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A B S T R A C T

This study presents an innovative application of solid-state photocatalysis using environmentally friendly TiO2/ 
biochar composites to degrade polypropylene (PP) films and reduce plastic pollution. Biochar, derived from 
coconut shells via controlled pyrolysis, was combined with TiO2 to enhance photocatalytic activity. A 416B-type 
Central-Hybrid Experimental Design was used to optimize synthesis parameters, revealing that biochar produced 
at 280◦C with 4.1 % v/v oxygen and a TiO2/biochar weight ratio of 1.5 yields the best results. After 25 days of 
UV irradiation, films incorporated with TiO2/biochar composites exhibited an 8.7 % weight loss and a carbonyl 
index of 11.4—significantly surpassing pristine PP films. These findings demonstrate the potential of biochar as a 
sustainable solution to reduce nanotoxicity while boosting polymer degradation efficiency. This work contributes 
to the development of eco-friendly materials for mitigating plastic waste challenges.

1. Introduction

Plastics are petroleum-derived polymers that have been widely used 
because they possess remarkable physical and chemical properties, such 
as water and corrosion resistance, chemical stability, ease of molding, 
and good thermal and electrical insulation properties [1,2]. They also 
possess other attractive characteristics such as ease of production, 
versatility, and low purchase price [2]. Despite the global tendency to 
reduce the use of these materials, which is motivated by reasonable 
environmental concerns, their unique properties have hindered their 
complete substitution so far. Since the middle of the 20th century, 

hundreds of millions of tons of polymer products have been produced on 
the planet [2–5], while in 2020, global production was 367 million 
metric tons [6]. During the COVID-19 pandemic, the demand for 
plastic-derived products such as facemasks rose sharply [7], which also 
implied an increased production of the polymers that comprise them (i. 
e., PP and PE [7]). However, despite the advantages of plastics in 
everyday life, the adverse effects of their improper disposal on the 
environment are becoming increasingly evident. In the case of plastics 
used in packaging and containers [8,9], it has been reported that 40 % 
eventually ended up in landfills, 32 % were dumped into the environ
ment, contaminating soils and oceans, while 28 % was collected for 
further use, either in incineration (for energy production) or for 
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recycling. It is estimated that only 2 % were recycled to obtain products 
with similar characteristics to the original ones, while 8 % was destined 
for "cascade" recycling. Currently, the generation of plastic solid waste 
represents a significant problem due to factors such as: the large land 
occupation required for the disposal of these wastes; their low degra
dation rate [10], which implies their permanence up to hundreds of 
years in the disposal site [9]; the contamination of water, soil, flora and 
fauna that can be caused by their inadequate disposal [2,11,12]; prob
lems in the operation of landfills because these materials are difficult to 
treat and stabilize geotechnically [11], since plastics are bulky materials 
that hinder landfill compaction and delay the degradation of other 
organic materials [13]; and finally, the landscape impact when they are 
abandoned in the open air [11]. Polyolefin-based (i.e., PP or PE) plastic 
bags currently represent another type of environmental threat because 
their incorrect disposal harms aquatic and terrestrial biota [14] [15] and 
may promote the appearance of human diseases [16]. Many countries 
have banned plastic bags to reduce their adverse effects [17–19]. 
However, since packaging, containers, facemasks, and other 
polyolefin-based products have proven to be necessary for the daily 
activities of global society; and, taking into account that their prohibi
tion could generate traumas in these activities due to the reliance of 
people and the industrial sector on their use, it is necessary to develop 
products that meet the same need, but that do not generate the same 
negative impacts.

It is necessary to mention that the common methods for disposing of 
and treating polyolefin waste include incineration, recycling, and sani
tary landfills. Incineration produces toxic compounds, acid gases, and 
heavy metals, harming the environment and health [20–22]. Recycling 
is not yet an economically viable option due to high operating costs [2, 
21]. Finally, landfills are not a sustainable alternative because after their 
capacity has been filled, they cannot be reused, so they should be 
considered the last option. Biodegradation is also under heavy study, but 
its large-scale applicability is not yet clear [23], and the current 
biodegradable polymers do not possess good mechanical properties as 
the conventional plastics do [24,25]. However, research is being 
addressed to improve these properties through biodegradable polymer 
blending [25].

On the other hand, TiO2 photocatalysis is effective for the treating 
hazardous and poorly biodegradable substances [26–29]. Due to its 
non-selectivity, low chemical toxicity, and operation at a relatively low 
cost, this advanced oxidation process is as a possible alternative or aid to 
common decontamination treatments. Aeroxide-P25 TiO2 is the com
mercial brand of TiO2 employed in most of the works using 

photocatalysis. This is a mixture of the crystallographic phases of TiO2 
Anatase (80 %) and Rutile (20 %) that due to its synergistic effects has 
usually shown remarkable optoelectronic properties, greater than those 
of other types of TiO2 [20,30]. Even though most publications on pho
tocatalysis are focused on treating contaminants in aqueous and gaseous 
media, there have been relatively few reports on solid-state degradation, 
most related to plastic degradation. Recently, Castilla-Caballero et al. 
[31] presented a review highlighting the main milestones in applying 
solid-state photocatalysis for plastics abatement. There, some reports 
showing promising results on the degradation of PP, PE, and PVC are 
discussed. However, given the chemical nature of polyolefins and TiO2, 
the agglomeration of the semiconductor within the polymeric network 
hinders the degradation process. This is because it decreases the inter
facial area between the polymer to be degraded and TiO2, as well as 
accelerates whitening, which decreases the penetration of light -that 
promote photocatalysis- into the material [20,32].

Furthermore, the hydrophobic nature of polyolefins, along with 
accentuating its low biodegradability rate, dramatically inhibits the 
photocatalytic activity of the semiconductor. The reason for this 
behavior is that the scarcity of water molecules in the polymeric 
network limits the occurrence of the strong oxidizing species (such as 
hydroxyl radicals) responsible for destroying the contaminants through 
photocatalysis. Besides, TiO2, despite being the most employed photo
catalyst due to its notable properties, exhibits an elevated rate of 
recombination of the photogenerated electron-hole pairs and a reduced 
utilization of the solar spectrum, which hinders greater exploitation of 
solar photocatalysis. Additionally, due to its reduced size, TiO2 shows a 
nanotoxicity risk to living beings if released into the environment 
because it can penetrate their cells. Furthermore, there are reports on 
using aqueous-phase photocatalysis to transform plastic wastes into 
added-value products [33–36], but in those cases, the required water 
may be polluted due to the aggressive reagents needed for this 
application.

The potential benefits of Aeroxide P25 TiO2/biochar composites in 
reducing the recombination rate of electron-hole pairs and the semi
conductor band gap are remarkable [37]. Further, it has been reported 
that biochar can improve the mechanical properties (tensile modulus, 
flexural strength, and/or stiffness) of specific polymers such as poly
propylene, polylactic acid, epoxy resin and others [38], and rHDPE [39]
when employed as a filling agent, and even reduce their environmental 
impact [39]. They are advantageous compared to other biofillers (wood, 
jute, flax fiber) because they possess high thermal stability [38]. Along 
with this, it has been reported that biochars can exhibit compatibility 
with petrochemical related plastics, showing a low tendency to form 
dispersed phases when mixed [38]. In addition, biochar pores can serve 
as mechanical attachment points that allow polymers to embed in them 
[38]. Also, due to the high porosity and the presence of hydrophilic 
functional groups in their structure that may form during pyrolysis, 
biochars may have the ability to absorb surrounding moisture [40,41], 
which would be beneficial to generate hydroxyl radicals which are 
relevant for the solid-state abatement of plastics.

Additionally, because biochar can be obtained from many types of 
waste, the storage capacity of landfills could be alleviated by trans
forming these wastes into added-value materials. Moreover, their pro
duction does not compete with food crops, as would be the case with 
other types of biological additives. In this work, coconut shells were 
used to produce biochar because they are a typical waste from Colom
bian agro-industries. In addition, the nanotoxicity effect associated with 
TiO2 could be prevented by using biochar microparticles as titania 
support. As a result, in this work, a novel strategy is presented for 
degrading PP-based films through solid-state photocatalysis using TiO2 
modified with biochars synthesized through the pyrolysis of coconut- 
shell wastes. The purpose is, along with contributing to environmental 
science research, to expand the current knowledge of solid-state pho
tocatalysis, giving insight into how the synthesis conditions of the novel 
TiO2/biochar catalyst employed (temperature and O2 content of 

Nomenclature

B-T TiO2/biochar composites
CI Carbonyl Index
HDPE or rHDPE High-density polyethylene or recycled HDPE
LDPE Low-density polyethylene
PE Polyethylene
HI Hydroxyl index
i-t Current vs time
%O2 Oxygen percentage in the pyrolysis reaction
OCP Open circuit potential
PL Photoluminescence
PP Polypropylene
PVC Poly (vinyl chloride)
T/B, Ti/B or TiO2/biochar Mass ratio of TiO2 and biochar used 

for their coupling
Tcal Calcination temperature used for coupling TiO2 with 

biochars
Tpyrol Pyrolysis temperature
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pyrolysis, TiO2/biochar ratio and calcination temperature) impact the 
reaction rate of the solid-state elimination of PP by using a robust 416B- 
type Central-Hybrid Experimental Design. This kind of experimental 
design is attractive when an elevated number of factors are to be 
analyzed because they have a reduced (almost minimal) number of ex
periments, keeping a degree of orthogonality (like the well-known 
Central Compound Designs), which allow more accurate estimation of 
the effects, and approximate rotatability, to ensure the quality of pre
dictions [42,43]. With it, the balance between statistical rigor and 
experimental efficiency is a plus. Also, this type of design permits the 
analysis of each factor’s effect on the response variable individually and 
their interactions.

2. Materials and methods

2.1. Materials

Biochars were synthesized by the slow pyrolysis (temperature range: 
280 − 420 ◦C, reaction time: 1 h, heating rate: 10◦C/min) of coconut 
shell wastes obtained from the Colombian Pacific Coast, employing an 
atmosphere consisting of N2 and minimal or null amounts of O2 (0− 5 % 
v/v). The pyrolysis was performed in six parallel cylindrical ceramic 
reactors with lid that were placed inside a muffle furnace (Multi-purpose 
muffle from Terrigeno). The reactors were initially loaded with ~25 g of 
ground coconut shells (particle size less than 250 µm) and fed with a 
continuous flow of 4210 ml/min of the N2/O2 stream during the 
carbonization process. A detailed description of biochar synthesis is 
indicated in ref. [44]. Aeroxide TiO2 P25 from Evonik (~ 80 % anatase 
and 20 % rutile, average diameter of the primary particles of 21 nm, 
specific surface area of 50 m2 g− 1 and density of ~ 4 g/cm3 [45]) was 
used for the experiments. The coupling of TiO2 and biochars for 
obtaining the TiO2/biochar composites that were further used to fabri
cate the PP-based nanocomposites was made by using a facile wet 
impregnation/calcination method that comprises mechanical stirring of 
biochar and sonicated TiO2 for four hours in distillated water. Next, this 
mixture was centrifugated at 10000 rpm for 20 min to remove most of 
the water. Then, the material was dried at 80◦C overnight and calcinated 
from 30◦C to 800 ◦C in an N2 atmosphere for 30 min to produce the 
TiO2/biochar composites. The calcination was conducted in a tubular 
furnace (GSL-1100X) using combustion-boat crucibles as containers. 
This procedure is described in Schematic 1 and further explained in ref 
[37], along with the presentation of a comprehensive characterization of 
the TiO2/biochar composites which included XRD, XPS, FT-IR, UV-Vis 
DRS, PL, SEM, BET surface area, and electrochemical analysis, some of 
which are summarized in Table S 1. Pro-fax SG702 polypropylene in 
pellets (LyondellBasell) was used to manufacture pure and modified 
PP-based films. This compound is a high-impact polypropylene copol
ymer with a relative density of 0.9 g/cm3 (23◦C, ASTM D792) and a melt 
flow index (230◦C/2.16 kg) of 18.0 g/10 min (ASTM D1238) [46].

2.2. Synthesis and characterization of the PP-TiO2/Biochar composites 
and films

The preparation of the PP-TiO2/Biochar composites was made 
through a laboratory scale extruder (LME 120 from Dynisco) as follows: 
initially, the TiO2/biochar material obtained in the impregnation stage 
was manually mixed with PP pellets and placed in a vessel. For each 
extrusion run, 10 g of PP and 100 mg of TiO2/Biochar were used, so that 
the mass percentage of the TiO2/Biochar load in the PP-TiO2/Biochar 
composite was 1.0 wt%. Then, the pre-mix of PP with TiO2/Biochar was 
carefully fed into the extruder hopper, where the extrudate began to 
flow out continuously. The head and rotor temperature of the extruder 
and the rotor speed were previously fixed at 183 ◦C and 162 ◦C, 
respectively, whereas the rotor speed was set at 44.4 rpm. Furthermore, 
for the correct operation of the extruder, a water flow of approximately 
200 cm3/min was provided in the cooling jacket of the feed hopper. For 

this purpose, a Wheaton-Omnispense peristaltic pump was used, oper
ating at 145 rpm. Due to the better homogeneity of the resulting PP- 
TiO2/biochar composite, the last protruding half of the extrudate was 
selected, chopped, and collected in resealable bags. Also, to evaluate the 
photolytic and the photocatalytic degradation of PP using only TiO2 
(and not biochar, nor TiO2/biochar), extrudate blanks of virgin PP and 
PP with TiO2 alone (using TiO2 loads of 0.1, 0.5 and 1.0 wt%) were 
synthesized according to the steps mentioned before. Next, the chopped 
extrudates were hot-pressed using a Carver press operating at 5000 lbf 
and a temperature of 175◦C in both plates, which allowed to obtain thick 
films (~ 0.1 mm, measured with an electron micrometer, SHARS 0–1 "). 
Hot-pressing was performed in batches for one minute using 700 mg of 
extrudate and subsequently, the films produced were allowed to cool 
down in air for 30 s. These films were then cut into 1.4 cm x 3.9 cm 
pieces for being submitted to photodegradation tests.

The amount of TiO2 present in the plastic films was determined 
indirectly by detecting the Ti elemental content of the samples through 
the X-ray fluorescence technique (S1 TITAN - Handheld XRF Analyzer 
from Bruker) by comparing the amounts of titanium present in the virgin 
samples (PP films) with those found in the PP-TiO2/biochar and PP-TiO2 
based materials. The detection limits of the instrument are 100 ppm for 
one minute of measuring time and decrease to 25 ppm after four minutes 
of measuring time, according to the user’s (Soil Net) experience. In all 
cases, the measuring time was approximately one minute, however. On 
the other hand, a comprehensive characterization of the TiO2/biochar 
composite alone is presented in ref. [36].

2.3. Solid-state photocatalytic degradation of PP

The photodegradation tests were carried out in a dark room using 
two 15 W black-light UV lamps (F15T8 / BLB) with an emission peak of 
368 nm and maximum irradiance of 1.75 x 10− 5 W/cm2 nm, which were 

Schematic 1. Wet impregnation method for producing the TiO2/Bio
char composites.
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located ~7 cm above the films (See Fig. 1). The emission spectrum and 
spectral power of the lamps can be found on the supplier’s (GE Lighting) 
website. The photodegradation experiment lasted 25 days, during which 
the change in the mass of the films was measured using a digital 
analytical balance (AG245 from Mettler Toledo, 0.1 mg sensitivity). 
Then, the weight loss of the films was calculated according to Eq. (1), 
where m0 represents the initial weight of the films and mf is the weight 
of the films after the photodegradation process: 

%Weight loss = 100 ∗
m0 − mf

m0
(1) 

On the other hand, the oxidation of the films was measured indirectly 
by detecting the evolution of the carbonyl groups through FTIR spec
troscopy using a Spectrum 100 apparatus from PerkinElmer. This 
allowed the calculation of the carbonyl index (CI, see Eq. (2)), stated as 
the ratio between the area of the carbonyl absorption band, AC (1700 – 
1800 cm− 1), and the area of a reference band, AR, which remains 
chemically stable during the process of aging. In this case, the C− H 
stretch band was selected as the reference band, whose area was esti
mated in the 2700 − 2750 cm− 1 range, having a peak around 2720 cm− 1 

[20,47,48]. 

Carbonyl Index =
AC

AR
(2) 

Similarly, the hydroxyl index (HI) was calculated according to Eq. 
(3). This index has also been employed in the evaluation of the photo
oxidation of polyolefins [48]. It is defined as the ratio between the area 
of the absorption band of the hydroxyl groups, AOH (3200 – 3600 cm− 1), 
and the area of the reference band, AR, which is the same one defined 
earlier. 

Hydroxyl Index =
AOH

AR
(3) 

2.4. Statistical optimization analysis

The degradation of PP films was analyzed with a 416B-type central- 
hybrid experimental design [42,49] coupled with the response surface 
methodology. The hybrid experimental designs are attractive when an 
elevated number of factors are to be analyzed because they have a 
reduced (almost minimal) number of experiments, a degree of orthog
onality like central compound designs, which allow more accurate 
estimation of the effects, and approximate rotatability, to ensure the 
quality of predictions [42,50]. This kind of design is desirable for 
analyzing the effect of each factor on the response variable, both indi
vidually and in their interactions. For better clarity, in the title of the 
experimental design (416-B) the first digit indicates the number of the 
variables, the next two digits are the number of points, and the letter 
differentiates the table design from others of the same size [42]. Due to 
our objective is analyzing the best combination of raw material pre
treatment to produce a photodegradable polymeric matrix, degradation 
percentage was considered as the response variable and, the effect of the 
following 4 factors on the photodegradation of the films was evaluated: 
the temperature and oxygen content (%v/v) in the pyrolysis reactor 

where biochars were synthesized, the TiO2/biochar ratio in the 
impregnation process employed to fabricate the TiO2/biochar compos
ites, and the calcination temperature of the PP-TiO2/Biochar composites 
(see Table 1) that were used with PP to produce the plastic films. The 
temperatures and percentages of oxygen in the pyrolysis used in the 
experimental design were detailed in ref. [44], whereas the TiO2/
biochar ratios in the impregnation process ranged between 0.1 and 1.5, 
as suggested for supporting TiO2 on carbonaceous materials [51]. The 
calcination temperatures of the PP-TiO2/biochar composites were taken 
from previous experimental runs conducted by the authors. It is worth 
mentioning that the calcination process sought to improve the disper
sion of the TiO2 particles in the biochar matrix, as suggested in ref. [52]
and by some prior experimental findings of the authors. With a good 
dispersion of the semiconductor particles in the biochar, an improve
ment in the photocatalytic efficiency is expected. Besides, the TiO2/
biochar load on the PP matrix was 1 % wt in all the films, which is within 
the range suggested for composite materials that use P25 TiO2 [20].

Additionally, an analysis of variance (ANOVA) was performed to 
verify the model’s suitability, together with the significance of the main 
factors and their interactions. The accuracy and applicability of the 
proposed model through the response surface methodology were eval
uated through the statistical F value and the coefficient of determination 
(R2 and adjusted R2). The effect of photolysis (degradation of PP without 
TiO2 or TiO2/biochar) and the photodegradation of the films using TiO2 
alone (without biochar) was also evaluated. Therefore, photo
degradation blanks were considered as shown in the experimental runs 
#18 − 21 (Table 1). In addition, two replicates were made to evaluate 
the repeatability of the results. The optimization of the photo
degradation of the films was carried out using Statgraphics 18.

3. Results and discussion

3.1. Plastic films production

Fig. S 1 portrays the images of the PP-TiO2/biochar (or PP-TiO2/ 
biochar) pellets manufactured by the extrusion process and the com
mercial virgin PP pellets used in this work. The figure shows the blackish 
coloration of the pellets containing biochar, while those containing TiO2 
without biochar show a lighter shade, due to the presence of TiO2. 
Additionally, Fig. 2 shows the films obtained by thermocompression. 

Fig. 1. Experimental setup for the photodegradation of the films.

Table 1 
416B-type central-hybrid experimental design for evaluating the TiO2/biochar 
synthesis conditions on the films photodegradation.

Experimental 
run

Pyrolysis 
temperature, 
◦C

Oxygen 
content in 
pyrolysis, 
%

TiO2/ 
biochar 
ratio

Calcination 
temperature, 
◦C

1 350 2.50 0.80 800
2 350 2.50 0.80 246
3 304 0.85 0.34 488
4 396 0.85 0.34 488
5 304 4.15 0.34 488
6 396 4.15 0.34 488
7 304 0.85 1.26 488
8 396 0.85 1.26 488
9 304 4.15 1.26 488
10 396 4.15 1.26 488
11 420 2.50 0.80 30
12 280 2.50 0.80 30
13 350 5.00 0.80 30
14 350 0.00 0.80 30
15 350 2.50 1.50 30
16 350 2.50 0.10 30
17 350 2.50 0.80 321
18 Pristine PP
19 PP-TiO2− 0.1wt%
20 PP-TiO2− 0.5wt%
21 PP-TiO2− 1.0 wt%

D. Castilla-Caballero et al.                                                                                                                                                                                                                    Applied Catalysis A, General 697 (2025) 120196 

4 



The average thickness of the films was 0.1 mm, and they were produced 
with a diameter of approximately 12 cm. Fig. 2 shows a visible homo
geneous distribution of the filler materials in the modified films. In 
addition, this figure shows the development of a white color in the PP- 
TiO2 formulation and a blackish color in the PP-TiO2/biochar formula
tion. These shades varied slightly with the composition of the materials. 
On the other hand, the virgin PP films maintained a translucent 
appearance.

3.1.1. X-ray fluorescence (XRF) analysis of the films
Table 2 reports the percentage of titanium in the PP, PP-TiO2 and PP- 

TiO2/biochar-based plastic films detected through the X-ray fluores
cence technique. Through this technique it was possible to verify that 
the synthesis of the PP films modified with TiO2 or TiO2/biochar 
allowed the semiconductor fixation in the plastic material since the 
values of the titanium concentration in the virgin polypropylene films 
were null. Virgin PP should not exhibit TiO2 or Ti even though the 
detection limit of the XRF instrument is 0.01 % (100 ppm). Nonetheless, 
lower Ti contents could be detected in other studies where TiO2 was 
inserted in PVC, PP, and HDPE matrices [53]. The XRF analysis also 
reported Ti contents in polymer-derived ceramics pyrolyzed at different 
temperatures [54]. So, the XRF’s capability and detection limit can 
guarantee that low values would not alter the analysis presented in the 
document.

The highest titanium concentration was found in PP/TiO2 films (PP 

and TiO2 only) at 1 % (1.0 wt% TiO2 in the film). It is believed that this 
high TiO2 content conferred this type of films a good photodegradation 
performance, as will be shown later in Section 3.2.1. Furthermore, in 
Table 2 can be observed that for samples prepared with low values of the 
TiO2/Biochar ratio in the impregnation (Ti/Bc of 0.1 and 0.8), a rela
tively low titanium (TiO2) fixation in the films is obtained, while when 
the ratio is high, in general, high values of titanium fixation were ob
tained. These results are generally congruent with the composition re
sults of the TiO2/Biochar samples detected by XPS (see Section 3.2.2
from ref. [37]). However, it is worth mentioning that the XRF results 
indicated that sample #1, despite having one of the lowest TiO2/Biochar 
ratios (0.8), presented a relatively high percentage of titanium in the 
films. The reason could be the formation of Ti–O–C bonds generated in 
the calcination of the TiO2/Biochar samples at 800◦C, detected by X-ray 
emitted photoelectron spectroscopy (XPS) and infrared spectroscopy 
(FTIR-ATR) (See Sections 3.2.2 and 3.2.4 from ref. [37]). These bonds 
would allow TiO2 particles to be fixed in high proportion in the biochar 
and in the plastic films after extrusion with PP.

In addition, the surface area of the TiO2/biochar samples could also 
have been a determinant in the ultimate presence of titanium. As was 
shown in previous work [37] for example, when analyzing the surface 
area, [36]values of samples # 1 and 10, which have higher surface area 
values (171.2, 145.8 m2/g), compared to samples #17 and 7, which 
have lower surface area values (40.6, 75.6 m2/g); a higher percentage of 
titanium (0.7, 0.75 vs. 0.5, 0.5 percentage of Ti for films #1,10, 17 and 7 
respectively) is observed in the films for the samples with higher surface 
area. Exceptional is the case of sample #15, for which the percentage of 
Ti in the films was 0.75 and the surface area of TiO2/Biochar was 
41.7 m2/g. In this case, a possible explanation for the high value of ti
tanium concentration in the films is the use of a high titanium/Biochar 
ratio in the impregnation tests (TiO2/Biochar ratio = 1.5).

3.2. Photodegradation of the plastic films

3.2.1. Weight loss results
The degradation of the pristine PP, PP-TiO2 and PP-TiO2/biochar 

based films, evaluated as the weight loss (see Eq. (1)), is presented in 
Table 3. This table indicates that the presence of TiO2 or TiO2/biochar 
particles cause weight loss of the polymer films during photoexposure, 
while the photoexposure of virgin PP films (films without TiO2 or TiO2/ 
biochar) has a negligible effect on weight loss. These results agree with 
previous studies on the photodegradation of polyolefins with TiO2 and 
other semiconductors [20,21,47], which reported that the semi
conductor accelerates the polymer photodegradation process. In 
contrast, the exposure of the virgin polymer under similar radiation 
conditions causes slight changes in its mass. Table 3 shows that the 
percentage degradation of films containing only PP and TiO2 increases 
with TiO2 content, reaching a maximum degradation of 16.5 % with the 
formulation PP-TiO2 - 1 % (polypropylene extruded with 1 % wt. TiO2). 
The degradation of PP films with 0.5 % TiO2 was ~5 times higher 
compared to films with a concentration of 0.1 % TiO2; in turn, the 
degradation of films with 1 % TiO2 was ~16 times higher than that 
obtained with 0.1 % TiO2 and 3 times higher than that obtained with 0.5 
% TiO2. This behavior is because at higher concentrations of the pho
tocatalyst, there is a more significant number of adsorption sites favor
ing the generation of oxidizing species that promote the degradation of 
the polymer.

Regarding the TiO2/Biochar material, the highest degradation values 
were obtained with films # 2, 7, 9, 12 and 15, exhibiting degradations 
between 6.9 % and 8.7 %. Conversely, film type #15 (obtained with 
biochar synthesized at 350◦C and with 2.5 % v/v in the pyrolysis reac
tion, with a TiO2/biochar ratio of 1.5 in the impregnation process and 
without calcination) showed a degradation percentage of 8.7 %, which 
is equivalent to more than half of the maximum degradation (16.5 %). 
This result may be attributed to the relatively high concentration of TiO2 
that this type of film had (0.75 % of Ti content, according to the Table 2) 

Fig. 2. Plastic films produced in this work. a) Films based on virgin poly
propylene. b) PP-TiO2 P-25 films. c) PP-TiO2/biochar films.

Table 2 
Percentage of titanium in plastic films estimated by XRF.

Type of film* Tpyrol, 
◦C

% 
O2

TiO2/ 
Biochar

TCal, 
◦C

% Ti

1 350 2.5 0.8 800 0.7
2 350 2.5 0.8 246 0.8
3 304 0.85 0.34 488 0.45
4 396 0.85 0.34 488 0.4
5 304 4.15 0.34 488 0.4
6 396 4.15 0.34 488 0.45
7 304 0.85 1.26 488 0.5
8 396 0.85 1.26 488 0.8
9 304 4.15 1.26 488 0.625
10 396 4.15 1.26 488 0.75
11 420 2.5 0.8 30 0.55
12 280 2.5 0.8 30 0.6
13 350 5 0.8 30 0.6
14 350 0 0.8 30 0.55
15 350 2.5 1.5 30 0.75
16 350 2.5 0.1 30 0.1
17 350 2.5 0.8 321 0.5
Pristine 

PP* *
- - - - Undetectable

PP-TiO2 

(1 %)
- - - - 1.53

*Film type refers to the films that were produced with the materials corre
sponding to the experimental design shown in Table 1.
* *PP-virgin and PP-TiO2 (1 %) correspond to films obtained with virgin poly
propylene and extruded polypropylene with 1 % TiO2, respectively.
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since the number of active sites promoting photodegradation is pro
portional to the catalyst concentration.

Fig. 3 shows the evolution of the degradation of various types of films 
during photoexposure. The figure displays a remarkable difference be
tween the degradation obtained in films 21 and 15 (corresponding to 
those made with TiO2 and TiO2/biochar according to the conditions 
shown in Table 1) compared to films #18, which are those made of 
virgin PP. Even though PP and TiO2 samples showed the highest 
degradation (~16 %), the PP-TiO2/biochar formulation behaved simi
larly. These formulations are environmentally and economically bene
ficial because of the use of a material (biochar) extracted from biomass 
waste (coconut shells).

These results are similar to those obtained in previous works where a 

semiconductor was used as a photocatalyst. Bustos et al. reported a 
weight loss of ~1.35 % after 8.5 days of photoexposition for PP films 
modified with quasi-spherical zinc oxide nanoparticles (1.0 % wt.) [47]. 
Otherwise, Garcia-Montelongo et al. reported a ~8 % weight reduction 
of PP films modified with 1 % wt. TiO2 P25 after six days of photo
exposure [20]. Compared to the results shown in Fig. 3, the modification 
with the commercial P25 exhibited better photodegradation because the 
intrinsic properties of this material and the experimental conditions 
were different than those considered in this study (e.g. higher radiation 
intensity and a different brand of PP). Other studies have explored PP (or 
other polymers) photooxidation as an inconvenient feature [54–56], so 
the research target is to assure polymer stability. However, polymers’ 
photodegradations were assessed in these previous reports, and they are 
much lower than the achieved ones with the TiO2/biochar materials. 
This difference evidences the positive effect of the TiO2/biochar modi
fication for faster PP photodegradation.

3.2.2. IR spectroscopy of the photodegradable films
Fig. 4 shows the infrared transmittance spectra of three selected films 

on days 2, 19, and 25 of photoexposure with ultraviolet radiation. The 
figures show the spectra of virgin polypropylene (#18 of the experi
mental design in Tables 1), 1.0 % PP-TiO2 (#21 of the experimental 
design in Table 1), and PP-TiO2/biochar #15 of the experimental design 
in Table 1. The latter film was produced with biochar obtained at 350◦C 
and 2.5 % O2 in pyrolysis, with a TiO2/biochar impregnation ratio of 1.5 
and without the subsequent calcination step. Films 15 and 21 were 
selected since the highest weight loss was achieved on them (see Fig. 3), 
while virgin PP films were taken as reference. The presence of several 
signals associated with PP before and during photoexposure was verified 
using FTIR analysis. Among them, one can list the symmetric and 
asymmetric stretching of the CH3 and CH2 functional groups (methy
lenes and methylenes) comprised between 2840 and 2950 cm− 1, the 
deformation of methylenes and methylenes at 1460 and 1380 cm− 1, and 
a medium intensity signal associated with the stretching of the C–C 
bond, at ~1160 cm− 1 [57,58]. Fig. 4 indicates that these signals 
appeared significantly during photoexposure tests on all types of films.

On the other hand, to verify that the insertion of TiO2 and TiO2/ 
Biochar particles in the polymer matrix increased the photodegradation 
of the films, the evolution of carbonyl groups was monitored. These 
groups, which are detected around 1715 cm− 1 in the infrared spectrum, 
appear in low molecular weight compounds that are generated during 
photooxidative reactions of polyolefins such as PE and PP [20,47,48]. 
Among the low molecular weight products generated are reported lac
tones, esters, ketones, carboxylic acids, etc. [20,47,48]. It is interesting 
to note that in Fig. 4b) and c), which describe the infrared spectra on 
days 19 and 25 of photoexposure, peaks appear around 1715 cm− 1 for 
films #15 and 21, which correspond to the films containing TiO2/
biochar and TiO2. In contrast, for the case of the virgin PP films in those 
figures, the peak signal is negligible. On the other hand, Fig. 4a) does not 
show a significant signal around this peak for any of the films, which is 
reasonable because it corresponds to the early stages of photo
degradation (day #2). The appearance of these peaks on days 19 and 25 
of the tests may suggest that the presence of TiO2 and TiO2/Biochar 
initiated and/or accelerated the photooxidation of the polymer matrix, 
giving rise to lower molecular weight compounds containing carbonyl 
groups.

On the other hand, an increase in the signals of OH groups between 
3050 and 3570 cm− 1 is also detected in the films as photoexposition 
proceeds. An augmented view of Fig. 4, especially in the film #21 
(compare spectra from day 0, 19, and 25) permit to have a better glimpse 
of the signals. As an example, Fig. S 2 shows the magnified OH absor
bance peaks of the #15 and #21 samples. These signals appear due to 
the formation of hydroperoxide and alcohol type compounds during the 
photooxidation process [21,48] and also due to the moisture present in 
the films due to their hydrophilic capacity. The signal is detected with 
higher intensity for the PP-TiO2 composite, given the high hydrophilic 

Table 3 
Degradation of the plastic films with exposure time of 25 days under UV radi
ation (peak wavelength of 368 nm).

Type of film* Tpyrol, 
◦C

% 
O2

TiO2/ 
biochar

TCal, 
◦C

Degradation 
(%)

1 350 2.5 0.8 800 1.7
2 350 2.5 0.8 246 6.9
3 304 0.85 0.34 488 1.3
4 396 0.85 0.34 488 1.3
5 304 4.15 0.34 488 1.5
6 396 4.15 0.34 488 1.8
7 304 0.85 1.26 488 7.4
8 396 0.85 1.26 488 5.2
9 304 4.15 1.26 488 7.7
10 396 4.15 1.26 488 6.1
11 420 2.5 0.8 30 4.4
12 280 2.5 0.8 30 7.9
13 350 5 0.8 30 6.5
14 350 0 0.8 30 5.9
15 350 2.5 1.5 30 8.7
16 350 2.5 0.1 30 0.2
17 350 2.5 0.8 321 5.3
18 (Pristine 

PP**)
- - - - 0

19 (PP-TiO2 - 
0.1 %)

- - - - 1.0

20 (PP-TiO2 - 
0.5 %)

- - - - 5.4

21 (PP-TiO2 - 
1 %)

- - - - 16.5

*Film type refers to the films produced with the materials corresponding to the 
experimental design shown in Table 1.
* *Pristine PP and PP-TiO2 (0.1, 0.5 and 1.0 %) correspond to films obtained 
with virgin polypropylene and polypropylene extruded with 0.1, 0.5, and 1.0 % 
TiO2, respectively.

Fig. 3. Weight loss evolution of plastic films.
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capacity of TiO2, in conjunction with the high photocatalytic activity 
that generates the oxidation products mentioned before.

The potential effect of the dipolar coupling on the measurements and 
characterization of the possible chemical compounds is determined by 
the size of these molecules [59]. This effect is stronger for the OH-based 
compounds than the CO-based ones. In our case, the oxidation 
by-products are mostly low-molecular compounds unaffected by a 
dipolar coupling.

Once these data were obtained, the carbonyl index was estimated 
(see Eq. (2)), which is one of the most used parameters for the evaluation 
of the extent of polypropylene degradation [20,47,48]. Table 4 reports 
the carbonyl indices of the samples after the end of the photoexposure 
process (day 25). As expected, the carbonyl and hydroxyl indices of the 
virgin PP films after the end of the photoexposure process were low (0.8 
and 0.0, respectively), especially considering the duration of the 
degradation process (25 days). This finding is consistent with that re
ported in the literature for the photooxidative degradation of poly
propylene [20,47,48]. Garcia-Montelongo et al. [20] and Bustos-Torres 
et al. [47] found carbonyl indices with values around ~2.6 and ~2.4 for 
the degradation of PP modified with TiO2-P25 and ZnO, respectively; 
while for virgin PP, the carbonyl indices were 0.4 and 1.7, respectively. 
As for virgin PP, the results of these authors agree with those obtained in 

our work, which indeed indicates that the photooxidation of this un
modified polyolefin is reduced. On the other hand, our CI values for PP 
modified with TiO2 and TiO2/Biochar are higher than the cited works, 
which may be associated with the duration of the photodegradation 
process. However, recently, Prasert et al. [60] reported CIs of ~3.4 for 
PP specimens modified with up to 2w/w% of ZnO that were subjected to 
more than 18 weeks of exposure to sunlight (UV index in the experi
ments comprised between 8 and 14), which is a much longer time than 
that used in our work.

Generally, it is considered that the photooxidation of polypropylene 
is associated with the abstraction of its tertiary carbon hydrogens, by 
means of the attack of free radicals formed by the decomposition of 
impurities (carbonyl groups, peroxides, hydroperoxides and unsatura
tions) of the polymer that originate during its synthesis and processing 
[48,57,61,62]. Under weather conditions and absence of these initiating 
agents, the photodegradation of PP is very limited due to its low ab
sorption of energy from the incoming solar spectrum at the earth’s 
surface [48] and to the presence of stabilizers. On the other hand, it is 
reported that when the polymer is exposed to high-intensity radiant 
sources with emission wavelengths between 320 and 290 nm, photolysis 
of the polymer could proceed, since there would be a greater probability 
of breaking the C–C (energy bond of 375 kJ/mol, energetically equiv
alent to 320 nm radiation) and C–H (energy bond of 420 kJ/mol 
energetically equivalent to 290 nm radiation) bonds present in its 
structure [20]. In our work, photoexposure tests were carried out with 
UV radiation lamps with peak emission at 368 nm, with maximum 
irradiance value of 1.75 x 10− 5 W/cm2 nm for that wavelength. For this 
reason, low photodegradation values of the virgin polymer were 
observed, which agrees with the weight loss results reported in Fig. 3.

Fig. 4. Infrared spectrograms of the photodegradable films on days: a) 2, b) 19, and c) 25 of photoexposure. PP: indicates virgin polypropylene film, while #15 and 
#21 indicate the type of film according to the experimental design shown in Table 1.

Table 4 
Carbonyl and hydroxyl index of films in day 25 of photo-exposure.

Type of film Carbonyl index Hydroxyl index

Virgin PP 0.8 0.0
PP-TiO2/Biochar (#15) 11.4 10.5
PP-TiO2 (#21) 7.5 18.1
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Now, the high carbonyl and hydroxyl indices for the samples with 
TiO2 and TiO2/biochar show that the incorporation of these materials 
into the polymer matrix could have accelerated their degradation pro
cess, as lower molecular weight compounds containing carbonyl and 
hydroxyl groups were formed [20,47,48]. The weight loss of the films 
reported in Fig. 3 suggests that the carbonyl and hydroxyl indices for 
these samples would be higher than those of the virgin PP films at the 
end of the photoexposure period, assuming a direct relationship be
tween mass loss and the appearance of carbonyl indices. However, the 
results did not show a direct relationship, as Fig. 3 shows that the 
degradation was higher for the PP-TiO2 (1 % wt) films, while the 
carbonyl index (Table 4) suggests that the generation of compounds 
with carbonyl groups was more important for the TiO2/biochar films 
(#15 in the experimental design) compared to the PP films modified 
with TiO2 alone (1 % wt).

On the other hand, the hydroxyl index for films with 1 % TiO2 was 
higher than that of films with TiO2/Biochar (#15), with values of 18.1 
vs. 10.5, respectively. This result would be more in agreement with the 
photodegradation values evaluated with the weight loss shown in Fig. 3, 
in which, for the films with TiO2 (1 % wt) a degradation of 16.5 % is 
shown, while for the TiO2/Biochar (#15) films a degradation of 8.7 % 
was obtained. One explanation for the higher carbonyl index values for 
TiO2/Biochar films compared to films containing only TiO2 could be the 
possible interaction of oxidizing radicals generated in the polyolefin 
decomposition process with the biochar particles. It has been previously 
reported that the biochar surface can acquire oxygen-rich functional 
groups (C––O, OH) when in the presence of oxygen [63] in conjunction 
with ozone, oxidizing chemical species or at elevated temperatures 
[64–66]. For example, it has been shown that ozone can react with the 
unsaturated rings of biochar to generate carbonyl or carboxylic groups 
[65]. In our case, instead of ozone, oxidizing species are generated in the 
photocatalysis process (OH●, HOO● radicals [20]), as well as in the 
regular (non-catalytic) polyolefin photooxidation process (ROO●, RO● 
[20,48]), which probably could have oxidized the biochar surface, 
causing an increase in the signal of carbonyl groups in the infrared 
spectra. On the other hand, it is worth mentioning that the appearance of 
these oxygen-rich functional groups may cause an increase in the hy
drophilic character of the material [64,65], which would favor the 
degradation process by photocatalysis. It is possible that surface 
oxidation occurs more easily in the types of biochar obtained at rela
tively low pyrolysis temperatures such as those used in this work 
(280–420◦C) [63,65], since they have a higher amount of aromatic 
carbons with a lower degree of stabilization, as reported in ref. [65]. 
Regarding the hydroxyl indices, it is worth mentioning that the signal 
detected in the infrared between 3200 and 3600 cm− 1 could encompass 
both the presence of OH groups associated with low molecular weight 
compounds resulting from the photooxidation of PP, as well as the 
presence of adsorbed moisture, especially considering the high hydro
philic capacity of TiO2 particles [45]. On the other hand, biochar par
ticles can also have hydrophilic sites, especially when the presence of 
hydrophilic functional groups is important on its surface. In any case, 
the retention of moisture in the vicinity of the semiconductor is 
important for the performance of the photocatalytic process since it is 
required for the generation of OH● radicals, which are highly deter
minant in the photodegradation by advanced oxidation processes.

3.2.3. Statistical analysis (Pareto chart)
The standardized Pareto diagram indicating the effect of the 4 factors 

evaluated in this work (temperature and percentage (% v/v) of oxygen 
in the pyrolysis reactor, the TiO2/biochar ratio in the impregnation 
process and the calcination temperature) on the degradation of PP-TiO2/ 
Biochar films is shown in Fig. 5. The vertical blue line indicates the limit 
above which the factors are statistically significant at a 95 % confidence 
interval, and according to the figure, the TiO2/Biochar ratio in the 
impregnation process and the calcination temperature are the statisti
cally significant factors at this confidence interval. These two factors 

have a greater effect on the degradation of the films than the pyrolysis 
temperature and the percentage of oxygen in the pyrolysis. Fig. 5 in
dicates that polymer degradation increases with increasing TiO2/bio
char ratio and decreases with calcination temperature. In turn, it shows 
that the increase in pyrolysis temperature causes a decrease in degra
dation, while the increase in oxygen content in pyrolysis increases it. 
Next, a deeper analysis of the effect of each factor on the polymer 
degradation is presented.

TiO2/Biochar ratio
Increasing the TiO2/biochar ratio increases the proportion of TiO2 in 

the polypropylene films, which increases the rate at which oxidative 
species responsible for polymer degradation are generated. The XPS 
results [37] (Table S 2), indicate that as the TiO2/biochar ratio in
creases, the elemental composition of titanium also increases in the 
TiO2/biochar material; on the other hand, the XRF results reported in 
Table 2 show that the films fabricated with low values of the TiO2/
Biochar ratio in the impregnation presented a low percentage of tita
nium, while when the synthesis of the films was performed with high 
values of the TiO2/biochar ratio, the percentage was higher. Since the 
percentage of TiO2 in the films is proportional to the percentage of ti
tanium detected in the films, then, in a general way, high values of the 
TiO2/biochar ratio in the impregnation can be associated to higher 
concentrations of TiO2 in the films. This would justify the results shown 
in the Pareto plot regarding the increase in degradation as the TiO2/
Biochar ratio in the films increases.

Contrariwise, as shown in Table S 1 (Fig. 5-c), the sample with the 
highest value of TiO2/biochar ratio in the impregnation (TiO2/biochar =
1.5) showed a shift of the signals in the XPS spectrum, possibly indi
cating a more significant interaction of the active sites of titanium di
oxide with the biochar that could have influenced in the enhancement of 
the photocatalytic process. This shift in XPS-peaks positions (ascribed to 
the rise in the concentration of intervening species) has already been 
reported in the literature [67]. In our case, as mentioned before, it could 
be originated by the alteration of the chemical nature of the samples 
[68] by the higher interaction of TiO2 with biochar particles [37].

Additionally, SEM images of TiO2/biochar composites with high 
TiO2/biochar ratio showed good distribution of TiO2 on the biochar 
surface. For example, Table S 1 (Fig. 9-b) and Fig. S6 from ref. [37] show 
TiO2/biochar particles with an impregnation ratio of 1.5 and 1.26, 
respectively, with good dispersion of TiO2 in the biochar. The more 
homogeneous distribution of TiO2 is favorable for the degradation the 
plastic films, as shown in other works where polyolefins are coupled 
with TiO2 [32] and in Table 3 (see degradation of films #15 and 7, that 
correspond to the materials in Table S 1 (Fig. 9-b) and S6 from ref. [37], 
respectively). Additionally, the higher the proportion of TiO2 particles in 
the films (due to a higher TiO2/Biochar ratio in the impregnation pro
cess), the higher the number of centers with a highly hydrophilic char
acter that would benefit the photocatalysis process. The results of the 
hydroxyl index presented in Table 4 could support this suggestion, 
considering that for the PP films modified with TiO2 only the HI was 
higher than those modified with TiO2/biochar. This could be associated 

Fig. 5. Standardized Pareto diagram for the degradation of the PP-TiO2/Bio
char films. Factors: A: Pyrolysis temperature; B: % Oxygen in pyrolysis; C: TiO2/ 
Biochar ratio in impregnation; D: Calcination temperature.
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with the fact that TiO2 particles have hydrophilic character [69], while 
biochar surface could have both hydrophilic and hydrophobic sites, 
depending on the functional groups present and the degree of carbon
ization of the material [64,70].

Lu et al. [71] report that the increase in the proportion of biochar in 
the TiO2/biochar composite could cause a reduction in the photo
degradation of contaminants, since the excess of biochar may block the 
passage of incoming radiation to the semiconductor. Then, with an in
crease in the TiO2/biochar ratio in the impregnation process, one would 
have films with a lower proportion of biochar and thus less opportunity 
for blocking incoming radiation. A decreased radiation absorption could 
be a reason to explain the lower degradation values obtained for 
PP-TiO2/biochar films compared to PP-TiO2 films, as shown in Table 3
and Fig. 3. However, it would not correspond with the higher value of 
carbonyl index reported for PP-TiO2/Biochar films (Table 4).

Calcination temperature
The calcination process sought to improve the dispersion of the TiO2 

particles in the biochar matrix as suggested in ref. [52] and the previous 
tests of this work. With a good dispersion of the semiconductor particles 
in the biochar, an improvement in the photocatalytic efficiency is ex
pected. However, the images obtained through electron microscopy are 
not conclusive in this respect (See Table S 1 (Fig. 9a-b), and Figs. S 5 and 
S 6 from ref. [37]), since they show a similar distribution of TiO2 par
ticles in the biochar samples for different calcination temperatures (30, 
488 and 800◦C), with evidence of well-defined TiO2 agglomerates in 
some areas (Table S 1 (Fig. 9-a) and S 5 from ref. [37]). On the other 
hand, the obtained surface area values (See Table 3 from ref. [37]) 
indicate that calcination increases the surface area of the material. For 
example, the surface area of the material with code1 B-T 350, 2.5, 1.5, 30 
is ~ 41.7 m2/g, which is very similar to the surface area value of TiO2 
P25 (~ 50 m2/g). This value is congruent, given that a TiO2/Biochar 
weight-to-weight ratio of 1.5 was used to obtain this type of material (i. 
e., there was a higher proportion of TiO2 P25 in the composite material) 
and there was no calcination. On the other hand, the specific surface 
area of the materials B-T 304, 0.85, 1.26, 488 and B-T 396, 4.14, 1.26, 
488 are respectively ~ 75.6 and ~ 145.8 m2/g. In this case, to obtain 
both materials, calcination at 488◦C was performed with which an in
crease in surface area was obtained with respect to TiO2 P25. It is also 
worth mentioning the behavior of material B-T 350, 2.5, 0.8, 800, 
which, despite having been synthesized with a low TiO2/Biochar 
weight-weight ratio (0.8), presented a high surface area value (~ 
171.2 m2/g), caused by the high calcination temperature. The surface 
area is an important property in photocatalytic applications because it 
allows a better interaction between the contaminants and the catalyst, 
facilitating the adsorption and thus increasing the probability of attack 
of the radicals or photogenerated species to the molecules of interest 
[57,72].

Furthermore, the IR and XPS analysis of the TiO2/biochar samples 
showed that at high calcination temperatures (800 ◦C) TiO2 with bio
char can interact via Ti− O− C bonds (See Table S 1 (Figs. 5 and 6)). This 
type of interaction could be the cause of the Eg (band gap energy) 
reduction (2.73/3.05 eV compared to 3.07 eV for TiO2 P25, see Table 4
from ref. [37,73,74].

However, according to the Pareto diagram shown in Fig. 5, the effect 
of calcination temperature on degradation is negative, meaning that the 
higher the calcination temperature, the degradation of PP-TiO2/Biochar 
films decreases. A possible explanation for this effect could be given by 
examining the crystallography of the material synthesized at different 
values of calcination temperature, as shown in Table S 1 (Fig. 4). The 
diffractogram in Table S 1 (Fig. 4c) from that reference shows that 

calcination at 800◦C produced a change in the crystallinity of TiO2 from 
anatase and rutile phases to another more unstable phase such as 
brookite, which is in agreement with the findings of other authors [75]. 
On the other hand, at calcination temperatures of 280 and 480 ◦C, the 
coexistence of the anatase and rutile phases is evident in Table S 1 
(Fig. 4a-b), which is congruent with the composition of TiO2 Degussa 
P-25 (80 % anatase, 20 % rutile). The existence of these phases directly 
affects the photocatalytic efficiency, since the anatase phase is more 
active than the rutile and brookite [75–77], which is associated with 
factors such as higher oxygen vacancies in the crystalline structure 
compared to brookite and rutile, anatase has a low dielectric constant 
and mass density, and high electron mobility [76]. Thus, according to 
this result, the increase in calcination temperature would decrease the 
photocatalytic activity and, this in turn, the degradation of the films 
[61]. Zhant al. [78] had similar findings regarding the effect of calci
nation temperature. They found that a low calcination temperature is 
suitable for better photocatalytic activity. Although these authors 
worked with TiO2 precursors (tetrabutyl titanate and ethanol) to pre
pare TiO2/biochar material, the calcination temperature produced less 
active TiO2 phases [78].

Exploring the electrochemical characterization of the TiO2/biochar 
materials is now advisable. The increase in calcination temperature 
causes an increase in the photocurrent generated by the illumination of 
these materials [37]. In the case of OCP (Fig. S 3 and ref. [37]), it was 
reported that for the material with higher calcination temperature 
(800◦C), the potential showed a slower stabilization. This result agrees 
with the low photoluminescence intensities for the material calcined at 
800◦C (Fig. S 3 and ref. [37]). The higher photocurrent response, slower 
stabilization of the open circuit potential, and low photoluminescence 
may be indicators that at higher calcination temperature, TiO2/biochar 
materials would have a lower recombination rate of the generated 
electron-hole pairs, which could be beneficial for the photocatalytic 
process, as it was reported in our previous work [37].

The crystallographic analysis of the materials (XRD) explains the 
electrochemical and photoluminescence responses found for the TiO2/ 
biochar materials calcined at elevated temperatures. For example, a 
well-defined signal at the position 2θ = ~ 44◦C evidences the presence 
of the TiO2/biochar material synthesized at a calcination temperature of 
800◦C [79] which is associated with carbon (Table S 1 (Fig. 4)),. In this 
case, the high calcination temperature may have contributed to the 
development of a more crystalline phase for the turbostratic layers of the 
biochar, which differentiated it from the broad signal (highly amor
phous phase) presented for the same position in pure biochar as was 
shown earlier [44]). The higher the degree of turbostratic arrangement 
of the material, the greater the number of conjugations in the compound 
[70] that would improve the electrical conduction and the ability of the 
biochar to act as a sink for the electrons photogenerated in 
photocatalysis.

In this sense, there would be clear competition for the best photo
catalytic response in terms of calcination temperature. On the one hand, 
with high calcination temperatures in the synthesis of TiO2/biochar 
materials, a transition to TiO2 phases with lower photocatalytic activity 
would occur, which would decrease the efficiency of the photocatalytic 
process. On the other hand, a higher calcination temperature would 
cause a higher degree of crystallinity in the carbonaceous phase which 
would contribute to a reduction in the recombination rate of the 
electron-hole pairs and therefore to a higher photocatalytic efficiency. 
Given this background, it is worth reconsidering the findings of IR and 
XPS spectroscopy. According to previous results [37], it was shown that 
the presence of hydrophilic groups such as C––O, C-O and COO on the 
biochar surface decreased with increasing calcination temperature, 
while the C− C (hydrophobic) groups increase. This result is congruent 
with that reported in the evolution of the chemical composition of 
biochars in thermal processes with low (or no) presence of atmospheric 
oxygen, where the progressive increase in temperature causes the loss of 
oxygen groups and concentrates carbon [70]. The increase in hydroxyl 

1 The B-T w,x,y,z code is taken from the experimental design. It indicates 
Biochar/TiO2 obtained at w ◦C of pyrolysis temperature, x % of oxygen in 
pyrolysis, with a value of TiO2/Biochar ratio in impregnation of y, and at z ◦C of 
calcination temperature.
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groups can give way to the increased capture of moisture in the vicinity 
of the material, which is important for the generation of highly oxidizing 
species such as hydroxyl radicals (●OH) that contribute highly to the 
destruction of organic pollutants by photocatalytic reaction. In that 
sense, it could be intuited that despite the advantages shown above for 
the use of elevated calcination temperatures for the TiO2/Biochar ma
terial, the overall efficiency in the degradation of PP films synthesized 
with this material could be greatly reduced by the limitation in the 
interaction with the surrounding moisture.

Consistent with these results, Zhang et al. [78] reported that 
employing lower calcination temperatures when coupling TiO2 with 
biochar would be more favorable because the biochar would lose to a 
lesser degree the original chemical and structural characteristics that 
can be beneficial to obtain better degradation of organic pollutants. The 
fact that the TiO2/Biochar synthesis method uses low calcination tem
peratures (or no calcination), in addition to improving the overall effi
ciency in the degradation of PP-TiO2/Biochar films as described in the 
previous paragraphs, could mean saving energy and economic resources 
for the future application of the technology.

Temperature and oxygen content in the pyrolysis reaction
According to the Pareto diagram, the effects of temperature and 

oxygen percentage in pyrolysis on film degradation are negative and 
positive, respectively. This means that the decrease in temperature and 
increase in oxygen percentage in pyrolysis tend to improve the degra
dation of plastic films.

One cause of this trend may be associated with the surface charge of 
the biochars. As was previously reported [37], when the pyrolysis 
temperature was increased, the Zeta potential of the biochar particles 
reaches values closer to the Zeta potential of the TiO2 particles. This 
behavior could have caused the decrease of the interaction by electro
static attraction [80] and attachment of TiO2 particles on the carbona
ceous materials and ultimately, reduce the photocatalytic efficiency as 
well. In contrast, as the percentage of oxygen in pyrolysis increased, the 
Zeta potential value of biochar particles moved further away from the 
Zeta potential value of TiO2 particles. This could have led to better 
interaction by electrostatic attraction [70,80,81] and fixation of TiO2 
particles on the carbonaceous materials and ultimately also increase the 
photocatalytic efficiency. Wang and co-workers [70,81] used a similar 

approach to explain the better coupling of biochar particles with inor
ganic materials such as sand. The authors explained that as long as the 
biochar particles have Zeta potential values farther away from the sand 
particles, the total repulsive interaction energy will be lower, leading to 
better coupling between these materials [70,81]. Also, when surface 
charge of the particles is modified such as their difference increases 
(although their charge is still negative in both), the strong kinetic energy 
of the intervening particles may overcome the original energy barriers 
preventing the attachment of the particles [82]. The behavior can be 
extended to positive charges. On the other hand, when the difference of 
surface charge is reduced, the overcoming of these energy barriers is 
hindered, preventing the attachment between them, even with strong 
mixing conditions [82]. As a result, we expect that the larger difference 
in Zeta Potential between biochar and P25 TiO2 particles observed in 
our work, promoted by the modification of the synthesis conditions of 
biochar, summed to the kinetic energy that they had during agi
tation/centrifugation, favored their interaction, as validated by the XPS, 
ATR, and SEM analyses previously reported. [37].

The XRF could support this suggestion. For the case of pyrolysis 
temperature, when comparing the titanium percentages in samples #11 
and 12 reported in Table 2, in which all factors had equal values except 
for pyrolysis temperature. In this case, where the TiO2/biochar materials 
were not subjected to calcination (30◦C), a reduction in Ti concentration 
(and therefore TiO2) is seen when going from a temperature of 
280–420◦C. The behavior may be different in other samples since other 
factors such as calcination temperature and TiO2/Biochar ratio are 
involved. In the case of oxygen percentage, when comparing the tita
nium percentages in samples #13 and 14 reported in Table 2, an in
crease in Ti concentration (and therefore TiO2) is evidenced when going 
from an oxygen percentage of 0–5 %.

Additionally, when the biochar was produced at 280◦C, 350◦C and 
420◦C, with oxygen percentage at 2.5 %, the surface area of the material 
initially increased with the pyrolysis temperature (~ 13.28 to ~ 
15.57 m2/g) and later decreased to ~ 9.85 m2/g with the highest tem
perature (420◦C) [44]. This behavior could also affect the ability of the 
biochar to retain TiO2 particles, supporting the XRF results of films # 11 
and 12, mentioned in the previous paragraph. The surface area reduc
tion of biochar during pyrolysis at elevated temperatures may be 

Fig. 6. Main Effect plot of the degradation percentage of the PP-TiO2/biochar-based films. (a) Virgin plot. b) Same plot with the indication of changes of the 
material properties.
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associated with recondensation effects of the released volatile com
pounds, pore plugging and shrinkage of the material occurring after 
reaching the softening point [83–85]. Then, according to the method
ology of biochar production and impregnation of TiO2 particles with 
biochar employed in the present work, it could be suggested that high 
pyrolysis temperature values in the range employed (above 396◦C up to 
420◦C) would decrease the possibility of coupling between these ma
terials by reducing the surface area and thus, reducing the efficiency in 
the photodegradation process.

Moreover, it is worthwhile to analyze the presence of functional 
groups of carbonaceous materials exposed to different temperatures and 
oxygen percentage in the pyrolysis reaction. For this purpose, we 
analyzed the results of infrared spectroscopy (ATR-FTIR) of the biochar 
samples reported in previous work[44]. For example, as the pyrolysis 
temperature increases, a decrease in the signals corresponding to the OH 
bond stretching vibrations (3200 and 3500 cm− 1) can be seen. For the 
case of the percentage of oxygen in pyrolysis, this signal presents a less 
pronounced decrease as the percentage of oxygen in the pyrolysis in
creases (especially, at the higher value of oxygen percentage, 5 % v/v), 
compared to the intensity of the signal when the pyrolysis temperature is 
increased. This bond may be associated with water molecules or hy
droxyl groups [86,87], which are hydrophilic. Similarly, as the pyrolysis 
temperature increases, a decrease in the signal between 1740 and 1700 
cm-1 occurs (see Fig. 1 from ref. [44]), which is associated with the 
stretching of the C––O bond. This bond corresponds mainly to carboxylic 
acids, traces of aldehydes, ketones, and esters [86], which are also hy
drophilic. On the other hand, when the percentage of oxygen in the 
pyrolysis atmosphere is increased, this signal remains with practically a 
constant intensity (see Fig. 2 from ref. [44]). Likewise, with the variation 
of the pyrolysis temperature, the three bands between 885 and 
750 cm− 1, which are associated with aromatic compounds [86,87] (of 
hydrophobic character), are noticeable. However, in the case of oxygen 
percentage variation, the intensity of these signals decreased, especially 
with the highest oxygen content in the pyrolysis atmosphere (5 % v/v).

The XPS data (elemental content and Gaussian deconvolution) of the 
biochar reported in Section 3.1.1. from ref. [37] show that the increase 
in pyrolysis temperature caused an increase and decrease in the con
centration of elemental carbon and oxygen, respectively (see, for 
example, the percentage compositions of the biochar samples obtained 
with 2. 5 % O2 at 280◦C and 420◦C reported in Table S 1 from ref. [37]); 
an increase in the signal associated with C− C bonds and a decrease in 
the presence of C− O and C––O bonds (Figs. 2a, 2b, 3a, and 3b from ref. 
[37]) on the surface of biochar particles. Oppositely, the increase in the 
oxygen content in pyrolysis caused a decrease and increase in the con
centration of elemental carbon and oxygen, respectively (see, for 
example, the percentage compositions of biochar samples obtained at 
350 ◦C with 0, 2.5 and 5 % O2 reported in Table S 1 from ref. [37], a 
decrease in the signal associated with C-C bonds and an increase in the 
presence of C-O, C––O and COO bonds (Figs. 2c, 2d, 3c,and 3d from ref. 
[37]) on the surface of biochar particles. The decrease in the ratio of 
oxygen to elemental carbon (O/C ratio) and the increase in the C− C 
bond signal may indicate that the biochar surface becomes more hy
drophobic [88,89] with increasing pyrolysis temperature, which is 
supported by the reduction of polar (hydrophilic) C− O and C––O bonds 
mentioned above. The decrease in the presence of hydrophilic groups 
and the increase or significant presence of hydrophobic groups in the 
biochars promoted by enhancing the pyrolysis temperature could limit 
their coupling with the TiO2 particles -which have hydrophilic char
acter-, so that the photocatalytic activity of the composite material was 
reduced. On the other hand, the lower number of hydrophilic groups 
could have reduced the ability of the TiO2/Biochar material to capture 
surrounding moisture, and thus also reduced the photocatalytic effi
ciency. As mentioned above, moisture is necessary for the generation of 
hydroxyl radicals, which are highly responsible for degrading organic 
matter in photocatalytic processes. However, the increase in the O/C 
ratio and the decrease in the C− C signal that occur with increasing 

oxygen percentage in the pyrolysis atmosphere may indicate that the 
biochar surface became less hydrophobic [88,89], which ultimately was 
beneficial for plastic degradation by photocatalysis using the TiO2/
biochar composite.

For a better glimpse of the relationship of each main factor with the 
degradation of the modified polymer, the Main Effect Plot is presented in 
Fig. 1(a). In this figure, both high and low-level values of each factor of 
the experimental design are shown. It can be observed that for low levels 
of oxygen percentage (0 %) and TiO2/Biochar ratio (0.1) the degrada
tion is low, around 0.6 % according to the statistical model, while for 
high levels of oxygen percentage (5 %) and TiO2/Biochar ratio (1.5) a 
degradation of 11.5 % is obtained, possibly due to the increase in the 
generation of oxidative species (e.g. OH●) responsible for the plastic 
degradation, as stated earlier. For the other main factors, calcination 
temperature (Tcal) and pyrolysis temperature (Tpyrol), a different 
behavior is observed since the high levels of both effects (800◦C and 
420◦C respectively) produced lower degradation (near to 2.8 %, ac
cording to the statistical model). It is because of a shift towards a less 
photoactive phase of TiO2 (Brookite) (in case of the higher calcination 
temperature), and because of the possible reduction of the number of 
hydrophilic functional groups of the biochar (in case of the higher 
temperature of pyrolysis and calcination), in spite of the increase the 
superficial area increase from 41.7 m2/g (Tcal=30◦C) to 145.83 m2/g 
(Tcal=800◦C), also as stated earlier. In contrast, the low levels of Tcal y 
Tpyrol (30◦C and 280◦C respectively) lead to higher degradation 
(11.5 %) because they promote a higher impregnation of TiO2 on the 
biochar surface and they are adequate to maintain the more reactive 
crystalline forms of titanium dioxide (Anatase and Rutile), as shown in 
Fig. 6(b).

It should be declared that since Tcal and the TiO2/Biochar ratio are 
the most significant factors, a further new experimental design such as a 
block design [90] may be employed to mitigate the variability of the 
treatments and to understand more closely the incidence of both factors 
on polymer degradation. Nevertheless, in this work a surface response 
methodology was adopted for finding the numerical values of the factor 
levels that yield the maximum degradation. This strategy, shown in the 
next section, is statistically solid enough to optimize the response vari
able with confidence.

On the other hand, there could be concerns about the fact of using 
high amounts of energy in pyrolysis, in terms of transferring the 
contamination problem from the solid environment to atmosphere. This 
can be seen from two perspectives: one is the generation of gases that 
can be released to the atmosphere during pyrolysis, and the other is the 
generation of greenhouse gases resulting from the burning of fuels 
needed to reach the temperature required for the pyrolysis. One positive 
fact of the first one is that the generation of gaseous products from py
rolysis may be considered as a new source of energy or building block for 
obtaining new chemicals (i.e., syngas, [91,92]). With respect to the 
second one, there can be concerns about the possible amount of green
house gases that can be released into the atmosphere by burning 
(directly or indirectly) the fuel needed to perform pyrolysis. However, as 
progress in the use of renewable energy proceeds, there would be less 
need of burning fuels to support pyrolysis. BASF, for example, made a 
hint by employing electrically heated furnaces and not fuel-based to 
reach the high temperatures needed for generating pyrolysis products 
[93]. With this, huge amounts of greenhouse gases that affect the at
mosphere are avoided to be released. In fact, the biochar used in our 
work was synthesized inside an electrically heated muffle receiving 
electricity which most of it ultimately came from the hydroelectric 
plants that nurture the city where the experiments were performed [94].

3.2.4. Response surface methodology for film degradation
The results of the experiments performed with the hybrid central 

experimental design 416B were used to obtain a mathematical model for 
the prediction of film degradation through the response surface meth
odology with Statgraphics 18. The mathematical model of film degra
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dation is presented below in Eq. (4), in which Tpyrol, %O2,
Ti
B and Tcalrepresent the pyrolysis temperature, oxygen content in py
rolysis, the ratio of TiO2/biochar used in the impregnation process and 
the calcination temperature, respectively. 

%Degradation = − 2.43058 + 0.0166968 ∗ Tpyrol − 0.354914

∗ %O2 + 20.5445 ∗ Ti
/
B − 0.00899001

∗ Tcal − 0.0000386296

∗ Tpyrol2 + 0.00148221 ∗ Tpyrol

∗ %O2 − 0.0242202 ∗ Tpyrol

∗ Ti
/
B+ 0.0000338191 ∗ Tpyrol

∗ Tcal − 0.022261 ∗ %O2
2 + 0.0823452 ∗ %O2

∗ Ti
/
B+ 0.0000522694 ∗ %O2 ∗ Tcal − 3.85568

∗ (Ti
/
B)2

− 0.0010934 ∗ Ti
/
B

∗ Tcal − 0.00000983988 ∗ Tcal2

(4) 

Table 5 shows the ANOVA results for the quadratic model terms. This 
table also shows the values of the F-ratio and the P-value, indicating the 
most significant terms of the model. It should be recalled that the higher 
the value of the F-statistic and the lower the P-value, the more signifi
cant the term; and that P-values less than 0.05 indicate a significant 
regression at a 95 % confidence interval. The results agree with the 
Pareto diagram in Fig. 5, which indicates that the most significant fac
tors are the ratio of TiO2/Biochar in the impregnation and the calcina
tion temperature. In addition, the R2, adjusted R2, standard error of the 
estimator, mean absolute error, and the root mean square error (RMES) 
are also reported.

The estimated R2 and adjusted R2 values show a good fitting of the 
quadratic model, which indicates the potential presence of optimum 
values for the response variable, whereas the standard error of the 
estimator, mean absolute error, and the RSME are also good indicators of 
the reliability of the proposed model.

The response surface plots are presented in Fig. 7, indicating the 
effect of the variables and their interactions on film degradation. 
However, considering a significance level of 0.05, the factors’ in
teractions are insignificant. Despite these results, one can expect a sig
nificant interaction between some variables (e.g., calcination 
temperature and the TiO2/biochar ratio). Nonetheless, the factors’ levels 
considered in this study were crucial for the incidence of these factors 

and their interactions. Although the TiO2 crystalline phase is strongly 
related to the calcination temperature, the photodegradation perfor
mance did not decrease or increase significantly with these factors’ 
variations. The same consideration applies to a potential interaction 
between the pyrolysis temperature and the oxygen content.

So, Fig shows the response surface plots for film’s degradation 
varying two factors. The values of the remaining factors were held 
constant at the midpoint. Additionally, Table 6 presents the combination 
of the levels of the experimental design factors that maximize the 
degradation of the PP-TiO2/biochar films. This table presents that with 
low pyrolysis temperature (280◦C), high oxygen percentage (~4.1 %), 
high TiO2/Biochar ratio in the impregnation and low calcination tem
peratures (30◦C) or no calcination, a maximum degradation value 
(11.5264 %) of the PP-TiO2/Biochar plastic films could be obtained. The 
conditions that maximize the degradation of the films are obtained with 
the lowest energetic conditions in the thermal processes (low pyrolysis 
and calcination temperatures). This feature would undoubtedly repre
sent an economic advantage for a potential commercial application of 
this technology. For example, assuming that calcination in a company 
producing the photodegradable PP-TiO2/biochar films experiences a 
power consumption of 300 kWh for a daily operation (which has been 
reported for pyrolysis furnaces processing 10-ton batch of material, 
operating 10 h a day [95]), the annual savings associated to avoid 
calcination would be $ 8800 UDS (taking the energy cost as 8.04 
cent/kWh [96]). In addition to this, the scaling of the plant producing 
the PP-TiO2/biochar films will be less expensive since there would not 
exist the need of purchasing high-scale equipment for calcination. Now, 
in terms of running the pyrolysis at a lower temperature, as power 
consumption is proportional to the temperature increase experienced in 
the furnace, the energy and (costs) savings associated with the operation 
at a lower temperature would decrease accordingly [97,98].

Add, Table 6 shows that the optimum value of degradation was ob
tained with the highest TiO2/biochar ratio (i.e., 1.5). This result means 
that the degradation maximizes when using the lowest value of biochar 
in the studied range of TiO2/biochar mass ratio. As pointed out earlier, 
several authors have reported that the excess of biochar may block the 
passage of incoming radiation to the semiconductor [71], and thus 
reducing the benefits identified previously for biochar in biochar/TiO2 
systems, and for the PP degradation. This behavior may suggest 
exploring a wider range of TiO2/biochar mass ratio in future works. 
Nevertheless, the fact that the TiO2 nanoparticles are supported on 
biochar prevents the TiO2 nanotoxicity. Consequently, the results from 
Fig. 3 for the PP-TiO2/biochar composites are of significant relevancy 
for the photodegradation of PP, even if the results are not as high as 
those of the PP-TiO2.

3.2.5. Proposed reaction mechanism for the photodegradation of PP-TiO2/ 
biochar compounds

The photodegradation of polymers has been previously studied in 
numerous papers [21,47,48,61]. In general terms, photodegradation is 
carried out by free radical attack reactions, which in case of PP are 
initially generated by the abstraction of hydrogen from the tertiary 
carbon of the repeating unit and in the presence of oxygen. Then, 
through successive reactions, more free radicals are generated which 
lead to the destruction of the polymer chains.

A well-accepted proposed mechanism for polymer degradation ini
tiates with the formation of polymeric alkyl radicals (P●) through heat 
or radiation [47,48,61]. It is worth mentioning that in the presence of 
radiation and oxygen, the polymer degradation phenomenon is known 
as photo-oxidation [62]. The alkyl radicals then react with oxygen to 
form peroxyl radicals (POO●), which in turn can react with other 
macromolecules of the polymer, abstracting hydrogens from them and 
generating hydroperoxides (POOH) [47,48,61]. This series of steps is 
shown in Eqs. (5)-(8). Additionally, through radiation or heat, dissoci
ation of the hydroperoxides can take place by cleavage of the O–O bonds 
[62] to generate alkoxy radicals (PO●), which in turn can be 

Table 5 
Analysis of variance (ANOVA) for the quadratic model of film degradation.

Source Sum of Squares DF Mean Square F-Ratio P-Value

A:Tpyrol 3.23697 1 3.23697 7.11 0.1166
B:%O2 0.569513 1 0.569513 1.25 0.3798
C:Ti/B 72.0142 1 72.0142 158.1 0.0063
D:Tcal 19.5413 1 19.5413 42.9 0.0225
AA 0.0563448 1 0.0563448 0.12 0.7587
AB 0.10125 1 0.10125 0.22 0.6837
AC 2.10125 1 2.10125 4.61 0.1648
AD 1.48908 1 1.48908 3.27 0.2123
BB 0.0305525 1 0.0305525 0.07 0.8199
BC 0.03125 1 0.03125 0.07 0.8179
BD 0.0045515 1 0.0045515 0.01 0.9295
CC 5.61327 1 5.61327 12.32 0.0724
CD 0.155651 1 0.155651 0.34 0.618
DD 4.08114 1 4.08114 8.96 0.0958
Total error 0.911 2 0.4555
Total (corr.) 125.729 16

R2 
= 99.2754 %,

Adjusted R2 = 94.2034 %
Standard error of the estimator = 0.674908
Mean absolute error = 0.103424
RMSE = 1.27265
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Fig. 7. Response surface plots for the factors analyzed in the hybrid design used for the photodegradation of the PP-TiO2/Biochar films.
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decomposed by beta scissions into molecules of lower molecular weight, 
which may contain carbonyl groups [47,48,62] (see Eq. (9)). This series 
of steps then leads to the degradation of the polymer, which finally 
proceeds to the mineralization of the organic matter, i.e. the formation 
of CO2 and water, as shown in Eq. (10) [20,57,62]. Within the lower 
molecular weight molecules generated in the beta-scission reactions of 
the PP photoxidation mechanism are reported: short chain alkanes such 
as methane, ethane, propane, butane and pentane; certain alkenes such 
as ethylene, propylene, 2-butene, among others; ketones such as prop
anone, hydroxy acetone and butanone; acetic acid, among others [57]. 

PH+O2̅̅̅→
Δ, hυ P • +OOH• (5) 

P • +O2⟶POO• (6) 

POO • +PH⟶POOH+P• (7) 

POOH⟶PO • +OH• (8) 

PO • ̅̅̅̅̅̅→
βscission C = O compouds and volatile compounds (9) 

C = O compounds̅→hυ CO2 +H2O (10) 

Now, the presence of a semiconductor inside the polymer matrix can 
accelerate the photooxidation of the material since, by absorbing elec
tromagnetic radiation with appropriate wavelength, the semiconductor 
can generate active species (mainly OH●, OOH●) that also lead to 
photo-oxidative degradation of the polymer through reaction with ox
ygen and water [61].

In the case of TiO2, activation with radiation with energy above its 
band gap results in the formation of the well-known electron-hole pair 
(Eq. (11)). Photogenerated holes can react with surrounding water 
molecules (moisture, see Eq. (12)) or hydroxyl ions to generate hydroxyl 
radicals (OH●) [21,32,47], which are highly responsible for the 
degradation of organic matter. Similarly, photogenerated electrons can 
react with surrounding oxygen to form superoxide ions (Eq. (13)), which 
through subsequent reactions can give way to the generation of more 
oxidizing radicals (see Eqs. (14)-(17)) [21,32,47]. 

TiO2 ̅→
hν e−

BC +h+

BV (11) 

H2Oads +h+
BV⟶OH • +H+ (12) 

e−
BC +O2⟶O•−

2 (13) 

O•−
2 +H2O⟶HO2 • +OH− (14) 

2 HO2 • ⟶H2O2 +O2 (15) 

H2O2 ̅→
hυ 2OH• (16) 

OH− +h+
BV⟶OH• (17) 

The hydroxyl radicals (OH●) generated through the photocatalytic 
mechanism can interact with the polymer molecules to also generate P● 
radicals, as shown in Eq. (18) [20,32], and thus, accelerate the 
photo-oxidation process previously described through Eqs. (5)-(9). Also, 
hydroxyl radicals can intervene in the mineralization of the lower mo
lecular weight compounds generated in the oxidative process, as shown 
in Eq. (19) [20,47]. 

PH+OH • ⟶P • +H2O (18) 

C = O compounds+OH • ⟶CO2 +H2O (19) 

Similarly, the photogenerated holes can react with the polymer to 
also produce P● radicals, as described in Eq. (20) [21,57], accelerating 
the oxidative process of the polymer. 

PH+h+
BV +O2⟶P • +HO2• (20) 

In the above equations, the photo-oxidative reaction mechanism that 
takes place in the degradation of polypropylene in the presence of TiO2 
alone is described. However, in the present work, the coupling of bio
char with TiO2 in polymer degradation was explored. It has been re
ported that the use of biochar in photocatalysis is beneficial because 
biochar acts as a sink for the electrons photogenerated in the photo
catalytic reaction (Eq. (11)), so that it reduces the recombination of the 
hole-electron pair [100,155,164,189] and thus improves the efficiency 
in the pollutant degradation process. Open-circuit potential and pho
toluminescence analyses of this same type of TiO2/biochar compounds 
effectively indicated that the presence of biochar reduces the rate of 
electron-hole pair recombination in the photocatalytic system [30]. It is 
worth remembering that electron-hole pair recombination reduces the 
generation of the highly oxidizing species in the photocatalytic process 
(e.g., Eqs. (12) and (17)) that are primarily responsible for the degra
dation of organic matter.

On the other hand, it has been reported that biochar can be oxidized 
in the presence of oxygen in conjunction with high temperature condi
tions or by chemical oxidizing agents to generate functional groups 
(C––O, OH, etc) on the surface of the material [63–66]. For example, 
ozone can react with the unsaturated rings of biochar to generate 
carbonyl or carboxylic groups on the material.

In this work, given the high probability of the generation of strong 
oxidizing species by photocatalysis and given that the polymer degra
dation takes place in the presence of oxygen, we propose that the pho
tocatalytically generated OH● and HOO● radicals can oxidize the 
biochar so that carbonyl groups are generated on its surface. This would 
be in agreement with the mass loss and the carbonyl and hydroxyl 
indices of the photodegradable films reported in Table 3 and Table 4, 
where it is evident that the PP-TiO2/Biochar based films showed a 
higher value of the carbonyl index compared to the films synthesized 
with PP-TiO2 alone, while the mass loss was higher for the latter. 
Accordingly, it could then be inferred that biochar is susceptible to 
oxidation leading to the formation of compounds containing carbonyl 
groups [63–65]. Then, in the case of the degradation of PP-TiO2/Biochar 
films, the following stages would appear in the reaction mechanism, 
which would compete for the use of the oxidizing OH● and HOO● 
species: 

Biochar+OH • ⟶C = Ocompounds (21) 

Biochar+HO2 • ⟶C = Ocompounds (22) 

The mechanism of polyolefin degradation through the action of 
photocatalysis (and in the absence of photocatalyst) with biochar- 
modified TiO2, according to the previous discussion is illustrated in 
Fig. 8. The proposed reaction mechanism is valid at the different con
ditions of TiO2/biochar ratio and temperature of calcination of the TiO2/ 
biochar explored in this work. As discussed earlier, the higher TiO2/ 
biochar ratio is expected to favor the appearance of the chemical species 
responsible for photooxidation of the polymer. This is because the 

Table 6 
Levels of experimental design factors that maximize the degradation of PP/TiO2- 
Biochar films.

Optimum degradation value: 11.53 %

Factor Low High Optimum degradation 
¼ 11.53 % at

Pyrolysis temperatura 280.0 
◦C

420.0◦C 280.0◦C

Oxygen percentage in 
pyrolysis

0.00 % 5.00 % 4.09 %

TiO2/Biochar ratio in 
impregnation

0.1 1.5 1.5

Calcination temperature 30.0 ◦C 800.0◦C ~30.00 ◦C
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higher TiO2 presence in the films, the higher active sites capable of 
generating the electron-hole pairs, and the higher hydrophilic nature 
(and moisture capture capability) of the TiO2/biochar compound, both 
of which promote the OH● formation. However, it should be recalled 
that high calcination temperatures cause transition to less active phases 
of the catalysts, despite the band-gap reduction.

4. Conclusion

The application of photocatalysis with TiO2 coupled with biochars 
derived from coconut shells and artificial ultraviolet radiation signifi
cantly accelerated the solid-phase degradation of polypropylene plastic 
films compared to virgin films. Extrusion and thermocompression 
techniques were used to synthesize PP plastic films and XRF analysis 
verified the effective incorporation of the semiconductor into the films. 
Even though the degradation of PP-TiO2 films (1 % w/w) was higher 
than that observed for PP-TiO2/biochar films, the weight loss and 
carbonyl index values obtained for the PP-TiO2/biochar films were 
higher than those reported for PP films synthesized with other semi
conductors. In addition, an analysis of the carbonyl index and the weight 
loss of the PP-TiO2/biochar films suggests that the biochar surface oxi
dizes, giving rise to hydrophilic functional groups and increasing pho
tocatalytic efficiency as reaction time proceeds. Besides, incorporating 
the TiO2/biochar composite into plastic matrices would not cause a 
nanotoxicity threat as the TiO2 nanoparticles are anchored in the 
micrometric biochars. According to the statistical analysis, the factors 
that most affect the degradation of PP-TiO2/biochar films are the TiO2/ 
biochar mass ratio in the impregnation process and the calcination 
temperature in the synthesis of the TiO2/biochar composite. A high 
TiO2/biochar ratio in the impregnation process is positive because it 
allows a higher concentration of TiO2 in the films and, therefore, a 
higher probability of generating oxidative species responsible for the 
degradation of organic matter by photocatalysis. Similarly, the high 
concentration of TiO2 favors the increase of hydrophilic sites in the 
TiO2/biochar material, which could improve both the capture of the 
surrounding moisture and the utilization of the incoming radiation, and 
therefore, also increase the generation of the highly oxidative species of 
photocatalysis.

On the other hand, high calcination temperatures, although 

decreasing the band gap of the catalyst and reducing the recombination 
of the hollow electron pair in the photoexposure of the material, cause a 
shift towards other phases of TiO2 with different photoactivities than 
Aeroxide P25 and reduce the number of hydrophilic functional groups of 
the biochar, which in sum slows down the photodegradation of the films. 
Then, it is interesting from the point of view of photocatalytic efficiency 
and energy (and economic) savings to use low calcination temperatures 
for the fabrication of PP-TiO2/Biochar films. The analysis of the TiO2/ 
biochar morphology revealed that with a high TiO2/biochar ratio and 
low calcination temperature (30◦C), a homogeneous distribution of TiO2 
in the biochar particles can be achieved, which is favorable for the 
degradation of the films. Conversely, the pyrolysis reaction favored PP 
degradation with low temperatures and high oxygen percentages (total 
range of 0–5 % v/v). With these conditions, there would be a better 
coupling between TiO2 and biochar particles and a higher presence of 
hydrophilic groups (C––O, C− O) that would increase the photocatalytic 
efficiency, as indicated by Zeta potential, XPS, and FTIR analysis of the 
TiO2 and biochar particles and XRF on PP-TiO2/biochar films. This work 
shows an attractive and almost unknown alternative for coping with 
plastic pollution, which is believed to be very opportune nowadays 
when an even higher generation of plastic waste is seen.
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adoptan otras disposiciones, Colombia, 2016.

[12] C.M. Free, O.P. Jensen, S.A. Mason, M. Eriksen, N.J. Wiliamson, B. Boldgiv, High- 
levels of microplastic pollution in a large, remote, mountain lake, Mar. Pollut. Bull. 
85 (2014) 156–163.
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C. Si, F.J. Stadler, Bio-inspired and biomaterials-based hybrid photocatalysts for 
environmental detoxification: a review, Chem. Eng. J. 382 (2020) 122937, https:// 
doi.org/10.1016/j.cej.2019.122937.

[73] T. Fazal, A. Razzaq, F. Javed, A. Hafeez, N. Rashid, U.S. Amjad, M.S. Ur Rehman, 
A. Faisal, F. Rehman, Integrating adsorption and photocatalysis: a cost effective 
strategy for textile wastewater treatment using hybrid biochar-TiO2 composite, 
J. Hazard Mater. 390 (2020) 121623, https://doi.org/10.1016/j. 
jhazmat.2019.121623.

[74] R. Djellabi, B. Yang, Y. Wang, X. Cui, X. Zhao, Carbonaceous biomass-titania 
composites with Ti–O–C bonding bridge for efficient photocatalytic reduction of Cr 
(VI) under narrow visible light, Chem. Eng. J. 366 (2019) 172–180, https://doi. 
org/10.1016/j.cej.2019.02.035.

[75] N.S. Allen, N. Mahdjoub, V. Vishnyakov, P.J. Kelly, R.J. Kriek, The effect of 
crystalline phase (anatase, brookite and rutile) and size on the photocatalytic 
activity of calcined polymorphic titanium dioxide (TiO2), Polym. Degrad. Stab. 
150 (2018) 31–36, https://doi.org/10.1016/j.polymdegradstab.2018.02.008.

[76] L. Lu, R. Shan, Y. Shi, S. Wang, H. Yuan, A novel TiO 2 /biochar composite 
catalysts for photocatalytic degradation of methyl orange, (2019). https://doi. 
org/10.1016/j.chemosphere.2019.01.132.

[77] J. Zhang, P. Zhou, J. Liu, J. Yu, New understanding of the difference of 
photocatalytic activity among anatase, rutile and brookite TiO2, Phys. Chem. 
Chem. Phys. 16 (2014) 20382–20386, https://doi.org/10.1039/C4CP02201G.

[78] H. Zhang, Z. Wang, R. Li, J. Guo, Y. Li, J. Zhu, X. Xie, TiO2 supported on reed straw 
biochar as an adsorptive and photocatalytic composite for the efficient degradation 
of sulfamethoxazole in aqueous matrices, Chemosphere 185 (2017) 351–360, 
https://doi.org/10.1016/j.chemosphere.2017.07.025.

[79] D. Castilla-Caballero, A. Hernandez-Ramirez, S. Vazquez-Rodriguez, J. Colina- 
Márquez, F. Machuca-Martínez, J. Barraza-Burgos, A. Roa-Espinosa, A. Medina- 
Guerrero, S. Gunasekaran, Effect of pyrolysis, impregnation, and calcination 
conditions on the physicochemical properties of TiO2/Biochar composites 
intended for photocatalytic applications, J. Environ. Chem. Eng. 11 (2023) 
110274, https://doi.org/10.1016/j.jece.2023.110274.

[80] M. Inyang, B. Gao, L. Wu, Y. Yao, M. Zhang, L. Liu, Filtration of engineered 
nanoparticles in carbon-based fixed bed columns, Chem. Eng. J. 220 (2013) 
221–227, https://doi.org/10.1016/j.cej.2013.01.054.

[81] D. Wang, W. Zhang, X. Hao, D. Zhou, Transport of biochar particles in saturated 
granular media: Effects of pyrolysis temperature and particle size, Environ. Sci. 
Technol. 47 (2013) 821–828, https://doi.org/10.1021/es303794d.

[82] C. Wu, L. Wang, D. Harbottle, J. Masliyah, Z. Xu, Studying bubble–particle 
interactions by zeta potential distribution analysis, J. Colloid Interface Sci. 449 
(2015) 399–408, https://doi.org/10.1016/J.JCIS.2015.01.040.

[83] D. Angın, Eff. Pyrolysis Temp. Heat. rate biochar obtained Pyrolysis Safflower seed 
Press cake 128 (2013) 593–597, https://doi.org/10.1016/j.biortech.2012.10.150.

[84] R. Keey Liew, W. Lun Nam, M. Yee Chong, X. Yee Phang, M. Huan Su, P. Nai Yuh 
Yek, N. Ling Ma, C. Kui Cheng, C. Tung Chong, S. Shiung Lam, Oil palm waste: An 
abundant and promising feedstock for microwave pyrolysis conversion into good 
quality biochar with potential multi-applications, (2018). https://doi.org/10.1016 
/j.psep.2017.10.005.

D. Castilla-Caballero et al.                                                                                                                                                                                                                    Applied Catalysis A, General 697 (2025) 120196 

17 

https://doi.org/10.1016/J.JECE.2023.110274
https://doi.org/10.1016/j.compositesb.2016.09.020
https://doi.org/10.1016/j.jcomc.2022.100253
https://doi.org/10.1016/j.jcomc.2022.100253
https://doi.org/10.1016/j.scitotenv.2016.09.025
https://doi.org/10.1016/j.scitotenv.2015.01.061
https://doi.org/10.1016/j.scitotenv.2015.01.061
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref37
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref37
https://doi.org/10.1016/j.jece.2014.03.017
https://doi.org/10.1016/j.jece.2014.03.017
https://doi.org/10.1016/J.DIB.2019.104855
https://doi.org/10.1016/J.DIB.2019.104855
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref40
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref40
https://www.lyondellbasell.com/en/polymers/p/Pro-fax-SG702/efbb8b3f-97b1-4bc3-9b66-317e06ef1d97
https://www.lyondellbasell.com/en/polymers/p/Pro-fax-SG702/efbb8b3f-97b1-4bc3-9b66-317e06ef1d97
https://www.lyondellbasell.com/en/polymers/p/Pro-fax-SG702/efbb8b3f-97b1-4bc3-9b66-317e06ef1d97
https://doi.org/10.1016/j.mssp.2017.06.023
https://doi.org/10.1016/j.mssp.2017.06.023
https://doi.org/10.1007/s10924-009-0138-7
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref43
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref43
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref43
https://doi.org/10.1016/j.jece.2014.03.017
https://doi.org/10.1016/j.jece.2014.03.017
https://doi.org/10.1016/j.cej.2009.09.016
https://doi.org/10.1016/j.seppur.2012.06.018
https://doi.org/10.1016/J.MICROC.2024.112391
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2020.109434
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2020.109434
https://doi.org/10.1016/J.COCO.2017.02.004
https://doi.org/10.1016/J.COCO.2017.02.004
https://doi.org/10.1016/J.POLYMERTESTING.2022.107795
http://eprints.uanl.mx/2606/
https://doi.org/10.1007/978-94-011-4421-6_46
https://doi.org/10.1016/S0066-4103(09)06804-5
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref54
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref54
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref54
http://refhub.elsevier.com/S0926-860X(25)00097-3/sbref55
https://doi.org/10.1016/B978-0-08-101132-4.00004-7
https://doi.org/10.1016/B978-0-08-101132-4.00004-7
https://doi.org/10.1016/j.biombioe.2015.11.030
https://doi.org/10.1016/j.biombioe.2015.11.030
https://doi.org/10.1021/es903140c
https://doi.org/10.1021/es903140c
https://doi.org/10.1016/j.cej.2017.11.145
https://doi.org/10.1016/j.biombioe.2015.07.012
https://doi.org/10.1016/J.JPOWSOUR.2007.03.037
https://doi.org/10.1016/J.JPOWSOUR.2007.03.037
https://doi.org/10.3390/MA10010075
https://doi.org/10.3390/MA10010075
https://doi.org/10.1155/2014/930439
https://doi.org/10.4324/9781849770552
https://doi.org/10.4324/9781849770552
https://doi.org/10.1016/j.chemosphere.2019.01.132
https://doi.org/10.1016/j.cej.2019.122937
https://doi.org/10.1016/j.cej.2019.122937
https://doi.org/10.1016/j.jhazmat.2019.121623
https://doi.org/10.1016/j.jhazmat.2019.121623
https://doi.org/10.1016/j.cej.2019.02.035
https://doi.org/10.1016/j.cej.2019.02.035
https://doi.org/10.1016/j.polymdegradstab.2018.02.008
https://doi.org/10.1016/j.chemosphere.2019.01.132
https://doi.org/10.1016/j.chemosphere.2019.01.132
https://doi.org/10.1039/C4CP02201G
https://doi.org/10.1016/j.chemosphere.2017.07.025
https://doi.org/10.1016/j.jece.2023.110274
https://doi.org/10.1016/j.cej.2013.01.054
https://doi.org/10.1021/es303794d
https://doi.org/10.1016/J.JCIS.2015.01.040
https://doi.org/10.1016/j.biortech.2012.10.150
https://doi.org/10.1016/j.psep.2017.10.005
https://doi.org/10.1016/j.psep.2017.10.005


[85] R.K. Liew, C. Chai, P. Nai, Y. Yek, X.Y. Phang, M.Y. Chong, W.L. Nam, M.H. Su, W. 
H. Lam, L. Ma, S.S. Lam, Innovative production of highly porous carbon for 
industrial effluent remediation via microwave vacuum pyrolysis plus sodium- 
potassium hydroxide mixture activation, (2019). https://doi.org/10.1016/j. 
jclepro.2018.10.214.

[86] M. Keiluweit, P.S. Nico, M. Johnson, M. Kleber, Dynamic molecular structure of 
plant biomass-derived black carbon (biochar), Environ. Sci. Technol. 44 (2010) 
1247–1253, https://doi.org/10.1021/es9031419.

[87] K. Song, H. Zhang, Q. Wu, Z. Zhang, C. Zhou, Q. Zhang, T. Lei, Structure and 
thermal properties of tar from gasification of agricultural crop residue, J. Therm. 
Anal. Calor. 119 (2015) 27–35, https://doi.org/10.1007/s10973-014-4081-z.

[88] S.X. Zhao, N. Ta, X.D. Wang, Effect of temperature on the structural and 
physicochemical properties of biochar with apple tree branches as feedstock 
material, Energ. (Basel) 10 (2017), https://doi.org/10.3390/en10091293.

[89] M. Ahmad, S.S. Lee, X. Dou, D. Mohan, J.K. Sung, J.E. Yang, Y.S. Ok, Effects of 
pyrolysis temperature on soybean stover- and peanut shell-derived biochar 
properties and TCE adsorption in water, Bioresour. Technol. 118 (2012) 536–544, 
https://doi.org/10.1016/j.biortech.2012.05.042.

[90] S.E. Petersen, J.W. Dubis, The mixed block/event-related design, Neuroimage 62 
(2012) 1177–1184, https://doi.org/10.1016/J.NEUROIMAGE.2011.09.084.

[91] M. Abou Rjeily, M. Chaghouri, C. Gennequin, E. Abi Aad, J.H. Randrianalisoa, 
Investigating co-production of syngas, biochar, and bio-oil from flax shives biomass 
by pyrolysis and in-line catalytic hybrid reforming, 2023 14:20, Biomass-.-. 
Convers. Biorefinery 14 (2023) 25599–25625, https://doi.org/10.1007/S13399- 
023-04614-X.

[92] O. Azeta, A.O. Ayeni, O. Agboola, F.B. Elehinafe, A review on the sustainable 
energy generation from the pyrolysis of coconut biomass, Sci. Afr. 13 (2021) 
e00909, https://doi.org/10.1016/J.SCIAF.2021.E00909.

[93] Innovations for climate-friendly chemical production, (n.d.). 〈https://www.basf. 
com/ca/en/who-we-are/sustainability/we-produce-safely-and-efficiently/energy 
-and-climate-protection/carbon-management/innovations-for-a-climate-friendly 
-chemical-production〉 (accessed January 15, 2025).

[94] Gestión de la energía en Cali - UAO Portal, (n.d.). 〈https://www.uao.edu.co/ingen 
ieria/gestion-de-la-energia-en-cali/〉 (accessed January 21, 2025).

[95] L. Henan Doing Environmental Protection Technology Co., What’s the energy cost 
of running tyre pyrolysis plant project?_pyrolysis plant project running cost_Waste 
Tire/Plastic Pyrolysis Plant, (n.d.). 〈https://www.wastetireoil.com/Pyrolysis_faq/ 
Pyrolysis_Plant/energy_cost_of_running_tyre_pyrolysis_plant_project_1346.html〉
(accessed January 21, 2025).

[96] Electric Power Monthly - U.S. Energy Information Administration (EIA), (n.d.). 
〈https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_5_3〉
(accessed January 21, 2025).
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