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ABSTRACT

Polyamide membranes play an important role in separation processes. However, the production
of these membranes generates contaminated effluents with a high concentration of formic acid
(FA), which is easily oxidized and highly toxic to the environment. Titanium dioxide (TiO,) using
ultraviolet (UV) radiation is a promising alternative for treating effluents contaminated by organic
compounds. The objective of this article is to treat an effluent generated from the production of poly-
meric membranes, by the photocatalytic process. The TiO, particles were characterized by granulo-
metric and textural analysis, scanning electron microscopy (SEM), thermal analysis, X-ray diffraction
(XRD), and Fourier transform infrared (FTIR) spectroscopy. The effluent was characterized by the FA
content and the chemical oxygen demand (COD). In the granulometric and textural analysis of TiO,,
it was found an average particle diameter of 59.6 nm and a specific surface area of 39.14 m? g”'. By
SEM, it was visualized that TiO, had a structure with particles of spherical format. Thermal analysis
showed endothermic peaks up to 100°C, from water physically adsorbed on the surface of TiO,. By
XRD, it was observed that TiO, presented the crystalline phases anatase and rutile. Through FTIR,
were found two bands of 505 and 612 cm™ characteristic of TiO,. In the physical-chemical analyzes
1,993.13 mg O, L™ were obtained for COD and 106.45 mmol L of FA content for the raw effluent.
The treatment by UV radiation showed a low degradation of FA, while the technique with TiO,/
UV was more efficient, reaching 89.5% of degradation of FA and 79.44% in COD, presenting itself
as a very promising process for the degradation of this effluent.

Keywords: Heterogeneous photocatalysis; Titanium dioxide; Ultraviolet radiation; Formic acid;

Effluent treatment

1. Introduction

Water is undoubtedly a natural resource with economic
value, as it is considered indispensable for the maintenance
of all types of life on our planet. However, water scarcity is
a current problem that affects various sectors of society, as
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it results from the precarious conditions of use or the lack
of use of available water potentials, also compromising
environmental sustainability.

Thus, it is necessary to search for technologies that
provide quality water by viable methods, making this
technology a target for the world market. With this, the
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development of membranes arises and plays an important
role in the separation processes. Membrane filtration is a
method widely used to separate small molecules such as
salts, viruses, bacteria, or proteins in fluids. Currently, one
of the most commonly applied methods for the production
of porous membranes is based on the phase separation of
polymer solutions [1]. Among the applications for water
sanitation, polymeric membranes are very widespread
in developed countries and are standing out in Brazil, as
they are capable of separating substances that conventional
filters cannot retain.

Membrane separation processes are generally consid-
ered to be green technology, with unique characteristics
such as low energy consumption and compact and efficient
operation. Although membranes have certainly improved
the sustainability of chemical processes, it is not widely
known that membrane fabrication itself is far from being a
green process [2]. The manufacture of membranes by phase
inversion, normally employs toxic dipolar aprotic solvents,
such as formic acid (FA), n-methyl-2-pyrrolidone (NMP),
and dimethylformamide (DMF) [3].

Polymeric membranes are produced by the phase inver-
sion technique that can give rise to membranes with two
layers, a selective (filtering skin) dense at the top and a
porous layer at the bottom, with a significant variation in
the size of pores along its thickness [4]. The phase inversion
technique using the simple spreading immersion and pre-
cipitation method consists of immersing a flat polymeric
film in a non-solvent bath. The transport of components is
carried out between the two phases in contact, solvent for
the bath and non-solvent for the film, causing the separa-
tion of the liquid-liquid phase and subsequent precipita-
tion of the polymeric solution. This method allows great
flexibility in the variation of the morphology, depending on
which solvent and non-solvent is used [5,6]. Thus, this pro-
cess generates a precipitation bath with a high percentage of
solvent that must be reused in the same process or treated
before disposal in the environment.

The process for obtaining these membranes by the
immersion—precipitation method by phase inversion, pro-
duces a considerable volume of effluents that are inadequate
to be discharged directly into the receiving water bodies.
Therefore, studies on the treatment of these effluents, both
for disposal and for the possibility of reusing treated water
in the process itself are a growing necessity. The treatment
of effluents generated in the membrane production pro-
cesses is necessary, since it is highly harmful to the envi-
ronment due, among other factors, to the high chemical
oxygen demand (COD), and presence of various chemical
compounds such as solvents and organic acids [7].

In the process of manufacturing polymeric membranes,
the solvent N-methyl-2-pyrrolidone (NMP) is widely used
in high concentrations such as 1,000 mg L™ Its disposal
in the environment is very worrying, so treatment is nec-
essary due to possible negative environmental impacts.
Loh et al. [8] studied the treatment in a sequential batch
reactor (SBR) as well as by a membrane bioreactor (MBR).
The authors concluded that the treatment through the SBR
was able to remove more than 90% of dissolved organic car-
bon and approximately 98% of the NMP in 2 h of experi-
ment. However, the MBR experiment showed a decrease

in efficiency from 100% to 40% in the period of 15 d of
operation.

The use of DMF in the production of membranes is also
very widespread, however due to its low degradability it
demands an effective treatment of the generated effluents.
Dou et al. [9] analyzed a new process for removing DMF
in effluents. They used a process that combines extraction,
distillation, and reverse osmosis (RO). In the distillation
process, extractors were designed for the separation and
recovery of the DMF, the simulations showed that more than
99% of the DMF could be recovered with 99% of purity.

Therefore, many processes have been proposed over
the years and are currently being employed to destroy
these pollutants. The so-called photocatalytic detoxification
has been discussed as an alternative method for cleaning
polluted waters [10]. In this regard, the advanced oxida-
tive processes (AOPs) stand out, as excellent methods for
the destruction of toxic pollutants in non-toxic substances.
Among the AOPs, one can mention the heterogeneous pho-
tocatalytic process. Heterogeneous photocatalysis produces
considerable amounts of hydroxyl radicals, which are a
powerful oxidizing agent. Heterogeneous photocatalysis is
becoming the future of water treatment, due to the addi-
tion of few chemicals, ease of implementation, and excellent
cost-benefit of the industrial process [11].

Photocatalytic degradation is achieved with the aid of
a photocatalyst, in this case a semiconductor, and a radia-
tion source. It has as an advantage, the great efficiency in the
degradation of toxic organic compounds without the need
to resort to the use of other more energetic chemical oxi-
dants, which, by themselves, are already highly pollutants
[12]. The semiconductor is in a solid-state. The most used
is titanium dioxide (TiO,), which can be used for various
applications because it is resistant to photo corrosion, has
low cost, is non-toxic, and is photochemical and chemically
stable over a wide range of pH [13].

Semiconductor photocatalysis involves activating the
semiconductor by light. This light needs to have greater
energy than that of the bandgap region, that is, the energy
between the valence band (VB), where the electrons are
attached to individual atoms and the conduction band (CB),
where the electrons are free to move in the material’s atomic
network [14]. The oxidation capacity of photocatalysts can
be regulated through semiconductor band-gap engineer-
ing, which has an extremely high selectivity for the target
product to be achieved [15].

TiO, absorbs light energy (Lv) in the ultraviolet range
(<254 nm) from natural (sun) or artificial sources (lamps).
As shown by the equations below, the light energy absorbed
by the semiconductor results in the generation of electron
pairs/gaps (e~ + h") [Eq. (1)] that will produce reactive rad-
icals, hydroxyls (OH") [Eq. (2)], which will oxidize and
mineralize organic compounds [Eq. (3)] [16,17]:

TiO, + v — TiO, (e” +h") 1)
H,0+TiO, (h") - TiO, + OH" + H' @)
OH" + Organic compounds — H,0 + CO, 3)
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The organic pollutants adsorbed on the catalyst are
then degraded by successive radical reactions in non-toxic
products and mineral species. The degradation capacity
of the semiconductor is related to several parameters, such
as the nature and intensity of radiation from the light source,
the number of incident photons for the activation of TiO,, the
nature of the reaction medium, the amount of TiO, (or active
sites), the water content for the production of hydroxyl
radicals and the nature and concentrations of pollutants [18].

Therefore, when exposed to water containing a high
concentration of FA obtained by the production process of
polymeric membranes by the phase inversion technique, it
significantly changes the quantity and size of the pores on
the surface and cross-section of these membranes. Thus, to
reuse this water, it is interesting that it contains up to 30%
FA in the precipitation bath, so that the membranes obtained
have adequate morphology and microstructure to be used
in microfiltration processes in the treatment of liquid
effluents [19,20].

Sadi et al. [21] evaluated the treatment of FA through
the photocatalytic activity of TiO,. The addition of quater-
nary ammonium bromide as a co-catalyst was investigated
in order to assist growth at low temperatures in the ana-
tase phase. The photodegradation of FA was selected as a
reaction model because it undergoes direct mineralization
to CO, and H,O without the formation of stable intermedi-
ate species. In addition, this compound represents a possible
final step in the photodegradation of more complex organic
compounds. A complete kinetic study for photodegradation
of FA was performed to better understand the results.
The modified TiO, was investigated in the photodegra-
dation of FA under ultraviolet light, revealing interesting
photocatalytic properties. The maximum photocatalytic
activity was reached for a content corresponding to a max-
imum recovery by monolayer of FA on the surface of TiO,.

The objective of this work is to evaluate the photocata-
lytic degradation of effluents generated by the production
of polymeric membranes, analyzing the degree of reduc-
tion in FA and removal of COD. The initial concentration
of the effluent and the effect of the photocatalyst load were
examined.

2. Experimental
2.1. Chemical products

The photocatalyst used in this study for the treat-
ment of the effluent was titanium dioxide (TiO,) which
is presented as a fine powder (a mixture of two phases,
80% anatase and 20% rutile) supplied by Degussa®, with
a molecular structure shown in Fig. 1a. The effluent used
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Fig. 1. Molecular structure (a) TiO, and (b) FA.

came from the Membrane Development Laboratory of the
Federal University of Campina Grande, Paraiba, Brazil.
The polymeric and hybrid membranes were obtained using
the phase inversion technique, formed by the polymer, inor-
ganic fillers, and the solvent, resulting in the formation of
the effluent. Its major compound is the organic solvent FA
with a molecular formula CH,O,, which has a molar mass
of 46.03 g mol™, with molecular structure shown in Fig. 1b.

2.2. Characterization of titanium dioxide

The granulometric distribution was performed in a
Mastersizer 2000 of Malvern, Instruments Ltd., (Malvern,
United Kingdom). In this method, the proportional relation
between laser diffraction, concentration and particle size is
combined. The equipment used to obtain the specific sur-
face area, the pore volume and the average pore diameter
was a textural analyzer Quantachrome Nova 3200e model
(USA). Analysis of scanning electron microscopy (SEM)
was performed on the Tescan Analytics Equipments (Brno,
Czech Republic), model Vega 3, operating at 20 kV. A mor-
phological analysis of the surface of TiO, was performed.
The material was sprayed with gold on the Shimadzu IC
sputter 50 equipment (Tokyo, Japan), using a current of
4 mA for a period of 3 min. The mass loss was obtained
by thermogravimetry (TG) in a thermobalance model
Shimadzu TGA-60 (Tokyo, Japan) in nitrogen atmosphere
with alumina crucible, flow of 50 mL min™ and heating rate
10°C min, from room temperature to 1,000°C. Differential
scanning calorimetry (DSC) was performed on DSC-50
equipment from Shimadzu (Tokyo, Japan), with scans that
started at room temperature up to 350°C, at a heating rate
of 10°C min™, under nitrogen atmosphere. X-ray diffrac-
tion (XRD) analysis for TiO, was conducted on a Shimadzu
XRD-6000 diffractometer instrument (Tokyo, Japan), using
copper Ka radiation (A = 1.541 A), 40 kV of voltage, current
30 mA, scanning from 2 to 75 with a scan rate of 2 min™.
The analysis of Fourier transform infrared spectroscopy
(FTIR) was performed on a PerkinElmer Analytical
Instruments (Massachusetts, United States) Spectrum 400
spectrometer with scan from 4,000 to 400 cm™. All anal-
yses were performed in the Materials Characterization
Laboratory of the Academic Unit of Materials Engineering
at the Federal University of Campina Grande.

2.3. Effluent characterization

The phase inversion technique is the most common
method for the production of polymeric membranes based
on the separation of an initially homogeneous system into
two distinct phases consisting of the polymeric membrane
and an effluent with a high concentration of FA and pos-
sibly other additives in small amounts, such as inorganic
salts that act as porogenic agents forming the membrane
pores. The effluent was characterized by the COD and
the FA content as it is the major compound in obtaining the
membrane, the methodology for determining FA and COD
were, organic and volatic acids/distilation method (5,560 D)
and closed reflux titrimetric method (5,520°C), respec-
tively, described in Baird et al. [22]. COD is an extremely
important measurement in the treatment of effluents, as it
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is an indirect measurement of the amount of organic mat-
ter present in it, with this determination, it is possible to
measure virtually all organic compounds that can be left-
over from the photocatalytic treatment. The analyzes for
the characterization of the effluent were carried out at
the Environmental Sciences Research Laboratory of the
Department of Sanitary and Environmental Engineering at
the State University of Paraiba.

2.4. Experimental planning

In order to improve the process of heterogeneous photo-
catalysis in the treatment of effluents generated in the pro-
duction of polymeric membranes, an experimental planning
was carried out with two factors and two levels 2* with two
central points for the TiO, content, in which six experiments
were obtained to be performed. It was defined the TiO,
load low, (0.1), medium (0.3), and high (0.5)% m/m, initial
concentration of FA to be low (1.2) and high (2.4) mmol L.

The experimental planning consists of analyzing the
effluent degradation in view of the influence of the param-
eters: load of the photocatalyst and initial concentration of
the FA. Table 1 show the experimental matrix used in this
research.

2.5. Photolytic and photocatalytic process

The experiments were carried out in two stages: first,
with UV radiation and absence of catalysts (photolysis),
and a second, with UV radiation and the presence of the
photocatalyst (TiO,). The photocatalytic experiments were
conducted in the presence of the photocatalyst, with varying
amounts of (TiO,), which were 0.1%, 0.3%, and 0.5%.

The experimental system consists of a wooden box
(Fig. 2), with a glass door on its front, for viewing its inte-
rior. On the top of the box there are three 15 W germicidal
lamps (Philips) that emitted ultraviolet radiation (UV) at
a wavelength of 254 nm. Inside the box there is a cylindri-
cal shaped reactor made of Pyrex glass with a volume of
1,000 mL. All experiments were carried out at a temperature
of approximately 23°C (room temperature).

In the photocatalysis, suspensions with the presence
of TiO, were stirred in the dark for 30 min to achieve the
adsorption/desorption equilibrium of the FA present in
the effluent. The adsorption equilibrium studies were
performed in the period of contact of TiO, with the efflu-
ent in the absence of light. The volume of effluent used in
each experiment was 1,000 mL, the effluent remained in
the reactor for 4 h and was kept in suspension under con-
stant agitation with the use of an electromagnetic stirrer,
being exposed to UV radiation. During this period, every

Table 1
Experimental matrix

30 min, a 30 mL sample was taken to monitor the degrada-
tion process. The samples that contained the photocatalyst
were centrifuged with a rotation speed of 4,000 rpm, in a
centrifugal equipment manufactured in Brazil, type Fanem
Excelsa II 206BL, for 30 min so that the sedimentation of
the suspended photocatalyst could occur. With the super-
natant material, the physical-chemical characterization of
the samples was carried out to monitor the COD variation
rate and the FA concentration. The experiments were carried
out at the Environmental Sciences Research Laboratory of
the Department of Sanitary and Environmental Engineering
of the State University of Paraiba.

3. Results and discussion
3.1. Characterization of TiO,

The characterization of commercial TiO, (Degussa P25)
was carried out, to prove that its physical-chemical proper-
ties, intrinsic characteristics, and efficiency were preserved
and suitable for application in heterogeneous photocataly-
sis. The characteristics include nanometer-scale particles,
high specific surface area, volume and average pore diam-
eter (mesoporosity), spherical shape morphology, crystalline
phases and planes mostly anatase, wavelength with vibra-
tion of Ti-O bonds, and their thermal properties, confirming
the transitions of the amorphous phase of the material.

3.1.1. Granulometric and textural analysis

Fig. 3 illustrates the particle size distribution and the
average diameter of the TiO, particles.
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Fig. 2. Photocatalytic reactor.

Parameter Treatment

T1 T3 T4 T5 T6
TiO, (%) load 0.1 0.3 0.3 0.5 0.5
Initial FA concentration (mmol L) 1.1 1.2 24 1.2 24
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Fig. 3. TiO, granulometric distribution.

Knowledge of the statistical granulometric distribu-
tion and the size of elementary particles is essential, as it
significantly influences the microstructure, affecting the
density, thermal, electrical, and photocatalytic properties
of the semiconductor. Therefore, determining the particle
size of TiO, and proving its nanoparticles by means of par-
ticle size distribution is extremely important to act more
efficiently in the photocatalytic process. In Fig. 3, it can be
seen that the frequency histogram curve for the TiO, parti-
cle size distribution is unimodal with a distribution range
with an average particle diameter of 59.6 nm. The size dis-
tribution range extends from 30 to 300 nm [23,24]. About
57.35% by mass of the accumulated particles are smaller
than 87.8 nm. The narrower the distribution shown by
the particle diameter curve, the greater the homogeneity
in relation to the particle distribution, size, and geometry.

Also according to Fig. 3, the d,, = 10% of the particles
obtained was with diameters less than 46.1 nm, d, = 50% of
the particles had diameters less than 76.8 nm and d,; = 90%
of the particles was with diameters less than 158.6 nm [25].
Furthermore, the decrease in particle size is accompanied
by an increase in the surface/volume ratio, which makes the
surface energy contribute significantly to the total energy
of the material. This means that, for small particles, the
polymorphic form with the lowest surface energy exhib-
its the highest thermodynamic stability, which contributes
to a better performance of the photocatalytic process [26].

Table 2 illustrates the values of the textural analysis
that correspond to the specific surface area (S,;;) that was
determined by the Brunauer-Emmett-Teller (BET) method
developed by Stephen Brunauer, Paul Hugh Emmett,
and Edward Teller, and the pore volume (V) and average
pore diameter (D)) that were calculated by the Barrett—
Joyner-Halenda (BJH) method that was described by
Barrett-Joyner-Halenda.

The BET method describes the physical adsorption of
gas molecules on a solid surface and serves as a basis for
an important analysis technique for measuring a specific
surface area of a material. The S, obtained in Table 2 was
39.14 m? g7, which is considered a high value of surface
area that is favorable to improve the catalytic activity, the

Table 2
TiO, textural analysis

Textural analysis TiO,
Specific surface area (m? g™') 39.14
Pore volume (cm?® g™) 0.034
Average pore diameter (nm) 2.26

same resulting from small particles or porous structure
[27,28]. The photocatalytic activity of TiO, depends on a
large number of parameters, including the crystalline struc-
ture, the relationship between the anatase and rutile phases,
the particle size, the specific surface area, and the average
pore size [29].

The adsorption of nitrogen using the BJH method pro-
vides information on the mesoporosity of the material.
According to the result obtained from V = 0.034 cm® g7,
in addition to a Dp = 2.26 nm (Table 2) that can be classi-
fied as a material with mesoporous structure (pore width
in the range of 2-50 nm) according to the International
Union of Pure and Applied Chemistry (IUPAC) classi-
fication, with pores being filled by: pore condensation,
which reflects a first-order gas-liquid phase transition
[30]. The IUPAC classification is based on measurements
of adsorption and desorption of nitrogen gas at its boiling
temperature, and on the statistical width of the adsorbed N,
gas layers. Mesoporous TiO, is the result of pores formed in
its particles, presenting a large surface area due to a porous
confined structure and a high surface/volume ratio [31].
Furthermore, mesoporosity is related to the presence of
cavities, channels, or interstices, which are capable of inter-
acting with atoms, ions, molecules, and nanoparticles, not
only on their surfaces, but also throughout the mass, mak-
ing it of great importance in photocatalytic applications.

3.1.2. Scanning electron microscopy

SEM photomicrographs were necessary to study the
microstructure of TiO,, identifying the size, shape, and quan-
tity of particle agglomerates, as shown in Fig. 4.

From the photomicrographs, it can be seen in Figs. 4a—e,
with magnifications of 500x; 1,000x; 2,000x; 3,000x; and
5,000%, respectively, that the samples have a morphological
variation over their surface area, with the presence of large
clusters of particles with different sizes, without defined
shapes, with little homogeneous distribution of these
aggregates. Most commercially available nanoparticles are
large clusters of about 1 pm in maximum size, composed of
primary particles with sizes ranging from 5 to 50 nm. Large
clusters disperse light and are not directly suitable for optical
systems [32]. The primary particles can be held together by
weak Van der Waals interactions in the case of clusters or
by strong interactions in the case of aggregates. The degree
of agglomeration of the TiO, particles depends on factors
such as the pH of the suspension, the ionic strength, the
size of the particles, and the concentration of particles [33].

In Figs. 4f-i, with increases greater than 8,000x; 10,000x;
15,000%; and 20,000, respectively, morphological structures
with particles on the micrometric scale were observed,
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with spherical shapes and uniformly distributed [34].
In addition, from these increases, a microporous struc-
ture became more evident on its surface and between
the TiO, particles. Therefore, the microstructure of TiO,
particles obtained, favored its application in the photo-
catalytic process, because many factors have a significant
influence on performance, including size, specific surface

area, pore-volume, pore structure, crystal phase, and the
aspects that the semiconductor surface is exposed [35].

3.1.3. Thermal analysis

Thermal analysis is the study of the relationship between
a sample property and its temperature as the sample is
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heated in a controlled manner, as an example, we have DSC
and thermogravimetry/differential thermogravimetry (TG/
DTG). These techniques are used to provide qualitative,
semi-quantitative, and even quantitative measurements of
energy evolution in heating materials over a considerable
temperature range. Figs. 5 and 6 illustrate the DSC and TG/
DTG curves of TiO,, respectively.

DSC is a technique used to determine the heat flow
inside and outside a sample when subjected to a controlled
atmosphere temperature program. In the DSC curve, when
heating a sample, thermal changes in a material are accom-
panied by a heat exchange; hence the temperature of these
transformations and heat flow can be determined. In Fig. 5,
two endothermic events can be observed: at 54°C, which
may be related to the physiosorption of water on the sur-
face; and at 218°C it can be attributed to the water leaving
the constitution and formation of TiO, [36]. It is important
to note that a wider temperature range up to 1,000°C could
reveal other events, which would make it possible to attri-
bute the transition temperatures from amorphous phase to
anatase and from anatase to rutile. However, the DSC anal-
ysis instrument used did not allow to obtain events above
350°C, so it was necessary to perform a TG to increase this
temperature range and to be able to observe the phase
transitions that occurred in TiO,.

TG follows mass changes in a sample subjected to heat
treatment. A TG can be recorded as a change in the sample’s
mass with temperature and time, and with the pressure
and gas composition. From the TG curve and its derivative
illustrated in Fig. 6, a total mass loss of 4% for TiO, was evi-
denced and the mass loss events detected occurred in four
stages of decomposition: at 4°C referring to water desorp-
tion; at 262°C inherent in the loss of crystalline TiO, water,
eliminating hydroxyl group as water vapor by condensation
of Ti-OH groups, producing the Ti-O-Ti bond; at 483°C
related to the conversion of Ti(OH), to TiO,, indicating the
beginning of the structural organization of the system, which
possibly will induce the crystallization of the amorphous
phase for anatase; and at 623°C it probably corresponds to
the transition from the anatase phase to rutile phase [37-39].

According to DSC and TG/DTG of Figs. 5 and 6, it was
found that the endothermic peaks between room tempera-
ture up to 100°C came from free water and from water mol-
ecules physically adsorbed on the TiO, surface by hydrogen
bonds, since both water molecular as the dissociated (-OH
groups) adsorbed on semiconductor, end up favoring the
photocatalytic process [40,41].

3.1.4. X-ray diffraction

By XRD, it was possible to identify the phases and
crystalline planes of the sample, as can be seen in Fig. 7.

According to the diffractogram shown in Fig. 7, it can
be seen that the crystalline phases characteristic of TiO,
were anatase and rutile. The diffraction peaks characteris-
tic of the anatase phase of TiO, are 20 = 25.4°, 37.9°, 38.4°,
38.7°, 48.3°, 54.0°, 62.2°, 62.9°, 68.8°, 70.5°, and the crystal-
line planes (101), (103), (004), (112), (200), (105), (213), (204),
(116), and (220), respectively. Also in the XRD standard,
peaks characteristic of the rutile phase TiO, were visualized
at 20 = 37.8°, 44.5°, 55.5°, and 64.8° and crystalline planes
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(101), (210), (211), and (310), respectively [42,43]. Therefore,
the samples prevailed in the anatase phase, confirming
that the material used as a source of TiO, was Degussa
P25, which consists of 70% anatase and 30% rutile [44]. The
photocatalytic activity of TiO, is strongly dependent on the
size of its crystallite, the relationship between the anatase
and rutile phases and phase structure, the particle size,
specific surface area, and the average pore size. Due to a
greater gap (3.2 eV) of anatase than rutile (3.0 eV), anatase
has less sunlight absorption capacity than rutile [45]. This is
due to the rate of recombination of carriers of lower anatase
load and greater surface adsorption capacity to hydroxyl
groups than rutile [46]. Crystalline anatase is the largest
phase, this characteristic is important because it is the most
photoactive phase of titanium dioxide, which is highly
desirable in processes of photocatalytic degradation [47,48].

3.1.5. Fourier transform infrared spectroscopy

The results of the FTIR analysis of the characteris-
tic bands of titanium dioxide can be seen in Fig. 8. It was
observed by the band of the FTIR spectrum, the band
505 cm™ which is due to the vibration of the Ti-O connec-
tion [49] and the band at 612 cm™ which is attributed to the
vibration of the Ti-OO connection [50]. A peak observed in
the range between 403 and 978 cm™ was due to the vibra-
tions of six coordinated TiO, octahedrons and four by
coordinated titanium anatase of Ti—O titration. The band at
1,638 cm™ is assigned to the vibration mode of the H-O-H
connection of the physisorbed water [51]. The 2,378 cm™
range is attributed to the CO, present in the atmosphere [52].
For the TiO, sample, the spectrum shows a strong absorp-
tion band at 3,426 cm™, corresponding to the isolated —
OH, related to the stretching frequency of -OH attributed
to the surface of water adsorbed by the TiO, sample. The
amount of O-H groups adsorbed on the catalyst surface is
responsible for improving the photocatalytic efficiency [53].

3.2. Effluent characterization

Initially, the characterization of the effluent from
the membrane production process was carried out, and
physical-chemical analyzes were executed, in which the
COD values of 1,993.13 mg O, L7, and FA content with
106.45 mmol FA L and pH 2.4 were determined. Szekely
et al. [54] show that after manufacturing membranes by
phase inversion process, solvents and toxic additives such
as plasticizers in the casting solution (generally between 75
and 85 weight%) remain in the non-solvent bath, generating
a large amount of liquid waste. This proved the great pol-
luting potential of this type of effluent. Then, initial tests of
degradation of the raw effluent were carried out and it was
found that with a high concentration of FA, its degradation
is not satisfactory. Because to degrade organic compounds
with a high polluting load it is necessary to increase the
photocatalyst content, however a greater amount of TiO,
prevents the proper penetration of UV radiation, making
the process inefficient. Therefore, dilutions of the raw efflu-
ent were made with distilled water to preserve its charac-
teristics, to the concentrations of 1.2 mmol FA L (pH 3.4)
and 2.4 mmol FA L™ (pH 3.2) for the FA content, then COD

determinations for these concentrations were performed,
obtaining 164.44 and 204.59 mg O, L, respectively. Riboni
et al. [55] studied the degradation of FA, with a mixture
of TiO, and Ti-W oxide photocatalysts, using a low acid
concentration, obtaining a 95% degradation of the acid.
The acid concentration used for this degradation was
1.0 mmol L. Ardila et al. [56] studied the degradation of FA
(0.22 mmol L) and phenol (0.1 mmol L) using commercial
titanium dioxide in a UVA-LED photocatalytic reactor in
batch mode with recirculation, where they obtained about
72% and 60% of the removal of COD and TOC, respectively,
after 60 min of irradiation with TiO,, carrying 0.5 g L.

3.3. Photolytic and photocatalytic processes

Direct photolysis is the transformation of a compound
as a result of its own light absorption. Heterogeneous pho-
tocatalysis designates the activation of a semiconductor by
means of natural or artificial light. A semiconductor like TiO,
is used as a photocatalyst because they have an electronic con-
figuration characterized by having a valence band (VB) that is
filled with electrons and a conduction band that is an empty
conduction band (CB). Thus, the difference between these
two bands is a small and well-defined energy value known as
a bandgap, which means an interval between the bands [57].

Fig. 9 shows the effect of the irradiation time for the
photocatalytic degradation process, for two initial concen-
trations of the FA and three loads of the photocatalyst, and
for the process of photolysis of the effluent with the moni-
toring of the concentration of the FA. According to the data
obtained, it was possible to observe that the photolysis was
not efficient for the degradation of the FA, reaching a low
removal. The concentration of 1.2 mmol FA L showed a
removal of 6.10% and the concentration of 2.4 mmol FA L
removed 13.92% [58]. The degradation of the effluent with
the presence of irradiation alone, under the same condi-
tions for the photocatalytic process, can be detected as
a standard measure of the photocatalytic activity for an
effluent with organic pollutants.
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Fig. 8. TiO, FTIR spectrum.
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Also, in Fig. 9, it is shown the photocatalytic process of
the degradation of the FA. In the first 30 min in which the
effluent was in the dark (without the presence of radiation),
it was possible to notice that there is no type of degrada-
tion, for the two levels of initial effluent concentrations.
With the increase in the exposure time of the effluent to radi-
ation, the degradation happened gradually. However, the
difference in degradation that exists between the different
loads of the photocatalyst is negligible, as they present an
extremely low difference in degradation when compared to
one another. It is still possible to observe that degradation
of the FA after 240 min does not occur entirely, this fact may
probably have occurred due to inorganic compounds pres-
ent in the composition of the hybrid membranes obtained
by the phase inversion technique. This influence was also
observed by Negishi et al. [59], who studied the degrada-
tion of FA by photocatalysis with TiO,/UV, noted that the
rate of degradation of FA decreased with the increase of
inorganic substances present in the effluent. Using titanium
dioxide together with graphene particles, GA-TiO, (anatase/
rutile-87/13%), Hamandi et al. [60] degraded FA at a concen-
tration of 21.7 mmol L7, reaching 60% efficiency. Therefore,
we have to carry out experiments with an initial concentra-
tion of 1.2 mmol FA L, which showed 72.61% FA removal
for 0.1% TiO, load, 76.52% for 0.3% load, and 80.44% for 0.5%
load. For the initial concentration of the 2.4 mmol FA L~
effluent, it was found that for the 0.1% load of TiO,,
80.44% was degraded, for the 0.3% load, it was degraded
84.35%, and for the 0.5% load, 88.26% was degraded.

Therefore, it is important to highlight that for the degra-
dation of the FA, the best parameters relating to the initial
concentration of the effluent and the load of the photo-
catalyst were observed with the initial concentration of
2.4 mmol FA L™ and the charge of the photocatalyst of 0.5%,
with an acid removal of 88.26%.

3.4. Degradation mechanism

The degradation mechanism of FA was studied
by El-Alami et al. [61] in which they proved that this
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Fig. 9. Efficiency of photolytic and photocatalytic processes (- - -)
1.1 mmol FALY; (—) 2.2 mmol FAL.

degradation can occur through the reaction of adsorbed
FA (ads) or FA present in the solution/surface interface of
the catalysts (inter) with the surface of the hydroxyl rad-
icals (OH: ,) or holes [reactions (4) and (5), respectively]
or through the reaction of FA in aqueous solution with
free hydroxyl radicals (OH:_ ) [reaction (6)].

free

HCOO,, s + OH:,, = COY +H,0 (4)
HCOO,,, .., +H" = CO; +H' )
HCOO,,, +OH;, - CO; +H,0 ©6)

According to Miller et al. [62] who studied the effect of
water on the photocatalytic decomposition of FA in TiO, and
Pt/TiO,, it was verified that this decomposition of FA forms
CQO, and H,0 with TiO,, but forms CO, and H, with Pt/TiO,.
Thus, during the photocatalytic decomposition of FA with
TiO,, the FA extracts a cross-linked oxygen from TiO, to
produce CO, and H,O at room temperature, this creates an
oxygen vacancy which decreases the rate of decomposition.

3.5. Kinetic analysis of photocatalytic degradation

The photocatalytic degradation of the FA obeys the
pseudo-first-order of kinetics in terms of the modified
Langmuir-Hinshelwood (L-H) model by Eq. (7):

_dC _k k. C
dt  1+k,-C

@)

In this Eq. (7), ¥ (mmol L™ min™), k, (mmol L™ min™),
k, (L mmol™), C (L mmol™), and ¢ (min) are the reaction rate,
reaction rate constant, adsorption constant, reagent con-
centration, and irradiation time, respectively [63-66]. At the
low initial dye concentration, the rate expression [Eq. (7)]
can be written in the form of Eq. (8):

r=-9C_} k.c=k-C ®)
dt

where K is the pseudo-first-order rate constant and by inte-
grating Eq. (7) with the limit of C = C, at t = 0, it changes
to Eq. (9):

h{c] =kt ©)

In Eq. (9), C, is the initial concentration and C is the
sum of the surface and solution concentrations of the dye
at each moment. According to Eq. (9), the graph of In(C/C,)
vs. t for all concentrations must be linear and the values
of k can be obtained directly through its slope. One of the
most useful indications for assessing the reaction rate of
first-order-kinetics is the calculation of the half-life reaction.
The half-life (¢, ) was calculated by Eq. (10) as follows:

In(2
= # (10)
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Figs. 10 and 11 show the In(C/C) as a function of
time and represent a straight line. The slope of the linear
regression is equal to the first order apparent rate constant
k. Their corresponding values for three levels of TiO, (0.1%,
0.3%, and 0.5%) and different initial concentrations of FA
(1.2 and 2.4 mmol FAL™).

Photocatalytic degradation of organic compounds
typically follows first-order-kinetics. However, the reac-
tion rate varies with the complexity of the degradation,
the amount of substrate adsorbed on the catalyst surface
and the absorption spectra of the substrate. Studies with
nanomaterials/TiO, (nanotubes, nanocylinders, nanoplates,
nanospheres, and nanoparticles) with adjusted structural
and textural properties were evaluated in the photocata-
lytic degradation process of FA under UV conditions. FA
adsorption isotherms follow the Langmuir model and the
kinetics of FA photodegradation shows the Langmuir—
Hinshelwood model, regardless of TiO, morphologies
[67]. When substrates with high UV absorption coefficients
are used in excess, they cover the surface of the catalyst
and prevent radiation penetration [68]. For the degra-
dation of the FA in the initial concentrations of 1.2 and
2.4 mmol L7, the degradation reactions occurred in two
stages, one fast (1 stage) between 0 and 120 min and the
other slow (2 stage) between 120 and 240 min. Since it is
a real effluent, the kinetics in two stages is not found by
other authors who work with synthetic effluents that only
verified the kinetics of the reaction in a single stage [69].

The pseudo-first rate (k) order constants (Table 3) were
determined after linearization of the isotherms. The linear-
ization curves for different levels of TiO,, were calculated
from Figs. 10 and 11. For the 0.1% TiO, level, the values
obtained for k are equal to 0.0020 min™ (1 stage), 0.0085 min™
(2 stage), 0.0043 min™ (1 stage), and 0.0098 min™ (1 stage) for
initial concentrations of 1.2 and 2.4 mmol FAL, respectively.

Also according to Table 3, for the 0.3% level of TiO,
the values obtained for k are equal to 0.0031 min™ (1
stage), 0.0091 min™ (2 stage), 0.0037 min™ (1 stage), and
0.0127 min™ (2 stage) for initial concentrations of 1.2, and
2.4 mmol FA L, respectively. For the 0.5% TiO, level, the
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Fig. 10. Linear transformation in (C/C)) = f(t) of the disappear-
ance of FA (1.1 mmol L7).

values obtained for k are equal to 0.0029 min™ (1 stage),
0.0115 min™ (2 stage), 0.0041 min* (1 stage), and 0.0137 min™*
(2 stage) for initial concentrations of 1.2 and 2.4 mmol FAL",
respectively. Kinetic rate constants are significant parame-
ters of a degradation process that must be precisely deter-
mined, since only a slight change in them will result in a
considerable change in the final characteristics of a degrada-
tion project [70]. From Table 3, it is possible to observe that
the kinetic constants of the degradation reactions increased
with the catalyst loads (0.1%, 0.3%, and 0.5%) and the C,
and C. concentrations of the FA, which indicates that the ini-
tial concentration of the effluent has a significant effect on the
rates of degradation, since the constant rate of degradation is
higher when the initial concentration of the effluent is higher.

Linear regressions for the different concentrations
of TiO, were calculated, for TiO, of 0.1%, R* = 0.9984
(1 stage), R* = 0.9604 (2 stage), R*> = 0.9858 (1 stage), and
R? = 0.9852 (2 stage), for initial concentrations of 1.2, and
2.4 mmol FA L, respectively. While for 0.3% TiO,, R*>=0.9671
(1 stage), R* = 0.9962 (2 stage), R*> = 0.9764 (1 stage), and
R? = 0.9365 (2 stage), for initial concentrations of 1.2, and
2.4 mmol FA L7, respectively. For the 0.5% TiO, concentra-
tion, R? = 0.9688 (1 stage), R*> = 0.9210 (2 stage), R* = 0.9723
(1 stage), and R* = 0.9953 (2 stage), for initial concentrations
of 1.2 and 2.4 mmol FA L7, respectively. This clearly indi-
cates that the FA degradation reaction present in the effluent
obeys first-order-kinetics, occurring in two stages.

3.6. Calculation of the efficiency of removal of organic matter

The efficiency of removing organic matter at reaction
time t (min) was calculated using Eq. (11):

COD, -COD,
R=————77x100
COD,

i

(11)

where R is the % reduced by the process; COD,; is the ini-
tial concentration of organic matter (mg O, L™); COD, is the
final concentration of organic matter (mg O, L™).
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Fig. 11. Linear transformation in (C/C,) = f(t) of the disappear-
ance of FA (2.2 mmol L7).
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Table 3
Kinetic parameters in the degradation of FA after photocatalytic reactions
TiO, (%em/v) C, (mmol L) Cf (mmol L) n (%) Stage k (min™) t,, (min) R?
1.25 0.85 32.00 1 0.0020 346.57 0.9984
01 0.85 0.31 63.52 2 0.0085 81.54 0.9604
2.38 1.36 42.85 1 0.0043 159.71 0.9858
1.36 0.42 69.11 2 0.0098 70.58 0.9852
1.25 0.76 39.20 1 0.0031 223.59 0.9671
03 0.76 0.25 67.10 2 0.0091 76.17 0.9962
2.38 1.44 39.49 1 0.0037 187.33 0.9764
1.44 0.34 76.38 2 0.0127 54.57 0.9365
1.25 0.85 33.07 1 0.0029 235.76 0.9688
0.85 0.21 75.29 2 0.0115 60.27 0.9210
05 2.38 1.36 42.85 1 0.0041 169.06 0.9723
1.36 0.25 81.48 2 0.0137 50.26 0.9953
Table 4
COD reduction percentage
TiO, load Initial FA concentration Initial COD Final COD % Reduction
(%) (mmol L) (mg O, L) (mg O, L)
01 1.2 164.44 50.85 69.08
24 204.59 56.39 72.44
1.2 164.44 39.60 75.92
03 24 204.59 46.61 77.22
1.2 164.44 35.32 78.52
05 24 204.59 42.06 79.44

The COD reduction percentage is shown in Table 4,
proving that the best parameters relating to the initial con-
centration of the effluent and the load of the photocata-
lyst, was with the initial concentration of 2.4 mmol FA L™
and load of the photocatalyst of 0.5%, showing a COD
reduction of 79.44%.

Therefore, it was possible to observe that as FA was
degraded, the COD reduction rate increased, this means that
the organic matter present in the effluent was decomposed
into CO, and H,O. Thus, we have that the organic matter
has been mineralized, causing a reduction in COD.

4. Conclusions

In the analysis of TiO, by granulometry, textural, and
SEM it was found an average diameter of particles and
pores, as well as a mesoporous structure that act favoring
the photocatalytic process. Through thermal analysis it was
evident that the endothermic peaks from molecular water
such as adsorbed on TiO,. By XRD and FTIR, it was observed
that TiO, presented a crystalline structure and characteris-
tic bands of the semiconductor. Significant differences were
observed in the degradation of the effluent using the pho-
tolysis and photocatalysis process (TiO,/UV). In the photo-
catalytic process, the degradation of FA was efficient for the
concentration of 2.4 mmol FA L of the effluent and 0.5%

of TiO,, with an FA removal of 88.26% and a reduction in
the COD of 79.44%. In addition, the calculated kinetics of
the process indicated that the degradation of the FA can be
divided into two stages, a faster one up to 120 min and a
slower one between 120 and 240 min. Therefore, TiO,/UV
photocatalysis can be used as a promising process for FA
photodegradation.
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