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Abstract
Passive cooling techniques have gained widespread use in everyday life and various industries by utilizing sunlight reflection 
to cool objects without requiring additional energy input. Porous polymer materials possess the unique ability to provide 
both thermal insulation and solar reflection due to their inherent multiphase structure. In this study, we developed a porous 
polypropylene (PP) with a hierarchically structured surface layer using a simple and efficient solvent treatment method based 
on recrystallization. As a result, the porous structure and hierarchically structured surface significantly increase the solar 
reflectance from 11 to 86%. We found that by manipulating the recrystallization process and using reflective additives, solar 
reflectivity can be further improved. With the use of  TiO2 and  BaSO4 additives, a solar reflectance of 90% was achieved, while 
a solar reflectance of 93% was achieved with nucleating agents. In practical terms, these improvements result in significant 
temperature reductions in cooling performance tests compared to extruded PP sheets: 17, 19, and 22 °C for porous PP, porous 
PP/TiO2 or PP/BaSO4, and porous nucleated PP, respectively. The modification method introduced could help PP offer new 
possibilities for developing low-cost chemically resistant and thermally insulating layers in thermal management applications.
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Introduction

Lately, energy-saving,  CO2 emission, and environmental 
footprint reduction have become key expressions as climatic 
changes are undoubtedly related to human industrial activ-
ity. The industrial and residential building sectors consume 
significant amounts of electric energy. Moreover, increasing 
demands and improving living standards in developed and 

developing countries create additional energy consumption, 
partly because of the widespread use of air conditioning [1, 
2]. Much of the energy used in buildings, approximately 
40%, is used for cooling or heating [3]. Therefore, it is 
important to create sustainable methods like passive cool-
ing techniques to counteract the increase in the temperature 
of buildings. These methods help keep a desirable level of 
comfort while minimizing energy consumption. Lately, there 
has been a notable interest in passive cooling techniques, 
particularly heat and solar-reflective techniques. These meth-
ods have significant appeal due to their economic viability, 
making them suitable for buildings in developing countries. 
Heat and solar-reflective techniques help to reduce most of 
the direct solar heat gain inside the building [4]. Also, the 
energy consumption of air conditioners could be reduced 
considerably if more incoming solar radiation could be 
reflected from the walls. As part of this endeavor, technolo-
gists work on developing materials with reflective and ther-
mal insulation properties in the whole solar spectrum, which 
could effectively reduce energy demand [5].

About 5% of the energy of solar radiation is in the ultra-
violet band (UV) (200–400 nm), 43% in the visible band 
(VIS) (400–800 nm), and 52% in the near-infrared band 
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(NIR) (800–2500 nm), therefore it is important to improve 
reflectivity in all these bands to increase the efficiency of 
solar reflectivity [6, 7]. Usually, the reflectivity of products 
can be evaluated with total solar reflectance (TSR). TSR 
shows the amount of the energy of incident sunlight reflected 
from the surface. Higher TSR means better reflectivity and 
higher thermal insulation in the range of 200 to 2500 nm [6].

In general, effective strategies can serve as a basis for 
producing solar-reflective polymer materials: adding 
optically active additives to the polymer matrix [8, 9] and 
creating porous polymers [10–12]. In each case, the solar 
reflectivity and thus the thermal insulation of the polymer is 
determined based on the fluctuation of the refractive index 
at the interface of the two materials [13, 14]. Reflective 
additives, such as titanium dioxide  (TiO2), barium sulfate 
 (BaSO4), and zinc dioxide (ZnO) are widely used in the 
fabrication of polymer composites with enhanced solar 
reflectivity [8, 12]. Numerous factors have been investigated, 
such as the size, amount and distribution of particles in the 
polymer matrix [15–17]. For example, the diameter of the 
particles greatly determines the intensity and directional 
distribution of scattered light. In accordance with Fresnel’s 
rules, particle size should be at least half the wavelength of 
incident light to be scattered [13]. Commercially available 
 TiO2 pigments are one of the most effective additives to 
reflect visible light, as their particle size distribution 
is optimized within the range of 200 to 300  nm [18]. 
However, their near-infrared reflectance remains quite 
moderate [19]. In order to increase the reflective ability of 
 TiO2 in the whole solar spectrum, multiple particle sizes 
are considered because the wider the size distribution of 
the particles, the wider the spectrum they can reflect [20]. 
The uniform distribution of these particles within the matrix 
is desirable but sometimes the particles aggregate, which 
can limit their light-scattering efficiency. Various strategies 
have been proposed for this problem, including extenders 
or dispersants, and also polymer-encapsulated particles 
[8, 17]. However, it is still a challenging task to achieve 
homogeneous optical properties with an even distribution 
of particles in the polymer matrix.

For years, conventional applications have been dominated 
by scattering systems utilizing inorganic nanoparticles. 
However, porous polymers are attracting more and more 
attention due to their cost-effectiveness, ease of prepara-
tion, and wide availability. In recent times, there has been 
a surge in research interest toward solar-reflective porous 
polymer materials, owing to their promising structure, which 
enhances material cooling properties [21]. During the pro-
duction of light-scattering polymers, we utilize the refrac-
tive index differences between the air voids and the poly-
mer matrix [22, 23]. In the case of porous light-scattering 

polymers, there are concerns regarding broad solar reflec-
tivity since the light scattering of such porous polymers 
depends on the morphology of the porous structure. It is 
advisable to foam a porous structure with a certain degree of 
anisotropy in the out-of-plane direction [24, 25]. The mor-
phology of porous polymers can be tailored through different 
fabrication methods, including microcellular foaming [26, 
27], electrospinning [27], and phase separation [28, 29], etc.

Among them, phase separation-based techniques, like 
thermally induced phase separation (TIPS) are among 
the most popular methods to produce porous polymers. 
TIPS is compatible with a wide range of amorphous or 
semicrystalline polymers. In a typical process of TIPS, 
the polymer is dissolved into a solvent at an elevated 
temperature, which produces a homogeneous mixture. It is 
followed by cooling the mixture, which initiates the phase 
separations. Finally, the polymer microporous films are 
obtained after the diluent is extracted completely [30]. With 
this method, an anisotropic porous structure can be created, 
which provides high scattering ability in the whole solar 
spectrum [31, 32].

PP is one of the fastest-growing and most widely used 
commodity polymers and its crystalline structure and 
properties can be manipulated within a wide range [33]. PP, 
a semicrystalline polymer, appears translucent or opaque 
because it contains structural heterogeneities (so-called 
spherulites) that scatter light. Nowadays, PP is widely used 
in the packaging industry and microporous membrane 
technology, where nucleating agents are frequently used to 
alter the distribution and size of spherulites. The visible light 
scattering of the product can be reduced with nucleating 
agents in the packaging industry, and pore size and its 
distribution can be fine-tuned in the production of polymer 
membranes, since large nucleus density can be reached 
with nucleating agents [34–36]. However, our knowledge 
regarding the optical activity of hierarchical porous PP 
structures produced by phase separation is limited. The 
synergistic effect of reflective materials and porous structure, 
or harnessing the ability of the nucleating agents to modify 
the pore structure can enhance the light-scattering ability 
of porous PP. This dual approach is not only promising for 
amplifying light-scattering efficiency but also paves the way 
for novel applications.

In our previous study, we introduced a novel solvent 
treatment method based on phase separation. Due to the 
layer created with micro- and nanoscale patterns on an 
extruded PP sheet, a water contact angle of more than 160° 
was measured [37, 38].

In this study, we demonstrate that solar reflective, 
porous PP surface layers can be constructed from PP sheets 
by solvent treatment. We compared the solar-reflective 
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performance and thermal insulation ability of porous PP, 
porous PP composites, and porous nucleated PP. We inves-
tigated the combined effect of the structure of the porous 
layer, the presence of optical additives and the nucleating 
agent on both the structure and properties of PP sheets by 
scanning electron microscopy (SEM), spectrophotometry, 
and porosimeter and cooling test. The cooling performance 
of samples was evaluated with a laboratory-based simplified 
sun test.

Experimental

Materials

The polypropylene was Tipplen H681F extrusion grade 
homopolymer (MOL Petrochemicals, Tiszaújváros, 
Hungary). The reflective additives were  BaSO4 with 98% 
purity supplied by Thermo Scientific, Belgium and  TiO2, 
KTR 600 with 98% of the particles below 45 µm (Koltex 
Color s.r.o, Mnichovo Hradiště, Czech Republic). Both 
the  BaSO4 and  TiO2 were added to the polypropylene in 
amounts of 5, 10, and 20 mass%. The nucleating agent was 
ADK STAB NA-21E (Adeka, Tokyo, Japan). It was added 
to the polymer in the amount of 500 ppm.

Sample preparation

We prepared 1 mm thick PP/BaSO4 and PP/TiO2 sheets and 
nucleated samples with 500 ppm in two extrusion steps. For 
the production of the masterbatches of PP/BaSO4 and PP/
TiO2 with 30 mass% and a masterbatch of nucleated PP with 
in one line1 mass%, the additive powders and PP pellets 
were dry-mixed in advance and extruded with a co-rotating 

twin-screw extruder (Brabender Plasti-Corder, Duisburg, 
Germany, features: L/D ratio: 19, screw diameter: 20 mm), 
with a rod die. The temperature zones were set to 190, 200, 
200, 200, and 200 °C from hopper to die. The temperature 
of the die was 200 °C, and screw speed was 20 L  min-1. 
The extruded masterbatch filaments were pelletized with an 
S330 granulator (Rapid, Bredaryd, Sweden) and added to 
the PP pellets.

We extruded 1-mm thick sheets using the previously 
prepared masterbatches with a twin-screw TSA extruder 
(Cernobbio, Italy, features: L/D ratio: 40, screw diameter: 
32  mm) and a wide-gap die. The width of the die was 
250  mm, and the gap size was set to 1.1  mm. The 
temperature profile of the extruder in the direction of the 
melt flow was as follows: 200, 200, 195, and 190 °C. The 
temperature of the die over the entire width was 190 °C, 
dosage was in one line 6 kg  h-1, and the rotational speed 
of the screw was 60 rpm. The temperature of the Trocellen 
QCAL-Quadro Calandra Linea R&D-OG calender used for 
drawing was 30 °C.

The samples were solvent-treated with xylene (mixture 
of isomers, purity 98%, VWR Chemicals, Germany), which 
was used as received. The samples were immersed into 
xylene at 125 °C for 60, 120, and 180 s and dried at 30 °C 
for 24 h in an air-ventilated oven (UT6120, Thermo Fisher 
Scientific, USA), then 24 h in a vacuum oven (FCD-3000, 
Faithful) at 30 °C.

Sample testing

Surface and cross-section morphology were analyzed with 
a Jeol JSM-IT 200 scanning electron microscope (SEM). 
For the examination of cross-sectional morphology, samples 
were cryo-fractured and sputtered with a thin gold layer for 
50 s at 10 mA in a vacuum before SEM imaging.

The melting and crystallization behavior of the samples 
were conducted in a differential scanning calorimetry (DSC 
Q2000; TA Instruments, New Castle, USA). The DSC 
samples were first heated from 30 to 220 °C at 10 °C  min-1. 
This temperature was maintained for 5 min to eliminate 
thermal history, then the samples were cooled to 30 °C at 
a rate of 10 °C  min-1. The degree of crystallinity (Xc) was 
calculated with Eq. (1):

where ΔH
m

 and ΔH
0
 are the first melting enthalpy and melt-

ing enthalpy of a 100% crystalline sample (for PP it is 207 
 J  g-1 [39]).

The porosity was determined from the true and apparent 
density according to Eq. (2):

(1)X
c
=

(

ΔH
m

ΔH
0

)

× 100

Fig. 1  The arrangement of laboratory-scaled “sun test”
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 where ε is the porosity, and �
t
 and �

a
 are the true and 

apparent density of the samples, respectively.
�
a
 was determined from 4  cm × 4  cm samples. We 

removed the skin layer from both sides of the treated 
samples and measured their mass. �

a
 is obtained by dividing 

the mass of the samples by their volume. �
t
 was measured on 

an Ultra pycnometer 1000 (Quantachrome, Boynton Beach, 
FL, USA) with helium at 20 °C.

We used a PerkinElmer 1050 spectrometer for the 
reflectance measurements. For the diffuse reflectance 
measurements, the specular mirror output of the PerkinElmer 
150 mm integrating sphere was removed so only the diffuse 
part of the reflected light was measured. We also performed 
the total reflectance measurement with a closed integrating 
sphere to register the total reflected light. In both cases, the 
measurement was carried out in the wavelength range of 
200–2500 nm, with a resolution of 10 nm.

To determine thermal insulation properties, the area 
under the reflection spectra obtained during spectrophotom-
etry is characterized with the TSR index. This indicates the 
reflected percentage of solar radiation. For the TSR index, 
the spectral distribution of solar radiation must also be taken 

(2)�(%) =

(

�
t
− �

a

�
t

)

∗ 100
into account. To measure the amount of reflected solar radia-
tion, we have to examine each range. In the examined wave-
length range of 200–2500 nm, the total energy of solar radia-
tion is 892.2873 W  m-2. The value of the TSR index can be 
determined with Eq. (3) [6].

We tested the samples as heat-reflective surfaces under 
laboratory conditions using the so-called sun test. In the 
tests, the upper side of two boxes (80 × 80x80 mm) was 
covered with the samples to be tested. The boxes were illu-
minated from above with a 150 W light bulb, whose spec-
tral distribution is similar to that of the sun. The distance 
between the light bulb and the boxes was 400 mm. Two 
temperature sensors were set at the same height (40 mm) in 
both boxes. The reference sample, an extruded polypropyl-
ene sheet, was always placed on one of the two boxes. We 
chose the duration of the tests in such a way that the tem-
perature inside the boxes could stabilize in all cases. Dur-
ing evaluation, we plotted the temperature difference (ΔT) 
between the two boxes as a function of time. Figure 1 shows 
the layout of the test.

(3)TSR(%) =
∫ (R[%] ∗ I(�)d�)

∫ I(�)d�
∗ 100

Fig. 2  SEM images of a 
cross-sectional area of solvent-
treated PP sheet with a porous 
surface layer and skin layer, b 
SEM image of a porous layer 
produced with higher magnifi-
cation c top-view SEM image of 
a solvent-treated PP sheet. The 
applied solvent treatment was 
125 °C, 60 s

Skin layer

Porous layer

Skin layer

(a) (b)

(c)

Porous layer

200    m� 50    m�

5   m�

100   m�
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Results

The effect of the porous surface layer on solar 
reflectance

Preliminary studies revealed several morphological changes 
on the surface layer of the PP sheets after the solvent treat-
ment. The surface structure of the solvent-treated samples 
was examined by SEM and is presented in overview images 
(Fig. 2).

The solvent swells the surface region in several tens of 
micrometers depth, increasing chain mobility. When the 
solvent evaporates, recrystallization takes place, leading to 
the formation of loosely attached spherulites. In addition 
to the porous layer on the surface of the sample, another 
compact structure also appears on top of the porous 
structure, the “skin layer”, which can be peeled off the 
treated PP sheets. It is also noticeable that the structure of 
the porous layer is anisotropic. The cross-sectional view 
with larger magnification indicates that the spherulites are 
larger close to the surface than the spherulites in deeper 
layers of the porous structure.

The enlarged SEM image of a single spherulite reveals 
that the surface of spherulites has nano-roughness, which 
also contributes to the enhanced broad solar reflectivity. The 
broad size distribution of spherulites in the cross-section, 
as they play the role of scattering centers, and the further 
roughness of their surfaces indicate that hierarchically struc-
tured porous layers can have high solar reflectance in a wide 
wavelength range [7, 40]. The melting curves of solvent-
treated samples with different immersion times are shown 
in Fig. 3.

The effect of recrystallization on structural changes is 
clearly visible in Fig. 3. Xc becomes monotonously larger as 
immersion time increases. The untreated, extruded PP sam-
ple shows an Xc of 38.9%, and the Xc of solvent-treated PP 
samples reaches 41.6, 43.4, and 44.9%, which can be attrib-
uted to greater crystallinity in the solvent-affected layer. As 
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Fig. 3  First melting curves of solvent-treated PP sheets

Table 1  Characteristics of solvent-treated PP sheets; the applied sol-
vent temperature was 125 °C

Immersion time/s Porous layer thickness/μm Porosity/%

0 – –
60 133.4 19
120 174.9 24
180 220.4 28
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Fig. 4  Total and diffuse reflectance of solvent-treated PP sheets after 
different immersion times (60, 120, 180 s) compared to the untreated 
sample
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solvent treatment time is increased, the thickness ratio of the 
solvent-affected layer and the bulk phase increases as well, 
leading to the overall increment in Xc.

Table 1 shows the effect of recrystallization in the solvent-
affected layer on the porosity and porous layer thickness of 
the solvent-treated samples subjected to different solvent 
immersion times.

The thickness of the porous layer and the porosity of 
solvent-treated PP sheets increase with immersion time as 
well. These results show that longer immersion time results 
in the greater crystallinity, and thicker and more porous 
structure of the solvent-treated samples, which agrees well 
with the literature [30, 41].

All these structural modifications have a great impact on 
light reflection. This change is demonstrated by Fig. 4, show-
ing the difference in both the total and diffuse reflectance of 
untreated and solvent-treated, additive-free PP samples in 
the 200–2500 nm wavelength range.

As expected, the untreated extruded PP sheet, 
which has a smooth surface, only reflects less than 
10% of solar irradiance, the lowest value among all the 
investigated structures. In the 200–2500 nm range, the 
spectrophotometry results of solvent-treated samples 
show almost an order of magnitude stronger reflection 
compared to their untreated counterparts due to the porous 
layers created. The cooling performance of solar-reflective 
surfaces is usually characterized with their TSR values. 
A substantial increase in the reflectance spectra and TSR 
was observed for the solvent-treated PP samples with 
increasing immersion times from 60 to 180 s. The change 
in reflectance is consistent with the structural changes.

The rise in solar reflectance is caused by the increased 
interface area, which is a consequence of the porous struc-
ture. On the other hand, the anisotropic porous structure 
with broader primary pore size distribution and the micro- 
and nano-scaled roughened spherulites in the cross-section 
of the porous structure also improve reflectivity in a wide 
wavelength range [24]. Also, as Xc increases, the intensity 
of scattered light also increases, due to the scattering of 
light at the crystal interfaces [42].

Above 800 nm, in the NIR range, absorption bands are 
superposed on the spectra, which can be attributed to meth-
ylene and methyl overtones and combination bands, char-
acteristic of PP. The absorption bands remain practically 
the same (determined by the chemical structure), while the 
physical (scattering) processes determine the shift of the 
spectra. The differences in the total and diffuse reflectance 
values amount to a few percent (Fig. 4), because the incident 
light reflected from the surface is almost entirely reflected 
diffusely, which can be explained with the surface structure. 
In the following, only the total reflectance values are used. 
Solvent-induced recrystallization leads to a restructured, 
partly porous layer in PP samples (covered by a protective 
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Fig. 6  Total reflectance of a PP/BaSO4 samples and b PP/TiO2 samples before (noted as untreated) and after (noted as treated) the solvent treat-
ment. The solvent treatment conditions were: 125 °C, 180 s

Table 2  The TSR of PP composites

TSR/%

Mass  percent of additives 
(mass%)

PP/BaSO4 PP/TiO2

0 11.6
5 28.3 82.0
10 39.3 84.9
20 49.1 86.7
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skin layer), resulting in an enhanced diffuse reflection in the 
whole solar spectrum. Incoming light will suffer multiple 
reflections and be reflected back diffusely as it meets the 
surface and near-surface of spherulites, which act as inde-
pendent scattering centers.

Similarly, we investigated the importance of the skin layer 
on reflectance and indirectly, its effect on passive cooling 
efficiency—we compared the total reflectance of the solvent-
treated samples with and without the skin layer (Fig. 5).

We found that the reflectance of the samples without 
intact skin layers is slightly higher than that of the unpeeled 
samples. We concluded that the skin layer is practically 
transparent and forms a “conformal layer” on the sample 
surface, therefore it does not influence scattering. Moreover, 
the skin layer protects the subsurface, so we retained it [26]. 
Leaving out the peeling process simplifies the manufacturing 
process and improves the mechanical stability of the product.

By increasing immersion time from 60 to 180 s, TSR 
increased from 11.0% (untreated PP) to 80.3% (60 s) and 
86.1% (180 s). However, while immersion time increased 
threefold, TSR only increased by 7%. To achieve better 
solar reflection and thus more effective thermal insulation, 
we examined two strategies: the combination of a porous 
structure with reflective additives and the modification of 
the porous structure with a PP nucleating agent.

Combination of the porous structure with reflective 
additives

To further improve solar reflection, we distributed  TiO2 and 
 BaSO4 particles in the PP matrix in different amounts (5, 10, 
and 20 mass%) and solvent-treated the samples at 125 °C 
for 60, 120, and 180 s. We investigated how the porous PP 
composite samples composed of a three-dimensional porous 

structure, and internally distributed reflective additives can 
enhance solar reflectance.

In Fig. 6a and b, we compare the solar reflectance of PP 
composites (PP/TiO2 and PP/BaSO4) before and after the 
solvent treatment. Only the samples solvent treated for 180 s 
are plotted in Fig. 6.

In Fig. 6a and b, samples labeled with dash-dot lines 
represent extruded PP and PP composites before the solvent 
treatment and the solid lines represent the solvent-treated 
PP and PP composites. In the case of PP composites, we 
experienced a different increment in solar reflectance 
compared to the extruded PP samples depending on the 
type of additives, as we increased filler content from 5 to 
20%. The solar reflectance of PP/BaSO4 composite samples 
without solvent treatment shows moderate improvement. 
One possible reason for the moderate reflection performance 
of PP/BaSO4 composite samples might be the use of single-
sized particles of  BaSO4 with a particle size too large to 
effectively scatter such wavelengths. A pleasant surprise 
is that the solar reflectance of all the PP/TiO2 composite 
samples is dramatically higher. As it is known,  TiO2 is a 
strong UV absorber, thus the PP/TiO2 composite samples 
show a sharp drop in the UV range (200 − 400  nm), 
resulting in a UV reflectance below 10%. However, in the 
VIS (400–800 nm) and NIR (700 − 2500 nm) wavelength 
range, reflectance increases significantly with increasing 
concentration of  TiO2. In the VIS wavelength range, the 
reflectance of porous PP treated for 180 s is exceeded by 
the reflectance of PP/TiO2 composite samples with 5 mass% 
of  TiO2, which also shows the excellent VIS reflection 
property of the  TiO2 additive. Above 10 mass% of  TiO2 
concentration, PP/TiO2 samples show better performance 
in both VIS and NIR light ranges compared to the porous 
PP sample treated for 180 s. Table 2 shows the TSR values 
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of extruded PP and PP composites with different reflective 
additive concentrations.

A comparison of the TSR of extruded PP samples with 
and without an additive shows that both additives increased 
TSR considerably but  TiO2 was far more effective. 5 mass% 
 BaSO4 in the PP matrix led to a 2.5 times increase in TSR, 
and 20 mass% produced an increase in TSR a little over four 
times.  TiO2 on the other hand, produced a very high TSR 
even in 5 mass%. (over 7 times more than the neat PP sheet). 
However, increasing the amount of  TiO2 did not increase 
TSR much.

The synergistic effect of porous structure and reflective 
particles results in the enhancement of solar reflection per-
formance. We extended the solar reflection comparison of 
solvent-treated PP composites with different concentrations 
of additives and varied the immersion times (60, 120 and 
180s). The TSR results of solvent-treated PP composite sam-
ples as a function of the thickness of the porous layer can be 
seen in Fig. 7a and b.

In Fig. 7a and b, the TSR values of porous PP samples 
(without any additive) with different pore thicknesses 
are shown with black squares. Porous PP/BaSO4 (TSR: 
85.0%) and porous PP/TiO2 (TSR: 88.3%) samples, both 
containing minimal amount of additives (5 mass%) and 
with a brief solvent treatment (60 s), exhibit comparable 
or even enhanced performance compared to porous PP, 
solvent treated for 180 s (TSR: 86.1%). This improvement 
can be attributed to the effective light scattering caused by 
the additives, as well as the inherent internal pore structure 
formed by spherulites.

Through increasing additive concentration and solvent 
immersion time, the solvent-treated PP/BaSO4 composite 
samples exhibited a gradual rise in TSR values, reaching 
approximately 90%. This increase was achieved by simul-
taneously enhancing additive concentration and prolong-
ing immersion time, resulting in an increase in porous 
layer thickness. Notably, the PP/BaSO4 composite samples 
containing 10  and 20 mass%  BaSO4, with porous layer 

Fig. 8  Cross-sectional SEM 
image a of a porous layer of 
a nucleated PP sample. SEM 
image of the magnification of 
the upper (b) and the lower c 
part of the porous layer in (a). 
The applied solvent treatment 
conditions are 125 °C, 60 s
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thicknesses of 219.5 and 222.5 μm, respectively, had a TSR 
of 90%. These specific layer thicknesses corresponded to a 
solvent treatment time of 180 s.

In the case of PP/TiO2 composite samples, increased 
additive content or solvent treatment time did not increase 
TSR significantly over the TSR of the sample with the low-
est amount of the additive and solvent treated for the shortest 
time (60 s). The 5 mass% PP/TiO2 samples prepared with the 
shortest immersion time (60 s) had a porous layer thickness 

of 123.1 μm and a TSR of 88.34%. The 10  and 20 mass% 
PP/TiO2 samples surface treated for 180 s have porous layer 
thicknesses of 215.5 and 219.1 μm and a TSR of 89.9% 
and 89.6%, respectively. A shorter treatment time is pref-
erable for the solvent-treated PP/TiO2 composite samples 
since treatment is faster and the thickness of the porous layer 
of samples treated for 60 s is half that of samples solvent 
treated for 180 s, resulting in samples with better mechanical 
properties. Furthermore, the lower content of additives also 
contributes to reducing the cost of production.

Comparing the solvent-treated and non-solvent-treated 
PP/BaSO4 and PP/TiO2 composite samples, we can say that 
the hierarchical porous surface structure formed on the outer 
layer of the porous PP/BaSO4 composite samples contributes 
significantly to the further increase in solar reflectance. In 
the solvent-treated PP/TiO2 composite samples, the porous 
layer contributed to a lesser extent to the increase in the solar 
reflectance of the untreated samples.

Nonetheless, recent research has highlighted potential 
environmental and human health concerns related to the 
utilization of  TiO2 [21]. Moreover, these additives have the 
potential to considerably increase the overall cost of the 
final product. Therefore, it becomes imperative to explore 
substitutes for reflective additive-based systems, taking 
into account optical performance, as well as environmental 
and health considerations. Additionally, considering the 
increasing demand for monomaterial usage to facilitate 
product recyclability, we also explored nucleated PP samples 
in conjunction with the PP composites.

Adjusting the porous layer with a nucleating agent

The application of nucleating agents in PP has been well 
known and used for a long time both in industrial life and 
in laboratory practice. During the solvent treatment pro-
cess, the nucleating agents provide more nuclei, so during 
recrystallization, spherulite growth can start from several 
points, which results in a decrease in their size. The selected 
NA 21E nucleating agent was added to PP in a concentration 
of 500 ppm. Based on previous studies, the recommended 
amount of NA21E nucleator is around 500 ppm. Above this 

Table 3  Crystalline parameters of the PP, nucleated PP, and solvent-
treated nucleated PP

*Xc is calculated from the first melting enthalpy

Sample Tm /°C Tc /°C Hm /J  g-1 Xc /%*

PP 166.62 112.71 80.52 38.9
α-PP 164.91 128.18 85.28 41.2
α-PP_ 60 s 166.93 129.03 88.59 42.8
α-PP_ 120 s 167.19 128.88 90.87 43.9
α-PP_ 180 s 167.37 128.41 93.34 45.1
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Fig. 10  Solar reflectance of porous nucleated PP samples solvent 
treated for 60, 120, and 180  s. The TRS values for the spectra are 
marked with the same color

Table 4  Comparison of reflectance of various reflective additive-based composites and porous polymers

References Fabrication method Reflectance /%

[45] TiO2/acrylonitrile-styrene-acrylate copolymer (ASA) hybrid material (volume concentration = 5%) 59.4
[49] ASA/barium titanate (volume concentration = 1%) 70.0
[48] Polytetrafluoroethene porous coatings 95.0
[46] Poly(methyl methacrylate) (PMMA)/chlorinated poly- ethylene (CPE) blending material with porous 

surface (porosity = 30%)
93.7

[47] UV irradiated HDPE/  TiO2 composite 71.2
This work Porous nucleated PP 93.2
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concentration, it becomes saturated [43]. We visualized the 
cross-sectional morphology of solvent-treated, nucleated PP 
samples with SEM images, where the porous layer consists 
of a nano/microporous structure (Fig. 8).

With the application of a nucleating agent, it is possible 
to effectively reduce the size of the spherulite in the cross-
section, thus we can create a more structured porous layer 
with a larger specific surface area. The diameter of each 
spherulite is less than 5 μm, and the nucleated PP samples 
also keep their anisotropic porous structure. The first melt-
ing and crystallization curves of PP sample and nucleated 
PP (α-PP) sample and solvent-treated α-PP samples with 
different immersion times are shown in Fig. 9. The crystal-
line parameters of the PP, α-PP, and solvent-treated α-PP 
samples are shown in Table 3.

For the nucleated PP sample, the crystallization temper-
ature (Tc) increased by 15.5 °C compared to the extruded 
PP sample and the Xc increased to 41.2%, showing that the 
nucleation effect of the nucleating agent for the PP is sig-
nificant. Increasing the solvent treatment time also led to 
a rise in Xc for the solvent-treated nucleated samples, from 
41.2 to 42.8% (60 s), 43.9% (120 s), and 45.1% (180 s). 
Figure 10 shows the solar spectra of solvent-treated nucle-
ated PP samples, treated for different immersion times, and 
also the TSR of the individual samples.

The solvent-treated nucleated PP samples treated for 
60 s reached a TSR of 90.1%, compared to the 86.1% of 
porous PP, treated for 180 s. More notably, increasing the 

immersion time of nucleated PP samples increased TSR to 
90.1% (60 s), 92.3% (120 s), and 93.2% (180 s).

Porous nucleated PP samples showed better solar 
reflectance than porous PP composite samples (without 
nucleation) regardless of solvent treatment time, presumably 
due to their increased porosity and specific surface area.

We compared the solar reflectance performance of the 
porous nucleated PP sample treated for 180 s with that of 
heat-reflective commercial paints [44, 45] and recently 
developed light-scattering porous polymer materials [46–49] 
(Table 4).

As Table 4 shows, the solar reflectance of the porous 
surface layer in nucleated PP samples (as prepared in this 
study) surpasses that of additive-based composites. Also, 
the solar reflectance of the porous nucleated PP samples 
is nearly identical to that of alternative porous polymer 
materials.

TSR values are the results of the theoretical calculation 
of solar spectra, which should also be verified with a cooling 
test. For this purpose, we performed laboratory-scale sim-
plified sun tests by measuring the temperature inside coated 
boxes covered with solvent-treated samples and inside a ref-
erence box under a sunlight lamp in laboratory conditions. 
In Fig. 11, we plotted ΔT as a function of time. The samples 
with the best TSR were selected for the cooling test. The 
higher the ΔT value, the better heat reflection is.

Based on the trend exhibited by these curves, ΔT curves 
can be separated into three distinct sections. In the initial 
10 min, there is a notable and relatively rapid increase in 
temperature. Subsequently, between 10 and 40 min, the rise 
in ΔT follows a progressively diminishing rate. Eventually, 
in the last 20 min, ΔT stabilizes, reaching an equilibrium 
phase. The minimum ΔT value belongs to porous PP, 
solvent treated for 180 s, which can reduce the temperature 
by around 17 °C compared to the reference sample. 20 
mass% porous PP/TiO2 and 20 mass% porous PP/BaSO4, 
both solvent treated for 180 s, can reduce the temperature 
by ~ 19 °C. Nucleated PP solvent treated for 180 s reduced 
inner surface temperature the most, by ~ 23 °C.

Conclusions

In summary, we proposed a simple solvent treatment 
method for fabricating a solar reflective, micro- and nano-
structured porous PP layer on extruded PP sheets. The 
thickness of the porous surface layer and its porosity are 
controlled by the immersion time of the solvent treatment. 
The solar reflectance of porous PP sheets improves as 
the thickness of the porous layer and its porosity are 
increased. The TSR of porous PP sheets with a porous 
layer thickness of 220.4 μm and 28% porosity is 86.1%. 
To achieve better solar reflection and thermal insulation 
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Fig. 11  The temperature difference of porous PP, porous PP compos-
ites (with 20 mass% of PP/TiO2 and PP/BaSO4), and porous nucle-
ated PP samples compared to the extruded PP sheet. The applied sol-
vent treatment time was 180 s
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ability, we examined two strategies: (i) the combination of 
a porous structure and reflective additives  (BaSO4,  TiO2) 
and (ii) the modification of the porous structure with the 
addition of a PP nucleating agent. A comparison shows 
that  TiO2 seems to be a more effective additive than  BaSO4 
in combination with solvent treatment: porous PP/TiO2 
samples show similar TSR values (88.34%, 5 mass%, 
and 60 s treatment time) to porous PP/BaSO4 samples 
(TSR: 89.6%, 20 mass%, and 180  s treatment time). 
Shorter process time and lower additive concentration 
result in a considerably lower cost of production. When 
the porosity structure of the samples was improved, the 
TSR index reached 90.14%. The TSR of nucleated porous 
nucleated PP samples solvent treated for 60 s was 90.14%, 
while the TSR of porous nucleated PP samples solvent 
treated for 180 s reached 93.2%. Cooling performance 
tests showed that porous PP, porous PP composite (with 10 
mass% of PP/TiO2 and PP/BaSO44), and porous nucleated 
PP samples reduced the temperature by 17, 19, and 23 °C, 
respectively, compared to extruded PP sheets. Cooling 
tests showed that the porous nucleated PP samples showed 
the best cooling performance.

The results of solar reflectance and cooling tests indicate 
that adjusting the porous surface layer on PP sheets with 
a nucleating agent presents a viable alternative cooling 
method compared to systems that use electrical energy for 
cooling.
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