of PCM with carbon black.

Thermal Diffusivity, mm?/s Thermal Conductivity, W/(m-K)
Sample Temperature, °C Temperature, °C
25 40 55 70 25 40 55 70
PCM 0.1480  0.1345  0.1180  0.0915  0.3030  0.2930  0.2950  0.3095

PCM + 1% CB_N234

0.1675 0.1475 0.1275 0.0930 0.3235 0.3090 0.3140 0.3620

Percentage improvement, % 13.2 9.7 8.1 1.6 6.8 55 6.3 17.0

PCM + 2.5% CB_N234

0.1570 0.1400 0.1200 0.0900 0.3450 0.3240 0.3260 0.3780

Percentage improvement, % 6.1 3.7 1.3 —2.2 13.9 10.6 10.5 22.0

PCM + 5% CB_N234

0.1610 0.1430 0.1220 0.0910 0.3580 0.3450 0.3450 0.3730

Percentage improvement, % 8.4 59 3.4 -11 18.0 17.6 16.8 20.5

The results obtained indicate an improvement in thermal conductivity with the ad-
dition of carbon black, with the most pronounced enhancement observed for N234 car-
bon black. Therefore, further measurements were conducted for composites containing
2.5 and 5 wt.% of this nanoadditive. The average, in the temperature range of 25-55 °C,
thermal conductivity improvement is 6.2% for PCM + 1% CB_N234, 11.7% for PCM + 2.5%
CB_N234, and 17.4% for PCM + 5% CB_N234 as compared to the base PCM. The deviating
value of the thermal conductivity at 70 °C can be attributed to the proximity of this temper-
ature to the phase transition, which compromises the thermal equilibrium of the sample
during measurement and results in anomalous thermal conductivity behavior.

A detailed description of the microscopic mechanisms of conductive heat transfer
and heat transfer enhancement can be found in the work of Wu et al. [57]. In general,
the role of CB particles in enhancing heat transfer can be attributed to the fact that, in
organic PCMs, heat conduction occurs primarily through lattice vibrations, with phonons
acting as the main carriers of thermal energy [58]. The presence of CB particles within
the PCM provides additional pathways for phonon transport, thereby improving the
effective thermal conductivity of the composite material [59]. However, poor dispersion of
the additive and/or a too low mass fraction may prevent the formation of a continuous
conductive network and may introduce thermal contact resistance, resulting in only a
modest improvement in thermal conductivity [59]. Consequently, the literature suggests
that only additive mass fractions exceeding a certain threshold—dependent on the type
of PCM and the additive used—can effectively enhance thermal conductivity. The results
obtained in the present study suggest that the threshold mass fraction of CB particles
in the PCM is 1 wt.% or lower, as an improvement in thermal conductivity is already
observed at this concentration. Nevertheless, further studies are required to evaluate
thermal conductivity enhancement at even lower additive mass fractions.
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PEW /CB systems offer superior advantages versus graphene and CNT: comparable
thermal conductivity gains (18-22% vs. 15-30%) with significantly lower cost ($2-5/kg
vs. $50-500/kg), making them industrially viable for large-scale thermal energy storage
applications [14,60-62].

Figure 11A presents the temperature evolution curves of the investigated composites.
The pure PCM sample does not exhibit a clear phase change transition; instead, only a
small and nearly linear temperature increase is observed, reaching approximately 10 °C
by the end of irradiation. Upon switching off the light source, an immediate temperature
decrease occurs. In contrast, the composite samples show a rapid temperature rise from the
onset of irradiation, accompanied by a characteristic inflection point associated with the
phase change transition, particularly evident for the N220, N330, and N234 samples. This
inflection point corresponds to the transition region in which the temperature increases at a
reduced rate due to latent heat absorption during the phase change process.
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Figure 11. (A) Temperature evolution curves composites during solar—thermal conversion test,
(B) calculated photothermal conversion efficiency.

The SE sample exhibited a rapid increase in temperature in the initial stage of irradia-
tion; however, after reaching approximately 75 °C, the subsequent temperature increase
was significantly lower compared to that of the N-series samples. In addition, this sample
required a substantially longer irradiation time for the phase change transition to occur.
The N330 and N234 samples showed the highest temperature increases, reaching approxi-
mately 135 °C within about 15 min. These values are high not only compared to the other
samples studied here, but also relative to previously reported results [22,23]. Furthermore,
the inflection point associated with the phase change transition appeared earlier and was
shorter in duration for the N330 and N234 samples than for the N220 and SE samples.
The thermal performance observed under the solar simulator is directly reflected in the
photothermal conversion efficiency (Figure 11B). The highest photothermal conversion
efficiencies were obtained for the N234 and N330 samples, resulting from their favorable
combination of high thermal conductivity and high fusion enthalpy, determined by DSC
measurements. In contrast, the SE and N234 samples exhibited lower photothermal conver-
sion efficiencies, likely due to poorer light absorption and conversion performance. This
behavior can be attributed to their lower thermal conductivity and the reduced enthalpy
of melting observed in the DSC tests, possibly arising from less effective dispersion of
the additive and the formation of agglomerates that hinder smooth phase transformation.
Overall, the results confirm that carbon-based additives with strong optical absorption and
adequate thermal conductivity are critical for optimizing photothermal performance in
PEW-based composites. The N series formulations, particularly N330 and N234, demon-
strate the best balance between absorption, heat generation, and controlled phase change
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behavior, making them highly promising candidates for solar—-thermal energy storage and
conversion applications. In the literature, Luo X. et al. [60] used expanded graphite and
carbon nanotubes to modify paraffin. Expanded graphite greatly improves the thermal
conductivity of paraffin. Carbon black nanoparticles endow the paraffin satisfied light
absorption capacity. The intrinsic photothermal conversion efficiency is up to 60.1% at
1000 W/m?. Mishra et al. [26] examined that CBNP increases both conductivity and pho-
tothermal conversion by ~134% due to improved radiation absorption and the carbon
scattering effect. In turn, Zhang et al. [63] show that composites with graphene foam can
effectively convert light into heat, accumulating energy in the PCM and extending the heat
release period. In a comprehensive review of carbon-based PCMs [64], the authors discuss
various carbon additives (CNTs, CFs, graphene/rGO, expanded graphite, biocarbon) and
their impact on solar-to-thermal conversion and other energy conversions. They point
out that photothermal conversion in graphene/rGO-based PCMs typically exceeds that of
simple carbon additives due to improved absorption and heat transfer networks.

4. Conclusions

This study presents a comprehensive evaluation of polyethylene wax-based phase
change materials modified with seven distinct types of carbon black, focusing on their
thermal behavior during phase transitions, thermal stability, microstructural characteristics,
and photothermal performance. The results demonstrate that carbon black modification
leads to modest reductions in the enthalpy of fusion (8-15% across the investigated formula-
tions), which can be attributed to the space-occupying nature of the nanoparticles and their
interference with the crystallization process of the PEW matrix. Importantly, the melting
and solidification temperatures remained stable (95-96 °C), ensuring predictable thermal
behavior and good reliability. Moreover, the ratio of solidification to melting enthalpy
(Qs/Qm = 0.90-0.98) confirms excellent thermal cycling performance, which is critical
for reliable operation in practical mobile heating systems. Among the evaluated carbon
black grades, N234 exhibited the most pronounced improvement in thermal conductiv-
ity, with a 6.8% enhancement at 1 wt.% loading at 25 °C and a 17.0% increase at 70 °C.
These improvements directly translate into faster charging and discharging rates in thermal
energy storage applications. Thermogravimetric analysis showed that all the systems
investigated possess good thermal stability, with onset decomposition temperatures (T1o,)
in the range of 250-269 °C, well above the typical operating temperatures (90-100 °C) of
mobile heating systems. SEM analysis revealed a uniform distribution of carbon black
within the PEW matrix, with aggregate sizes in the range of 100 to 500 nm, characteristic of
commercial carbon black products. Photothermal conversion experiments demonstrated
particularly high efficiency for the N234 and N330 formulations, which exhibited rapid
temperature increases, reaching approximately 135 °C within about 15 min under solar
simulator irradiation. This performance can be attributed to the strong optical absorption
of carbon black combined with enhanced thermal conductivity. Overall, the results confirm
that carbon black is a viable and cost-effective additive for enhancing the thermal properties
and photothermal conversion capability of PEW-based PCM systems, while maintaining
excellent thermal stability and cycling performance. Consistent Tm and Ts values across
all PCM/CB systems (95-96 °C and 90-91 °C, respectively) demonstrated strong thermal
compatibility and the absence of interfacial chemical reactions, as it was confirmed in FTIR
results. Analysis of the FTIR results for both neat PCM, PCM/CB samples, and CB indicates
no changes in PEW in the presence of carbon black, which indicates no chemical reaction
between the PCM and the carbon additive. DSC results after 20 heating—cooling cycles
for the PCM base material and the two best formulations revealed that the best thermal
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behavior and repeatability were exhibited by the PCM+CB_N330 sample, where the values
of heat of phase transition were on a similar level as before thermal cycling.
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