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ABSTRACT
A photodegradable Low Density Polyethylene-Titanidioxide (LDPE-TiQ) nanocomposite film was
prepared, and its evaluation considers the pantiatlification of the surface of the particle using
Hexadecyltrimethoxysilane (HDTS) as functionaliziagent under Ultraviolet (UV) radiation. Reaction
efficiency of the nanoparticles was evaluated wWitlermogravimetric (TGA) and infrared analysis (FT-
IR). Nanocomposites were prepared by a melt blendéchnique; using a twin-screw extruder, each
nanocomposite film was thermoformed into differeshapes for further evaluation. Scanning Electron
Microscopy (SEM) was utilized to determine the sim®l distribution of nanoparticles in the polymer.
Experimental results indicate that surface modifica increases the degree of dispersion while
decreasing the particle size, enhancing the paRiclcompatibility with the polymer matrix.
Photocatalytic degradation was assessed througheaated degradation weathering in a chamber under
UV radiation to assess the performance of photbdatadegradation. These tests indicated, that the
particle’s homogeneity of dispersion and size réidacby functionalization allows for homogeneously
degraded surfaces (SEM) to generated a greatedabo@ of oxidized groups in the sample compared
with unfunctionalized sample.
Keywords: Titanium dioxide, nanocomposite, photocatalyticidiionalization.
1. Introduction
Waste accumulation is a problem that many reseesdre addressing in order to reduce it due to its
negative impact on the environment. In recent yeadvanced materials have demonstrated valuable

properties in waste management. Polymers constituteimportant proportion of global waste;
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polyethylene is frequently used in the packagirdustry [1,2], which causes waste accumulation due t
its high resistance to degradation [3]. There aeeal ways to degrade wasted polymeric materials
rapidly. Thermal degradation is one method; howegroduces highly toxic volatile materials sueh
methane, aldehydes and ketones [4]; and is thexeitois not suited as a remedy for pollution poéym

A different approach lies in creating polymer compds with degradable biological materials; however,
in this process, the microorganisms consume thiedizal material, leaving non-degradable material i
the environment. Heterogeneous photocatalytic digi@n as a third alternative permits nanomatetals
generate compounds degradable by UV radiation, ksl been investigated for waste-water and
drinking-water treatment [5,6].

Heterogeneous photocatalysis is an Advanced Ogiddtechnology (AOT) that involves the formation
of an electron-hole pair by energy absorption (UM)is pair reacts with the organic substrate angthe
forms free radicals that increase in the conceontrabf oxygen-containing groups, such as peroxides,
hydroperoxides, and also the ketonic carbonyl gedup9]. Materials such as Titanium dioxide (3O
and Zinc Oxide (ZnO) are often utilized due to theicellent photocatalytic properties, low toxi¢ignd
high oxidative activity [10,11]. Thus, these madégiare frequently incorporated into different miais

to add antibacterial [12—14], odor-inhibition, aself-cleaning properties. When employed at nanomete
size, these properties are enhanced because ¢érgsagface-volume portion [11,15].

However, nanoparticles must be supported on a xn&driavoid secondary recovery processes after
photocatalytic degradation in polymers [16,17]. tRermore, complete degradation of waste material
requires sufficient contact time between the madrid the particles; therefore, the particles mestain
anchored sufficiently long to achieve a uniformdative process. In this way, if the nanoparticlesraot
properly anchored to the substrate, they may eadiptmigrate to the surface and diffuse as inhaabl
toxic powder [8,18].

Kamrannejad et al. proposes that photocatalyticcgg® of crosslinking and chain breakage be
predominant reactions of the degradation of thetastigs such as polyethylene and polypropylenes Thi
is determined by evaluating the mechanical progexi the nanocomposite, in which the elastic masiul
increases while elongation decreases upon exptsWw¥ radiation [19]. Additionally Moghaddam et al.
propose that the mechanical properties of nanocesitgsodepend directly on the distribution and size

the agglomerates formed [2].
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Because nanoparticles usually stick together tonfagglomerates of the size of some microns with
increased hydrophilic character (high surface hygrogroups), these become incompatible with
polymers; thus, migration to the surface occursinip the photocatalytic activity [20,21].

Other studies have demostrated that degradatiosedaoy TiQ is directly related with its concentration
[8]. In addition to concentration, photocatalytiegdadation depends on particle size, in which agtig
enhanced by reducing the particle’s diameter [4dngidering that adequate nanoparticle size and
distribution in a polymer matrix is fundamental fghotocatalytic degradation and that the
functionalization process will result in proper mission of nanoparticles in the polymer matrix, ebhi
lowers surface energy without compromising photalgéit performance, this paper presents the results
of the photocatalytic activity of the partial fuitntalization of Titanium dioxide nanoparticles atheir
incorporation into a polymer matrix of Low Densi®plyethylene (LDPE) by extrusion. The variables
analyzed include particle-size distribution in {@ymer matrix and photocatalytic performance ia th
presence of UV radiation.

2.Materialsand M ethods

2.1 Materials

Titanium dioxide (TiQ) nanoparticles were provided by Degussa P25 (10%natase and 30% Rutile
phase), with primary particle diameters within tlamge of 30-50 nm. Ethyl alcohol, ACS reagent
99.5%, and Hexadecyltrimethoxysilane (HDTS) tecahgrade> 85% were supplied by Sigma-Aldrich.
Low-Density Polyethylene (LDPE) pellets were supglby Braskem with melt flow index of 1.7 g/10
min.

2.2 Functionalization

The functionalization process was performed usm@daptation of the method employed by Nguyen et
al. [20], in which a suitable amount of Ti@anoparticles was added into ethanol solutiongibpersion
was subjected to sonication for 3 (10 min) cycléh & 5 minutes rest. Subsequently, the dispensias
stirred to achieve a temperature of 65°C. Oncedthgred temperature was reached, the coupling agent
(HDTS) was dosed drop-by-drop according to therddsdegree of functionalization (Table 1). The
reaction temperature increased to 78°C and reflieed3 h. The nanoparticles were recovered by
filtration and washed with ethanol to remove theeawcted coupling agent. Finally, the particles were
dried in a vacuum oven at 80°C for 12 h.

Table 1.
Composition of the reaction medium for functionatian
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Sample ID  EtOH Wt %) TiO,(Wt%)  HDTS(Wt%)

TiO, 99 1 0
TiO,FN-1 98.9 1 0.1
TiO,FN-2 98.5 1 0.5

2.3 Characterization of nanoparticles

Three different analyses were performed to chariaet¢he nanoparticles; the compatibility testyaméd
Spectroscopy (FT-IR) and Thermogravimetric Anay§iGA). The compatibility test was performed
using two solvents: deionized water and hexaneuklitfonalized TiO2, TiQ FN-1, and TiQ FN-2
nanoparticles were added to each solvent at a o&tibl g of nanoparticles per 10 mL of solventeTh
samples were stirred vigorously and left to rest2® minutes; dispersion could be observed aftatsvar
Infrared spectroscopy (FT-IR-Affinity Shimadzu) wastilized to determine the degree of
functionalization; the different samples were suotgd to a washing process and then exposed tora bea
of IR light. The washing process comprised the reah@f the molecule’s functionalizing agent. The
functionalized particles were filtered on a Whatr@mpaper, and then 100 mL of ethanol were added pe
gram of sample; this process was performed ini¢ap until the unreacted molecule’s functionaligin
agent was removed from the sample, having dissdlveéle alcohol solution. Last, Thermogravimetric
Analysis was carried out to determine weight losisg TGA-50 Shimadzu at a heating rate of 10°C/min
in air. The functionalizing agent content was deieed by the following equation [22]:

Amg
mes MWsilane

ne = 10°
whererny is the functionalizing agent content (pmcﬁ)rmm§ is the HDTS weight gain for the Tidg)
and measurement in TGA) is the mass of the TiJg), S is the specific area of the Ti@m?g), and
MW ianeis the molecular weight of the bonded silane mdidg/mol). In this work, the molecular
weight of HDTS is 325 g / mol, considering a monudée bond at the particle surface.
2.4 Preparation of the nanocomposite
The preparation of nanocomposites consists of miyinlymer pellets at a concentration 3% by the
weight of the nanoparticles; three samples weregssed: one with unfunctionalized nanoparticled, an
two with functionalized nanoparticles at a concatibin of TiG, FN-1 and TiO2 FN-2 of coupling agent,
respectively. The mixing process was carried oué iturbomixer at 1,000 rpm for 2 min to prevent
overheating. After mixing, the different samplesrevextruded in a co-rotating twin screw extrudethwi

two intensive areas of mixed brand Rondol (L/D =12%0 obtain pellets (Table 2). The extrusion psx

was performed employing the following temperaturefife: 145; 185; 185; 195 and 200°C. The pellets
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were processed in a hydraulic hot-press (CarvessP8eTons, 190°C) to obtain nanocomposite films of
0.4 mm thickness. The concentration of nanopasticleghe polymer utilized in this study was detearea
considering that Daneshpayeh and collaborator® 16 Zonducted an optimized concentration of;lifO

a polypropylene matrix to improve the mechanicabparties, where the highest tensile strength is
obtained at a concentration of 3% by weight [23].

Table 2. The film’s composition processed undersdime conditions
Sample ID LDPE (%) Nanoadditive%) Type (Nanoadditive)

LDPE . 100 0 None
LDPE-TIO, | 97 3 TiO
LDPE-TiOFN-1 | 97 3 TiO,FN-1
LDPE-TiO;FN-2 | 97 3 TiIQFN-2

2.5 Characterization of the nanocomposite

Four techniques were employed to characterize #m@eomposite samples. First, Differential Scanning
Calorimetry (DSC) was performed under a heating cdit10°C/min from a range of 30°-550°C (DSC Q
200; TA Instruments). The crystallinity degree vessimated using Wc aHf /AH®, whereAHf is the
heat of fusion obtained after integrating the ameder the melting curve amtiH® = 209 J/g is the
reference heat of fusion for LDPE in the first raro perform the remaining other characterization
techniques, the films (0.4 mm thick and 2%cmwere exposed to UV radiation in a QUV Accelerated
Weathering Tester (340 nm, 1:0.5 W/{nQ-Lab) for 250 h. Every 50 h, the samples weraaeed to
analyze them by gravimetry and FTIR. To determirggivt loss by gravimetric analysis, the irradiated
films were washed with water and ethanol and theeddat 100°C for 2 hours before weighing the
sample. Finally, after the 250 hours of exposur¢han QUV, a Scanning Electron Microscope (SEM,
NANOSEM 200-FEI) was used to observe the surfacphaogies of the samples.

3. Results

3.1 FT-IR-Nanoparticles

Figure 1 depicts the FT-IR spectra for three différsamples as follows: a) sample TiO2 FN-2; b)gam
TiO2 FN-1; c) non-functionalized titanium dioxidady d) the functionalizing agent is included (HDTS)
which exhibits the characteristic bands of theladifc chain present (absorption bands 2,921, 2,852,
1,465 and 721 cm-1). With regard to sample (a)réteted OH groups’ band (3,700-3,000 9mwhich is
lower in intensity with respect to the band for g@mple (b), it demonstrated that a greater degfee
functionalization because the OH group was parhsstuted by the functionalizing agent. Additidgal

it is possible to observe an increase in the ineio$ the band corresponding to the CH vibratioith a
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wave number of 2,921 and 2,951 tnof the aliphatic-chain methyls and methyleneshi aliphatic
chain to the sample (a), indicating that it corgargreater amount of functionalizing agent.

Figure 1.

3.2 Dispersion Test Nanoparticles

The compatibility test in water and hexane (Figeydlustrates the properties of compatibility irpalar
and non-polar medium, respectively. The compatibitest in water shows that the functionalized
particles behaved equally independent of their ele@f functionalization, exhibiting no interactiaith

the solvent, forming large agglomerates; some @astiprecipitated, while others were out of phasbe
surface, indicating its hydrophobic character. Canivise, it appears to disperse particles in hexas
they remained homogeneously dispersed, the aggédesewere practically null, and the particle size
allowed the particles to remain dispersed, indicati good interaction with the non-polar medium.
Figure 2.

3.3 Thermogravimetric Analysis-Nanopartile

In the TGA, the degree of functionalization is gneted for each sample, where the difference inerdnt
functionalizing agent is minimal (Figure 3). In tfiest case (TiQ FN-1) the total functionalizing agent
was added to the reaction (10% by weight) and @B % reacted with the surface of the particle
according to TGA, while for the second case (TFN-2), where it was added at 50% by weight of the
functionalizing agent, the efficiency anchor reeehP.9%. It is important to consider that the szefa
functionalization may be limited by the steric effeonce the first molecules begin to react on the
surface, 16-carbon aliphatic chain could prevemt nlecules from reacting on the surface [24]. Tifis
consistent with the results of FT-IR, in which partfunctionalization presenting evidence vibration
signals corresponding to O-H confirmed the presexideydroxyl groups on the particle surfaGeGA
and FT-IR showed that, after washing process, tréigles were reacted at a low proportion with the
functionalizing agent (2.2 and 2.9 wt%), indicatisafuration of the particle surface: possibly tams
functionalizing agent excess in the reaction mediadads on the aliphatic chains anchored to théctert
At the end of the synthesis process, all excesstifumalizing agent was removed, leaving areas with
unreacted hydroxyl groups, where there were, i¥-1 and TiQ FN-2 contents of 1.38 umolfrand 1.8
pmol/nt, respectively.

Figure 3.

3.4 Characterization-Nanocomposite
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The Scanning Transmission Electron Microscopy (S} Ehnique was employed to observe the size of
agglomerates in the polymer matrix. This technigeemits measurement of the particle size in each
sample analyzedherein the content of titanium dioxide is the sati¢hree samples (3 wt%). Figure 4
shows the images obtained for two nanocomposite fihms: the micrography (a) corresponds to the
nanocomposite with unfunctionalized Ti@nd micrography (b) corresponds to the compouné®ED
TiO,FN-2. The results reveal that functionalization fnes distribution of particles in the matrix.
Likewise, the size of unfunctionalized is largearitthat of functionalized Tiparticles; the sizes ranges
were 100-700 nm and 30-100 nm. respectively.

Figure 4.

Characterization by Differential Scanning CalorimgiDSC) (Table 3) indicated that the crystallingl/

the nanocomposite is affected by the size andilligion of the agglomerates in the polymer matrix.
Thus, the nanocomposite with higher crystallinity the sample with the higher degree of
functionalization. This can be explained by thattipies act as nucleating agents, thus increadieg t
number of crystals in the polymer matrix.

Table 3. Differential Scanning Calorimetry (DSChachcterization of the nanocomposite
Sample AHp, (J/9) Tm Te X (%)ore
LDPE 9191 111,30 95,27 2,78
LDPE-TIO, 104.43 110,93 95,23 3,40
LDPE-TIO,FN-1 | 99.61 110,98 95,21 3,23
LDPE-TIO,FN-2 | 141.47 113.45 93.95 5.08

The mechanism of degradation of polyethylene pregdsy Liu describes the formation of carboxylic
acids, peroxide, hydroxyl peroxide, ketones, armmblabls, which are evident in the appearance of the
bands C=0 of the carboxyl group in 1,7107d15,25]. To analyze the nanocomposite degradattu,
methodology described by many authors was utilif2€,26,27,6], which considers the signal of the
carbonyl determined in 1,710 cm-1 in proportionthe abundance of the vibrations of methylene CH
bond in 1,475 cm-1. Four different samples wereosgd to UV radiation for 250 h; in the results
presented in Figure 5, we may observe that the lgawithout the titanium dioxide has a lower inddx o
remaining carbonyls samples, therefore demonsgydltiat photocatalytic oxidation had been carrietl ou
In samples containing titanium dioxide, it is pb$sito observe a higher rate of carbonyls at alihef
analysis times for samples possess a degree didoatization. The sample with the highest numbler o
oxidized species was the LDPE-TEN-2, this result indicating that the functionafigiagent (as noted in

the analysis of STEM analysis) promoted the reduactdf particle size and a more homogeneous
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distribution, which increases the formation of fi@’s surface in order for it to present a greaarface
area.

Figure 5.

TGA demonstrated the weight loss for the differeammnples analyzed. The results presented in Figure 6
demonstrate that the weight of the polymer witradditive remains constant, whereas the nanocongposit
samples decrease in weight over time. Recalling tha real difference between functionalized
nanoparticles is actually 2.2 and 2.9 wt %, respelgt, it is possible to observe the differencephmoto-
oxidative capacity. While the results of FT-IR spescopy indicated that the functionalized
nanoparticles in the higher level have more oxidlizgroups, in terms of actual weight loss,
nanocomposite samples with unfunctionalized narimbes and particles with a lower degree presented
greater weight loss. The main advantages of haftingtionalized nanoparticles for the production of
polymer nanocomposites are , certainly, to imprtwe distribution of nanoparticles in the matrix,
generating degradation levels of 7 and 9% in weligbs compared with the 11% weight loss generated
by the unfunctionalized sample.

Figure 6.

The SEM micrographs registered present surface fioation after UV radiation. In the case of the
nanocomposite containing unfunctionalized and fonetized nanoparticles, LDPE TjOFN-1,
degradation is performed heterogeneously with l@sdamage above the surface. Contrariwise, LDPE
TiO, FN-2 presented a homogeneous surface degradasopresented in Figure Dther studies have
demonstrated that the ability to degrade a nanoositgis dependent on two factors: the concentratio
of the photocatalytic nanomaterial in the polyngerd the intensity of the UV radiation [7]. Howevtris
study presents the importance of the degree otifuralization to improve nanoparticle dispersioi &m
decrease particle size in the polymer to improveaatibility. In another investigation, where titani
dioxide is coated with a carbon layer, it was dataed that the ability of photocatalytic degradatadso
depends on the size and thickness of the partictesing. It also concludes that degradation befyora

the interface between the Ti@nd polymer layer and subsequently, the damagmeéstthroughout the
surface[19]. In cases in which the particles ocaupy larger surface area between the particletlamd
polymer decrease, heterogeneous surface damagesreligh fragmentation of the polymer sections, yet
the detached part that loses contact with the glatadytic agent could stop degradation. A smaller

particle size increases the surface area and atsadps support by means of a functionalizing agent
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partially anchoring the particles in the polymertrxaand exhibiting further degradation, that latte
evidenced by the formation of more oxidized speadsuring the measurement index of carbonyl, and
more homogeneously, as observed in the STEM imdgethe results presented here, the samples
without nanoparticles began its degradation afieh9Qwhile the remainder of the samples begange lo
weight after 15 hours. By comparing the sampleé wanoparticles loss, greater weight is presemted i
the sample with unfunctionalized Tithowever, as discussed in the analysis of theotgtbndex, this is

the sample with the lowest abundance of oxidizeztigs, providing evidence of surface-damage weight
loss without this refering to chemical degradation.

Figure 7.

Conclusions

Partial functionalization of TigFN-1 and TiQFN-2 nanoparticles was conducted, which was eviblgnt
means of the FT-IR spectra. Furthermore, TGA detnatesl that the actual degree of functionalization
was 2.2 and 2.9%, respectively. There was a nanpasite with LDPE by extrusion with different
functionalized particles in which films were formbg compression. Functionalization improved paeticl
dispersibility and adhesion in the polymer, achigvsmaller particle sizes compared with those ef th
unfunctionalized sample.

According to the results obtained by the carbongex and SEM, it was determined that, in the case
where the dispersion is improved, oxidation andraégtion are greater and homogeneous. However, in
the gravimetry analysis, it presents greater weiglss was represented in the sample containing
unfunctionalized nanoparticles. The latter relatés the detachment of polymer sections withoutsthe
being degrading, i.e., a heterogeneous degradatioars, which was due to the low surface area ®f th

chain-breaking process that takes place in limigggbns.
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Figure 1. FT-IR Titanium dioxide nanoparticles (TiO,), Hexadecyltrimethoxysilane (HDTS), functionalized

nanoparticles (TiO, FN-1 and TiO, FN-2).
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Figure 2. Compatibility test: particle aggregatesin water (left) and dispersed particlesin hexane(right).
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Figure 3. Thermogravimetric Analysis. Titanium dioxide unfunctionalized (TiO,), titanium dioxide

funcionalized (TiO,FN-1 and TiO,FN-2).
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Figure 4. Nanocomposite LDPE-TiO, (a-SEM, c-STEM), Nanocomposite LDPE-TiO,FN-2 (b-SEM, d-

STEM).
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Figure 5. FT-IR Analysis-Carbonyl |ndex
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Figure 6. Gravimetry. LDPE (m), TiO, wt. (o), TiO,FN-1 (A), TIO,FN-2 (V).



Figure 7. SEM- TiO, (left), TiO, FN-1. (middle), TIO, FN -2 (right).



