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Abstract

In this study, the synthesis and characterization of the TiO, and Ag/TiO, nano-
particles were carried out and their influence on the oxidation of organic matter of
domestic wastewater was evaluated using a heterogeneous photocatalytic system.
The TiO, and Ag/TiO, nanoparticles were synthesized by the sol-gel method and
the chemical reduction method. The nanoparticles were characterized by four differ-
ent techniques (X-ray diffractometry, UV-Vis spectrophotometry, Fourier transform
infrared spectroscopy, and scanning electron microscopy). The importance of the
synthesized nanoparticles in the treatment of residual water was evaluated using a
photocatalysis process with UV light (A=254 nm). Raw domestic wastewater gen-
erated at the local university was used. Due to the complexity of the wastewater
composition, the Chemical Oxygen Demand (COD) was used to evaluate the oxida-
tion of organic matter in the photocatalytic system. Three different concentrations
of TiO, and Ag/TiO, were evaluated: 0.25, 0.5 and 1 g L™!. The photocatalysis pro-
cess achieved a maximum degradation of 68% and 77% when using TiO, and Ag/
TiO, after 2 h operation. A maximum kinetic rate value of 0.013 min~! was obtained
when Ag/TiO, was used as a catalyst, like the observed in other advanced oxidation
processes.
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Introduction

Water is the most important resource in human life and most activities that use water
generate wastewater. Novel technologies have been proposed for wastewater treat-
ment, among which the photocatalytic oxidation treatment stands out [1]. Heteroge-
neous photocatalysis has proven to be effective for the degradation of pollutants [2,
3]. Due to its semiconductor properties, TiO, in its anatase phase has been widely
studied since its photocatalytic activity is present in the ultraviolet UV-visible
region [4, 5].

TiO, has been used for over 20 years for the degradation of several pollutants
in the photocatalysis process. The use of TiO, as a catalyst in photocatalysis pro-
cesses has continued to be prevalent and relevant in recent years due to its efficiency,
versatility, low cost, environmental friendliness, and stability [6, 7]. Recent studies
report the modification of the TiO, surface, explore different doping techniques, and
develop composite materials to enhance photocatalytic properties. An example of
these advancements is Losada et al. [8], who evaluated the treatment of a mixture
of azo dyes by photocatalysis with TiO, in suspension using sunlight and artificial
light. The artificial light system showed that the concentration of dyes and TiO,
were the most important factors that influenced the removal of color and COD. The
photocatalytic system with sunlight removed 100% of color and 80% of COD after
3 h of treatment, demonstrating the degradative capacity of the photocatalytic sys-
tem with TiO, and sunlight. Fernandez et al. [9] evaluated TiO,/UV photocataly-
sis for wastewater treatment using thin films. They used a simple method of gravity
sedimentation on a glass substrate for the preparation of the films. Photocatalytic
assays using TiO, films generated 99.5% discoloration, 79% removal of total organic
carbon, and a total microbial inactivation after 14 h of treatment.

Some researchers have shown that a photocatalytic treatment of water can be
improved if the catalyst is doped. Dodoo-Arhin et al. [10] synthesized TiO, particles
through sol—gel methods and hydrothermal procedures. They evaluated synthesized
TiO, nanostructures as catalysts for the photocatalytic decomposition of synthetic
dyes in a batch reactor with ultraviolet light. The results showed a 100% decom-
position of Sudan III dye when using a hydrothermal catalyst, while a 94% decom-
position of thodamine B dye was shown when using a catalyst synthesized by the
sol-gel method. Castillo-Ledezma et al. [2] demonstrated the photocatalytic effec-
tiveness of the nitrogen-doped TiO, catalyst for the inactivation of Escherichia coli
in aqueous suspensions under complete irradiation of solar spectra. They evaluated
the effect of pH, type of irradiation, and concentration of TiO, doped with nitrogen.
The treatment was improved when the nitrogen-doped photocatalyst was added to
the solution. The acidic conditions were demonstrated as the most favorable condi-
tions for disinfection. Bibi et al. [11] used a solvothermal method with a bioreactor
to synthesize a mesoporous TiO, membrane doped with Cu (1-3% by weight). The
resulting nanomaterials were analyzed using various techniques, including X-ray
diffractometry (XRD), field emission scanning electron microscopy (FESEM),
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Fourier-transform infrared spectroscopy (FTIR), energy-dispersive X-ray spectros-
copy (EDS), and cyclic voltammetry (CV). Cu doping altered the light absorption
towards the visible spectrum and achieved a lower bandgap energy (2.6 eV) com-
pared to pure TiO, (3.2 eV). Cu-doped photocatalysts exhibited a photocatalytic
performance of 99% in the degradation of red Congo, higher than the effectiveness
observed for pure TiO,. Cyclic voltammetry detected active species, such as Cu**
and Cu'*, when using the Cu~doped nanocatalyst. Oxygen vacancies and the elec-
tronegative surface of Cu'* played a crucial role in the photocatalytic reduction of
red Congo.

An efficient application of heterogeneous photocatalysis with TiO, requires the
use of nanoparticles [12]. Wang et al. [13] successfully synthesized boron and/or
cerium-doped nanomaterials using the sol-gel method. As a result, the boron and
cerium ions doped with TiO, favored the photocatalytic antimicrobial activity. The
ion-doped TiO, showed a small crystal size with a high specific surface area, which
favored the disinfection treatment. Wang et al. [14] synthesized a series of carbon
and boron ion-doped TiO, nanomaterials to improve the microbial activity of the
nanomaterial. The results showed that the carbon and boron-doped TiO, nanoma-
terial improved antibacterial activities under visible light irradiation in comparison
with simple TiO, nanomaterial.

Several photocatalytic studies have been reported for the removal of organic mat-
ter, but most of these investigations have been carried out in synthetic wastewater
where a sole analyte of interest is used (azo dyes, antibiotics, pesticides, among oth-
ers). This study proposed the use of TiO, and Ag/TiO, nanoparticles as catalysts for
the treatment of domestic wastewater (Table 1). The material was synthesized and
characterized. The use of the synthesized nanoparticles in the treatment of wastewa-
ter was evaluated using a heterogeneous photocatalysis process under UV-C (wave-
length=254 nm) light irradiation. Both TiO, and Ag/TiO, photocatalytic systems
were compared based on the removal efficiencies and degradation rates.

Materials and methods
Materials

All the reagents used in the work were of reagent-grade quality (Sigma Aldrich
or JT Baker). For the synthesis of TiO, and Ag/TiO, nanoparticles, titanium iso-
propoxide (C,,H,3O,Ti), ethanol (CH;CH,OH), hydrochloric acid (HCI), sil-
ver nitrate (AgNO;), sodium borohydride (NaBH,), and sodium citrate were used
(Na;CyO;Hs).

Synthesis of nanoparticles
The Sol-Gel method is a method that is widely applied in the science of nano-

materials [21]. Titanium isopropoxide was used as a precursor and hydrolyzed
under mixing, by adding ethanol and hydrochloric acid. For the synthesis of TiO,
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nanoparticles, 15 mL of Titanium Isopropoxide was added to 15 mL of ethanol.
Then 10 mL of distilled water was added dropwise while the system was kept stir-
ring for about 10 min. Equation 1 describes the formation mechanism of TiO,
nanoparticles. Finally, 0.5 mL of hydrochloric acid was added in a concentration
of 0.1 M. The system was heated to 70 °C (being careful not to exceed this tempera-
ture) until the residual water evaporated. The obtained TiO, was placed in a ceramic
crucible and then put into an oven with temperature conditions of 100 °C to dry it.
Subsequently, a heat treatment was applied at 500 °C for 2 h using a digital muffle
(Felisa), with a temperature ramp of 5 °C min~!, starting from the ambient tempera-
ture. Ethanol was used for controlling the rate of hydrolysis, while hydrochloric acid
worked as a catalyst, obtaining acid catalysis [22].
Ti[O(C\yHas)] 4y, + CH3CHLOH gy + Hy O — TiOy5) + COpy + HyOyyy (1)
The synthesis of Ag/TiO, was implemented using the chemical reduction method,
with a slight modification of the Turkevitch method [23, 24]. Silver nitrate was used
as the initial reagent and sodium borohydride as the reducing agent. Three solu-
tions were prepared: silver nitrate at 2.5 mM L~!, sodium citrate at 2.5 mM L™,
and sodium borohydride at 10 mM concentrations. 100 mL of silver nitrate was
mixed with 100 mL of sodium citrate while stirring for at least 5 min. Then 3 mL
of sodium borohydride was added and continuous stirring was implemented until a
color change was obtained in the final solution. TiO, synthesized with the Sol-Gel
method was recovered and placed in a crucible adding the silver solution drop by
drop until covering the entire surface of the TiO,. The ceramic crucible was placed
into an oven under temperature conditions of 100 °C until dry. Finally, a heat treat-
ment was applied at 500 °C for 2 h.

Characterization

An X-ray diffractor (Bruker) equipped with a radiation copper target (A=1.54184 A)
was used to measure the crystallinity and determine the phases present in the syn-
thesized material. The UV absorption properties of the materials were deter-
mined through a UV-Vis spectrophotometer (Genesy 10 s) in a wavelength range
of 200-600 nm. Infrared spectra were measured on an FTIR spectroscope (Nico-
let iS50) in a wavelength range of 4000-500 cm™'. Finally, the morphology of the
nanomaterials was observed using a scanning electron microscope (SEM 200 FEI
Nova). The study of the nanoparticle size was carried out by estimating the average
crystal size using the Scherrer equation (Eq. 2) [24].

kX A

P = FWHM(S) % COSP @

Here p is the average crystal size (nm); K is the factor of the crystal; A is the
wavelength of radiation used (ACu) (nm); O is the diffraction peak position; FWHM
(S) is the width at the mean height of the sample diffraction peak.
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Sampling and wastewater

The residual water was sampled from the drainage system of the local university.
Composite samples were taken at 3 h intervals according to the APHA methodology
[25]. Characterization of the wastewater was carried out and five physicochemical
parameters were evaluated: chemical oxygen demand (COD) using the colorimetric
method (Hach DR-3900 spectrophotometer), total suspended solids (TSS) (multipar-
ametric Hach HQ30d), salinity (multiparametric Hach HQ30d), conductivity (Hach
HQ30d multiparameter), temperature (Hach HQ30d multiparameter).

The wastewater did not present any previous treatment since it was taken directly
from the public sewer. According to this, a pre-treatment was carried out to reduce
the solids in wastewater and their possible influence on heterogeneous catalysis.
This pre-treatment consisted of passing the wastewater through a filter comprised of
zeolite, anthracite, and activated carbon packed in a tubular reactor. These materials
were selected due to their high degree of porosity and high internal surface [1].

Photocatalytic treatment

The oxidation efficiency of contaminants was evaluated through a heterogeneous
photocatalysis process with TiO, and Ag/TiO, nanoparticles, with UV-C light as the
source of irradiation [26]. UV-C irradiation was chosen since this source has higher
energy compared to UV-A and UV-B sources. According to this, a higher photo-
catalytic activity can be achieved and a faster and more efficient degradation of pol-
lutants can be obtained. Besides, when UV-C is combined with photocatalysis, this
process can provide simultaneous pollutant degradation and microbial inactivation
[27, 28]. However, UV-C radiation sources are more expensive since specific equip-
ment and infrastructure are required to generate and control the light output contrary
to UV-A and UV-B sources that are readily available since they are part of solar
radiation [29, 30]. Three catalyst concentrations were selected based on the reported
in the literature [2]. An ultraviolet lamp with a wavelength (A=254 nm) was used
in a tubular reactor with a capacity of 250 mL. After the catalyst and wastewater
were added to the reactor, heterogeneous catalysis was induced. The main purpose
of photocatalytic treatment was to remove organic matter, which was measured as
Chemical Oxygen Demand (COD).

Organic matter removal

The removal efficiency (RE) of organic matter was calculated after implementing
the wastewater treatment through the photocatalysis process [31]. The Removal effi-
ciency was determined with the following Eq. 3:

RE(%) = ( C
0

) x 100 3)
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Here C, is the input pollutant load (mg L7, Cyis the output pollutant load (mg L™
at time (7).

Photocatalytic degradation kinetics

A regression analysis was conducted to examine the kinetic model data using the
Langmuir-Hinshelwood (L-H) model. The mathematical expression corresponding
to this model is [32]:

dc 0= erC
dt "~ 1+KC

r= 4)
Here r is the reaction rate, k, is the reaction rate constant, K is the reactant adsorp-
tion constant, 0 is the fraction of the surface of TiO,, and C is the concentration of
organic matter at any time (¢). Equation 4 can be simplified to a pseudo-first-order
kinetic model as Eq. 5:

d
r=——kKC = kyt 5)
dt
Here k)=k, K.
Equation 5 can be solved and linearized as shown in Eq. 6:
S ks (6)
n— =
C 0

According to Lente [33] and Estrada-Vazquez et al. [34], linearization methods
are outdated now in chemical kinetics, and non-linear least squares fitting to the
untransformed original equation should be used. Therefore, the photocatalytic deg-
radation kinetics are described by the first-order exponential model following the
Eq. 7:

C=Cyxe™ @)

Here C is the organic matter concentration, (mg L™") and k represents the first-
order kinetic constant, (min~!) through time. Kinetic constants were obtained for
all treatments carried out in the photocatalysis process with TiO, and Ag/TiO,
nanoparticles.

Statistical analysis

The treatments were carried out at five different times in quadruplicate within a
time range of 2 h. Statistical analysis was performed using removal efficiencies and
kinetic constants as response variables. An analysis of variance was carried out to
compare the photocatalysis processes with TiO, and Ag/TiO, nanoparticles. This
statistical analysis was also used to figure out the effect of catalyst concentration on
the removal efficiencies and kinetic rates. The software used for data analysis was
Statgraphics.
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Results and discussion
TiO, and Ag/TiO, nanoparticles

The Sol-Gel synthesis method allowed the manipulation of the material at the
molecular level [21]. In this study, high-purity materials were synthesized to con-
trol the characteristics of the microstructure. Ag/TiO, nanoparticles were obtained
by the chemical reduction method using a modification of the Turkevitch method,
which is frequently used to synthesize gold particles [23]. The reaction that allowed
obtaining these nanoparticles is shown in Fig. S1.

Characterization of TiO, and Ag/TiO, nanoparticles

X-ray patterns were recorded in a range of 20 between 10° and 100°. Fig. 1a shows
that TiO, exhibited an anatase phase at the diffraction peak 20=25° [34-36]. This
peak could be related to the predominant homogeneous crystalline phase, which is
consistent with the one reported by other researchers [4, 13]. Furthermore, the pres-
ence of TiO, in the anatase phase coincides with the diffraction pattern obtained
when the X-ray diffractometer was equipped with a copper target of A=1.54184 A.
Fig. 1b shows the diffractogram of the Ag/TiO, nanoparticles. TiO, exhibited an
anatase phase at 20=25° as the predominant homogeneous crystalline phase, while
silver (Ag) was found at 20 =35°—40°. This situation is similar to the one reported
by other researchers [37, 38]. Likewise, the deposition of silver nanoparticles is
related to changes in the size of the crystallographic peaks. This is because silver
nanoparticles, being smaller, can enter the interstitial sites of the crystalline struc-
ture of TiO, in its anatase phase and consequently increase the volume of the unit
cell [5]. Based on X-ray characterization, the average crystal size was determined
using the Scherrer equation. As a result, nano-sized crystals were synthesized with
an average of 1.421 nm for the case of TiO,, and for the Ag particles, the nano-size
of the crystal was on average 0.507 nm.

Silver solutions were analyzed using a UV-Vis spectrophotometer. The absorb-
ance of the solutions was measured in the 200600 wavelength spectrum range.
Measurements were carried out immediately after the synthesis procedure. Fig. S1
shows the images of the silver (Ag) colloids that were prepared to obtain the synthe-
sized nanoparticles. Fig. 2 shows the UV-Vis spectra of Ag colloids, obtained from
varying the Ag proportion in six different solutions prepared (0.06, 0.08, 0.10, 0.12,
0.14, 0.16 mM). The spectrum of synthesized silver nanoparticles was very similar
to those reported by Pinto et al. [39] where a A, was present close to 400 nm.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of TiO,, Ag, and Ag/TiO, in a frequency range of
4000-500 cm™! are shown in Fig. 3. The peaks below 500 cm™! correspond to the
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Fig. 1 Nanoparticle diffractogram of a TiO, and b Ag/TiO,. X-ray pattern range =26 (10°—90°). Cu K
radiation target (A=1.54184 nm).

vibrations of TiO, and Ag/TiO,. The presence of these bands indicates that the
structure of the TiO, nanoparticles is maintained and that the Ag nanoparticles
only cover them. This behavior coincides with the reported by some researchers
[8, 40]. An FTIR spectrum peak around 3300 cm~! is also shown, which is attrib-
uted to the OH stretching mode of the surface and the adsorbed water molecules,
this is consistent with that reported by Xue et al. [5] The spectrum also revealed
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Fig.2 UV-Vis absorption spectrum of Ag nanoparticles at different concentrations. Wavelength spec-

tra range 200-600 nm. Silver colloid (Ag) concentrations: —Ag (0.16 mM), —Ag (0.14 mM), —-Ag
(0.12 mM), —Ag (0.10 mM), —Ag (0.08 mM), —Ag (0.06 mM)

1.2

1.0

0.8

0.6

04 -OH

% Trasnmittance (u.a)

02 J—TiO,
—— AgITiO,
——Ag

TiO,
AgITiO,
00 T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig.3 FTIR spectra of TiO,, Ag/TiO, and Ag. Spectrum frequency range 4000-500 cm™!. Nanoparti-
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absorption bands at 1600 cm™! belonging to the C=0 bond voltage vibrations
[41, 42].

Scanning electron microscopy (SEM)

The morphology of the synthesized TiO, nanoparticles was analyzed by scanning
electron microscopy. Fig. S2 shows small-sized, spherical nanoparticles smaller
than the 50 nm range. The resolution was expanded showing that the nanoparticles
are smaller than a range of 20 nm. The TiO, nanoparticles exhibited a non-uniform
particle shape due to particle agglomeration. The structure of TiO, nanoparticles is
consistent with the reported by Haider et al. [43].

Removal efficiency

An initial characterization of the wastewater was carried out through five physico-
chemical parameters of water quality. The residual water presented the following
characteristics: chemical oxygen demand 173.15 mg L~'; total suspended solids
146.9 mg L~!; salinity 0.6 mg L™!; conductivity 379 uS cm™'; temperature 25 °C
and pH 7.6. Likewise, suspended particles were observed, which require pretreat-
ment before the photocatalysis treatment is implemented.

A pretreatment system was carried out to remove solids present in wastewater.
Three different types of filter materials were used: activated carbon (636 cm?),
zeolite (477 cm?), and anthracite (223 cm?). This pretreatment showed a high
retention capacity of solids because 53.67 mg L~! of the total suspended solids
were removed. The pretreatment system also removed 31% of the organic matter

Table 2 Summary of results obtained in the photocatalysis process with TiO, and Ag/TiO,

Time (Min)  [0.25 gL™"] [05gL™] [1.0gL™]
COD Removal effi- COD (mg LY Removal effi- COD Removal
(mgL™"  ciency (%) ciency (%) (mgL™") efficiency
(%)
Photocatalysis with TiO,
0 124 0 116.42 0 132.18 0
30 95 23.3870 84.9 27.0743 99 25.1021
60 71 42.7419 60.14 48.3422 63 52.3377
90 62 50 52.26 55.1108 51 61.4162
120 58 53.2258 48.38 58.4435 42 68.2251
Photocatalysis with Ag/TiO,
0 124 0 116.42 0 132.18 0
30 87 29.83 79.8 31.45 91.3 30.92
60 62 50 56 51.89 56.6 57.17
90 54 56.45 454 61 40.3 69.51
120 49 60.48 37.6 67.70 30.46 76.95
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present in the wastewater, where the initial COD concentration of 173.15 mg L!
decreased to 119.48 mg L™!. Then, three different concentrations of catalyst were
used and the removal efficiency of the photocatalysis system was measured after
operating for 120 min. Ultraviolet light was used as a source of irradiation in this
photocatalytic system, this type of light corresponds to the UV-C region with a
wavelength of A=254 nm. Likewise, all the experiments were evaluated in the
dark, to avoid the light from outside could interfere with the process. The concen-
trations used were: 0.25 ¢ L™, 0.5 g L™!, and 1 g L™! for both TiO, and Ag/TiO,
nanoparticle systems (Table 2).

The photocatalysis system using TiO, nanoparticles removed 53.22% of
organic matter present in the wastewater when using the concentration of 0.25 g
L~! of catalyst. A slight increase in organic matter removal was observed when
a concentration of 0.5 g L™! of catalyst was used, where a removal efficiency of
58.44% was observed. However, the highest removal efficiency was observed
when the photocatalysis system used a TiO, concentration of 1 g L. Under this
catalyst concentration, a COD reduction from 132.18 m g L™' to 42 m g L™! was
observed in the wastewater, which represented an organic matter removal effi-
ciency of 68.22% (Fig. 4a).

The lowest value of removal efficiency (60.48%) of the Ag/TiO, photocatalysis
system was observed when a concentration of 0.25 g L™! of catalyst was used.
A similar positive trend was observed for the organic matter removal efficiency
when higher concentrations of catalyst were used. Removal efficiencies of 67.70%
and 76.95% were observed when Ag/TiO, concentrations of 0.5 g L™'and 1 g L ™!
were used in the photocatalytic system (Fig. 4b). This can be attributed mainly to
the average size of the nanoparticles since the Ag/TiO, nanoparticles are smaller
than the TiO, nanoparticles. Therefore, they have a greater surface area that is in
direct contact with the aqueous medium (domestic wastewater) allowing greater
degradation when irradiated with ultraviolet light as a source of energy.

Tables 3 and 4 present a statistical summary of all the treatments carried out in
the photocatalytic system with TiO, and Ag/TiO, nanoparticles. Then, an analy-
sis of variance was carried out to demonstrate the differences between the TiO,
and Ag/TiO, photocatalysis processes (Table 5). Based on the statistical analy-
sis, the Ag/TiO, process showed a higher removal efficiency of organic matter
(p<0.05) (Fig. 5a). The multiple range test using the LSD method also demon-
strated that, in both processes, the use of a higher concentration of catalyst statis-
tically improved the removal efficiency (Fig. 5b).

In particular, the use of the highest catalyst concentration (1.0 g L™") showed
the highest organic matter removal efficiencies for both photocatalytic processes.
However, the use of Ag/TiO, showed a statistically higher removal efficiency
(p <0.05) than the process that used pure TiO,, with mean removal efficiency val-
ues of 76.93% and 68.23%. The statistical analysis also demonstrated the reli-
ability and repeatability of the experiments (p>0.05). The removal efficiencies
obtained were similar to those reported by Dodoo-Arhin et al. [10] who synthe-
sized TiO, nanoparticles in the UV-assisted decomposition of a wide range of dye
contaminants.
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Fig.4 Removal efficiency in the treatment of residual water by photocatalysis with a TiO, and b Ag/
TiO, at different concentrations of catalyst. Experimental conditions: Hydraulic holding time: 120 min.
Irradiation type: UV-C. Temperature: 25 °C. Catalyst concentrations: —0.25 g L™!, 0.5 g L™}, -1 g L™!

Degradation kinetics
Table 6 shows the summary statistics obtained for the first-order exponential kinetic

constant in the different treatments carried out. An analysis of variance was carried
out to demonstrate the influence of different catalysts and catalyst concentrations
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Table 3 Statistical summary of the results obtained through the time in the photocatalytic system with
TiO,

Time n Mean Standard deviation Coefficient of Min Max Range
variation (%)

Concentration of 0.25 g ™!

0 4 124 4.32049 3.48 120 130 10
30 4 95 3.24037 3.45 91 98.5 7.5
60 4 71 2.59358 3.65 68.3 74.5 6.2
90 4 62 2.48328 4.01 59.5 65 5.5
120 4 58 2.27303 3.92 55.5 61 5.5
Concentration of 0.5 g L™!
0 4 116.42 2.86124 2.46 113 120 7
30 4 84.9 1.97379 2.37 81 85 4
60 4 60.14 2.45764 4.09 57 63 6
90 4 52.26 2.21736 4.24 50 55 5
120 4 48.38 2.28674 4.73 45.5 51 5.5
Concentration of 1.0 g L™
0 4 132.18 3.06414 2.32 128.5 136 75
30 4 99 3.16228 3.19 95 102 7
60 4 63 2.94392 4.67 59 66 7
90 4 51 3.26599 6.40 47 55 8
120 4 42 2.16025 5.14 40 45 5

on the photocatalysis degradation rate (Table 7). The results for the pseudo-first-
order degradation kinetics in the photocatalysis process were very similar to those
obtained for removal efficiency. A higher degradation rate (k) was found when Ag/
TiO, is used as a catalyst in the photocatalysis process (Fig. 5c). An increase in the
degradation rate was also demonstrated when the catalyst concentration increased
(Fig. 5d). This positive effect on the degradation rate of a photodegradation process
was like that reported by other researchers [44]. This increase in the rate of degrada-
tion is directly related to the increase in the total surface area of the photocatalysts,
that is, the number of active sites derived from a greater contact area of the surface
of the catalyst nanoparticles with the contaminants. These number of active sites are
available for the photocatalytic reaction as the dosage of photocatalyst increases [36,
45]. However, despite Yang et al. [44] recognized an increase in the degradation rate
when TiO, is used in the range of 0.25 g L™' to 1.0 g L™, they also recognized that
a TiO, concentration in excess ([TiO,]>1.0 g L") did not significantly favor the
removal of sulfa pharmaceuticals.

Fig. 6 shows the kinetics behavior of all treatments carried out in the pho-
tocatalytic processes with Ag/TiO, and TiO, nanoparticles. In this figure, the
mean value of degradation rates can be obtained from the slope of the exponen-
tial regression equation, and is observed that the highest rates were achieved
when 1.0 g L™! of both catalysts were used. The value obtained for the first-order
exponential degradation constant was statistically higher when using Ag/TiO,
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Table 4 Statistical summary of the results obtained through the time in the photocatalytic system with
Ag/TiO,

Time n Mean Standard deviation Coefficient of Min Max Range
variation (%)

Concentration of 0.25 g ™!

0 4 124 8.16497 6.58 118 136 18
30 4 87 4.24264 4.88 82 91 9
60 4 62 3.65148 5.89 58 66 8
90 4 54 4.08248 7.56 50 58 8
120 4 49 4.24264 8.66 44 53 9
Concentration of 0.5 g L™!

0 4 116.4 1.9799 1.70 114.2 119 4.8
30 4 79.825 3.47215 4.35 75 83 8
60 4 56 2.94392 5.26 52 59 7
90 4 454 2.56645 5.65 42 48.2 6.2
120 4 37.6 2.72152 7.24 349 41 6.1
Concentration of 1.0 g L™!

0 4 132.18 3.40429 2.58 128.7 136 7.3
30 4 91.3 1.28323 1.41 89.5 924 29
60 4 56.6 2.62805 4.64 53 59 6
90 4 40.3 2.30072 5.71 38 432 52
120 4 30.46 2.0025 6.58 28 32.8 4.8

Table 5 Analysis of variance for removal efficiency

Source of variation Sum of squares Degrees of Mean Square F ratio p-value
freedom

Catalyst 414.337 1 414.337 51.47 0.0000*

Concentration 1018.65 2 509.325 63.27 0.0000*

Repetition 5.6105 3 1.87017 0.23 0.8726

Error 136.854 17 8.05023

Total 1575.45 23

*p-value < 0.05 suggests a significant influence of the parameters on the removal efficiency

(0.013 min~') than using pure TiO, (0.010 min~"). These results coincide with
the mentioned by Diaz-Uribe et al. [46] who argued that the silver aggregates
deposited on the TiO, surface can accumulate charge and accept electrons inside
the semiconductor.

In turn, the accumulation of electrons can reduce the carrier’s recombination,
increasing the generation of reactive oxygen species. Hence, a collective oscilla-
tion can be caused, which is better known as localized surface plasmon resonance
(SPR) [47]. The values obtained in the present study using Ag/TiO, are like those
reported by Xu et al. [5] who obtained values of 0.017 min-1 for the removal
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Fig.5 LSD multiple range test for removal efficiency a Comparison between photocatalytic processes.
b Comparison between catalyst concentrations. And photocatalysis degradation rate. ¢ Comparison
between photocatalytic processes. d Comparison between catalyst concentrations

Table 6 Statistical summary of the kinetic rates obtained in the present study

Treatment Concentration n  k(min~!)  Standard deviation Coefficient of variation >

gL
TiO, 0.25 4 0.007 0.000120 1.852541 0.9605
0.5 4 0.008 0.000306 4.120952 0.9579
1.0 4 001 0.000552 5.601762 0.9851
AgTIO, 025 4 0.009 0.000935 12.004449 0.9564
05 4 001 0.000537 5.698644 0.9827
1.0 4 0013 0.000342 2.729804 0.9959

Table 7 Analysis of variance for photocatalytic degradation rate

Source of variation Sum of squares Degrees of Mean Square F ratio p-value
freedom

Catalyst 0.0000242 1 0.000024 64.07 0.0000

Concentration 0.0000691 2 0.000035 91.51 0.0000

Repetition 0.0000005 3 0.000000 0.42 0.7418

Error 0.0000064 17 0.000000

Total 0.0001002 23

*p-value < 0.05 suggests a significant influence of the parameters on the photocatalytic degradation rate
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Fig.6 Degradation rate behavior for all photocatalytic treatments for different concentrations: TiO,
(0.25 gL, «TiO, (0.5 g L™Y), +TiO, (1 g.L™Y), sAg/TiO, (0.25 g L), +Ag/TiO, (0.5 g.L ), «Ag/TiO,
(1 g L™"). Experimental conditions: Hydraulic holding time: 120 min. Irradiation type: UV-C. Tempera-
ture: 25 °C

of atrazine through a photocatalytic oxidation process using H;PW,0,,/Ag-TiO,
composite as a catalyst.

The results obtained in the present study are relevant because the present study
demonstrated the feasibility of using organic matter photodegradation processes in
domestic wastewater, where a great variety of contaminants is present, and a high
content of solids could interfere with the photocatalysis process. In this sense, the
proposed system (filter + photocatalysis) demonstrated a high removal efficiency and
a high rate of organic matter degradation, which is comparable with other complex
and expensive systems.

Conclusions

The technical feasibility treatment of domestic wastewater was demonstrated using a
photocatalytic process with TiO, and Ag/TiO, nanoparticles. Nano-sized TiO, par-
ticles were synthesized using the Sol-Gel synthesis method, while Ag/TiO, nano-
particles were synthesized by the doping of metallic silver colloids in TiO, nano-
particles with a modification to the Turkevich method through chemical reduction.
During the nanoparticle synthesis, the controlled variables were critical for the final
particle size, which in turn plays an essential role in the photocatalytic processes.
A preliminary treatment was implemented to remove the solids present in domes-
tic wastewater. A filter comprised of zeolite, anthracite, and activated carbon was
used to remove 31% of the initial solids and to avoid interfering with the further
photocatalysis process. A comparison between two different catalysts (TiO, and Ag/
TiO,) and three different catalyst concentrations was carried out in a heterogeneous
photocatalysis process. The oxidation of the organic matter present in the domes-
tic wastewater achieved a removal efficiency of 76.96% after 2 h of photocatalysis.
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The removal efficiency and degradation rate obtained in this study demonstrated a
high degradation of organic pollutants in domestic wastewater, as observed in other
advanced oxidation systems.
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