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ABSTRACT

The objective of the work was to evaluate the influence of gold nanoparticles, obtained by laser ablation, on the
photocatalytic action of titanium dioxide in the improvement of the physical-chemical parameters of domestic
greywater, with visualization by means of a PLC. The YAG laser equipment was used for the production of spheri-
cal gold nanoparticles, whereas the Raman spectroscope allowed characterizing the different particles contained
in aqueous solutions. The solar photoreactor programmable and viewable from PLC with connection to sensors
allowed determining the variations of the pH, EC, DO and FCL parameters. The work consisted of a control group
(greywater + titanium dioxide) and an experimental group (greywater + titanium dioxide + gold nanoparticles).
The titanium dioxide doses for both groups were 0.5 mg/L and the gold nanoparticles were 0.20 ml per liter of
greywater only for the control group. The experiments were carried out on sunny days with the exposure periods of
30 and 60 minutes around solar noon with an average UV index of 13.35. Once the experiments were carried out,
it was determined that the pH improved by 5.30%, EC by 3.03%, DO by 29.3% and FCL by 43.71%, so that the
gold nanoparticles dissolved in the aqueous solution of titanium dioxide with greywater positively influenced the
improvement of the photocatalytic action of titanium dioxide in the physical-chemical parameters of greywater.

Keywords: water pollution, solar UV radiation, AuNPs, programmable logic controller.

INTRODUCTION

Greywater is an important additional source
to meet the demand for water resources, due to
the growing world population, for many uses
other than human consumption [Mohamed et al.,
2018]. According to research, water reuse leads to
savings in the consumption of drinking water in
homes ranging between 30% and 50% [EMRC,
2011]. Therefore, this resource requires certain
treatments to bring the value of the physical-
chemical and microbiological parameters to ad-
equate levels for the uses established in the regu-
lations of different countries.

There are alternatives for the disinfection of
water such as photocatalysis processes, these rep-
resent an option in the elimination of organic and
inorganic compounds efficiently [Plantard et al.,
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2021]. They have the characteristics that favor
the reduction of pollutants in liquids, such as: re-
duced time in the inactivation of microorganisms,
less toxicological residual effect, mineralization
of compounds, decontaminating treatments in
low concentration and minimal formation of by-
products, using sunlight as a source of energy
[Rueda-Marquez et al., 2020].

Several investigations were carried out to
improve the quality of polluted water, especially
greywater; using the photoreactors coupled to par-
abolic systems exposed to solar UV radiation to
improve the efficiency of the organic load remov-
al and microbial disinfection [Almomani et al.,
2018; de Oliveira Schwaickhardt et al., 2017].

Titanium dioxide is a photocatalyst chemi-
cal compound that allows shortening the expo-
sure times of liquids in treatment with solar UV
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radiation [Abdel-Maksoud et al., 2018]. Howev-
er, it requires improving the photocatalytic action
with nanocomposites such as Fe, Au, among oth-
ers [Lin et al., 2017]. Therefore, this experimental
study was proposed to determine the influence of
gold nanoparticles on the photocatalytic action of
titanium dioxide in the physical-chemical param-
eters of greywater.

MATERIALS AND METHODS

Raman spectroscopy

Spectroscopic techniques are constantly used
in the identification, characterization and elucida-
tion of molecular structures and compounds, as
well as in the monitoring and control of chemical
reactions. They are based on the property that at-
oms and molecules have to absorb or emit energy
in a certain region of the electromagnetic spec-
trum, which offers the information on the chemi-
cal and crystalline constitution of the sample [J.
Sun et al., 2020]. When radiation is focused on
a body, there may be a transition between its en-
ergy states and, depending on the region in which
the incident radiation energy is located, different
types of transitions occur, such as electronic tran-
sitions, which are commonly established in the
ultraviolet or visible, rotational region, defined
in the microwave, translational and vibratory re-
gion, the latter located in the visible, infrared or
near infrared.

Raman spectroscopy is a scattering technique
based on the Raman effect, discovered and pub-
lished by Raman & Krishnan [1928]. The effect
is characterized by a change in the frequency of
a small fraction of the incident radiation when it

is scattered by molecules or crystalline structures.
Scattering occurs through the interaction of mol-
ecules in a sample with monochromatic electro-
magnetic light. In this interaction, the incident
photons excite the molecule that is initially at a
vibratory level from the ground electronic state to
a virtual state, from which it immediately recov-
ers in three different ways.

In the first way (Figure la), elastic scattering
occurs (Rayleigh scattering), by the principle of
conservation of energy, the photon is scattered
without changing its wavelength value, that is,
the energy of the photon is the same before and
after its interaction with matter [Das & Agrawal,
2011]. In the second form (Figure 1b), it is of the
Raman Stokes type, where the occurrence of in-
elastic dispersion (Raman effect) occurs when the
molecule, upon returning from the virtual state to
the ground state, acquires a lower level of energy
compared to its initial level; if the molecule re-
ceives the energy through its interaction with the
incident photon “the scattered photon” will lose
the same amount of energy that the molecule has
acquired E=hv E=h(v,-v,) [Das & Agrawal,
2011; Houetal., 2013; Raman & Krishnan, 1928].

However, in anti-Stokes Raman scattering
(Figure 1c), the scattered photon acquires the en-
ergy dissipated by the molecules, E = h(v, -v,)
due to the Boltzmann distribution with N/N, =
e @E/KD where N is the number of molecules ini-
tially in the excited state, N, corresponds to the
number of molecules initially in the ground state
of vibration and AE is an energy difference be-
tween these two states [Das & Agrawal, 2011]. It
is possible that, under ambient conditions, a finite
number of molecules are already vibratory ex-
cited and, when interacting with electromagnetic
radiation, end up losing energy.
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Figure 1. Electromagnetic radiation scattering: (a) Rayleigh scattering,
(b) Stokes Raman scattering and (c) Anti-Stokes Raman scattering
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Greywater Raman spectroscopy

The greywaters containing detergents and
surfactants from washing clothes and showers
was used in the research. It was initially subjected
to Raman spectroscopy with an invisible laser ra-
diation length of 785 nm and a power of 499 mW
[AVANTES, 2019]. The result of the sample char-
acterization is presented in Figure 2.

Raman spectroscopy of titanium dioxide

Titanium dioxide exists in nature in three
main crystalline structures: rutile, anatase and
brookite. Only rutile and anatase have the proper-
ties of interest for applications, because they are
thermodynamically and environmentally cleaner
and more stable [Mansfeldova et al., 2021].

Figure 3 shows the Raman spectrum of ti-
tanium dioxide (TiO,) with three peaks; for a
spectrum of 242 cm™ there is an amplitude of
26547 ADC, for the spectrum of 444 cm™ there
is a peak amplitude of 52000 ADC and for the
spectrum of 611.37 cm™ there is a peak amplitude
0f' 43500 ADC. This configuration corresponds to
the TiO, of the rutile type [Ilie et al., 2017].

Raman spectroscopy of gold nanoparticles

The gold nanoparticles were generated by la-
ser ablation in liquid medium with ultrapure wa-
ter using the CD: ND: YAG equipment, for the
spectrum of Figure 4 corresponds to spherical
nanoparticles [Zhang et al., 2016]. The highest
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amplitude spectrum occurs at 1396.84 cm™ which
corresponds to the amplitude of 55960 ADC.

The localized surface plasmon resonance of
gold nanoparticles is characterized using the Mie-
Gans model [Amendola & Meneghetti, 2009]. By
adjusting this spectrum, the average dimension of
the nanoparticles is estimated to be 20 nm. The
aggregated gold nanoparticles present a plasmon
resonance band with a characteristic red shift, ac-
cording to the Mie-Gans model used to evaluate
the size and concentration of the colloidal gold
solution [Amendola & Meneghetti, 2009].

Solar ultraviolet radiation index

The index of solar ultraviolet radiation (IUV),
allows estimating the radiation on the surface of
the photoreactor with wavelength (A) of the UV
spectrum in the daily average range on the days of
experimentation was around 13.35, which repre-
sents an extremely high index [ Yamamoto et al.,
2018], without the presence of cloud for the solar
noon in the city of Pampas-Huancavelica-Peru,
located at -12.395361°, -74.872336° at a height
of 3246 meters above sea level. Solar UV radia-
tion was measured by means of the UVM 30A
radiation sensor, which made it possible to deter-
mine the irradiance on the surface of the photo-
reactor with A of the UV spectrum from 200 nm
to 370 nm [ElectroPeak, 2016]. This spectrum
covers part of UVC radiation, UVB radiation
and part of UVA radiation [Matallana-Surget &
Wattiez, 2013].

A P,

0 ———

0 500 1000 1500

T T T T T T 1
2000 2500 3000 3500

Raman Shift [cm]

Figure 2. Characterization of greywater by Raman spectroscopy

184



Journal of Ecological Engineering 2022, 23(1), 182—-192

60000 =

50000

40000 -

30000 (24219934, 26583)

Scope (ADC count)

20000 +

10000 -

0 4————

(444.4202, 52000)
-

(61137816, 43500)
7

0 100 200 300

400

T T T T T T T T T T 1
500 600 700 800 900 1000

Raman shift (cm'l)

Figure 3. Characterization of rutile titanium dioxide by Raman spectroscopy

Transmitters of physico-chemical
parameters of water

a) PH sensor — transmitter

The pH sensor in Figure 5 is an element that
detects the current generated by the presence of
hydrogen ions in water. The measure is in the
range of 0—14. The pH sensor was used in this
work in conjunction with the transmitter, under
the IP 68 protection certification for continuous
immersion in water [BOPLA, 2019], the work-
ing temperature range is from 0 °C to 60 °C,
the communication of the measurements with
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the analog module of the programmable logic
controller (PLC) is by analog signal from 4 mA
to 20 mA.

b) Sensor — transmitter of electrical conductivity

Electrical conductivity relates the concentra-
tion of ions from dissolved salts and organic mat-
ter in water. The units in which it is measured are
given in microsiemens per centimeter (uS/cm)
[Boyd, 2020]. The sensor that measures this con-
ductivity has an electronic probe that applies volt-
age at its ends to measure the resistance of the
water, convert it into conductivity, and transmit
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Figure 4. Characterization of gold nanoparticles by Raman spectroscopy
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Figure 5. PH sensor — transmitter

its electrical equivalent from 4 mA to 20 mA to
the analog module of the PLC.

¢) Sensor — dissolved oxygen transmitter

Dissolved oxygen (DO) represents the
amount of dissolved oxygen gas (0,) in the solu-
tion (greywater) [Boyd, 2020]. The samples were
measured online, their units are given in milli-
grams per liter (mg/L) [REMOND, 2019]. The
device used is seen in Figure 6.

d) Sensor — free chlorine transmitter

Free chlorine has the ability to react with
ammonia ions and organic compounds, forming
combined chlorine. The sum of the chlorine com-
bined with the residual chlorine gives the total
chlorine [Boyd, 2020]. Recurrent free chlorine
(FCL) has as a unit of measurement the milligram
per liter per parts per million (mg/L ppm). The
device used is seen in Figure 7.

Solar photocatalyst

A photocatalyst consisting of a tubular reac-
tor with a composite parabolic collector (CPC)
was used [Carbajal-Moran et al., 2021]. Then
two processes were executed in the solar photo-
catalyst; the first greywater treatment was carried
out only with the use of titanium dioxide (Fig-
ure 8a) and the second with the use of titanium
dioxide in the same dose as the first one plus
the gold nanoparticles (Figure 8b). The second

— A —

Figure 6. DO sensor-transmitter
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experimental treatment, began with the supply of
greywater to the main process tank, it is where
the rutile type titanium dioxide was mixed in the
doses of 0.5 g/ and gold nanoparticles in aque-
ous solution in doses of 0.2 ml/L, after this pro-
cess, the initial characterization of the greywater
was carried out by measuring the pH, EC, DO and
FCL parameters. The greywater under treatment
is exposed to solar radiation in the photoreactor
for periods of time of 30 and 60 minutes, with
measurement and recording of the value of the
parameters every 15 min.

The human machine interface (HMI) of the
photoreactor of Figure 9 is connected to a PLC
and sensor-transmitters from an analog module.
It presents the controls from the control panel that
allowed: the homogenization of the mixtures in
the main process tank, measurements of the pa-
rameters (pH, EC, DO and FCL) of the liquid un-
der treatment. Likewise, it enable the automatic
control of the exposure of the liquid under treat-
ment to solar UV radiation for 30 min and 60 min.

RESULTS AND DISCUSSION

Two types of mixes were made in the main
process tank; the first considered the control group,
which consisted of mixing 0.5 g of TiO, per liter
of greywater and for the second considered the
experimental group, 0.5 g of TiO, and 0.2 ml of
gold nanoparticles were mixed per liter of grey-
water. Both mixtures were homogenized by means
of the mixing mechanism in the main tank. Then,
they were characterized by Raman spectroscopy
with radiation of 785 nm at a power of 499 mW

" 4

Figure 7. Residual chlorine sensor-transmitter
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Figure 8. Flow diagram of the photocatalyst operation (a) for control group: greywater and titanium
dioxide (b) for experimental group: greywater, titanium dioxide and gold nanoparticles
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Figure 9. Programmable photoreactor HMI interface

[Matricardi et al., 2018]. Figure 10 shows the result
of the characterization of the two mixtures by Ra-
man spectroscopy, presenting the normalized sig-
nals with very similar characteristics. The presence
of rutile type TiO, at 444.42 cm™ and 611.37 cm’!
[[lie et al., 2017; Tuschel, 2019] is highlighted,
both for the mixture of greywater plus TiO, and for
greywater plus TiO, and gold nanoparticles.

The initial measurements of the different pa-
rameters of the units of analysis were made with
the following results: pH 9.80, EC 2800.00 uS/
cm, OD 1.30 mg/L and FCL 3.50 mg/L. These
characterizations were similar both for the pro-
cess composed of greywater + TiO, (see Table 1),
and for the process composed of greywater + TiO,
+ gold nanoparticles (see Table 2).

With solar radiation of average UVI of 13.35,
both groups were exposed in the photoreactor,
for 30 min and 60 min, with measurements of the
parameters (pH, EC, DO, FCL) every 15 min au-
tomatically from the HMI interface implemented
for this purpose, showing differences between the
control group and the experimental group.

From Tables 1-2 and Figure 11, the pH of
the experimental group exposed to solar UVI
radiation for 30 minutes and 60 minutes, shows
a decrease in pH of 0.38 and 0.52, respectively,
which is equivalent to an improvement of the pH
in 5.30% in 60 minutes. This is due to the degra-
dation of the detergents that are directly related to
pH [Gewering et al., 2018; Mohamed et al., 2018].

From Tables 1-2 and Figure 12, the EC of
the experimental group exposed to solar UVI ra-
diation for 30 minutes and 60 minutes, presents
a decrease in EC of 130.0 uS/cm and 85.0 uS/cm
respectively, which is equivalent to an EC im-
provement of 3.03% in 60 minutes. EC is related
to the amount of salts in water [Caligkan et al.,
2021], which is photodegraded when exposed to
solar UVI radiation [Liang et al., 2017].

From Tables 1-2 and Figure 13, the OD of
the experimental group exposed to solar UVI ra-
diation for 30 minutes and 60 minutes, presents
an increase in OD of 0.25 mg/L and 0.38 mg/L,
respectively, which is equivalent to an im-
provement in DO of 29.3% in 60 minutes. This

187



Journal of Ecological Engineering 2022, 23(1), 182-192

12 - —— Greywater + T1i02
Greywater + TiO2 + AuNPs
10 (444.4202, 0.95194)
3 (61137816, 0.75311)
& 08+
=
]
2
B
= 0.6
@
g
=}
2
H
# 0.4
0.2
0.0 T T T T T T T T ]
0 500 1000 1500 2000 2500

Raman Shift [cm™]

Figure 10. Initial characterization by Raman spectroscopy of greywater mixed with TiO, and gold nanoparticles

increase in DO occurs due to the continuous re-
circulation of the water in the photoreactor of
Figure 9. The photocatalytic process in the re-
duction over the TiO, equivalence band gener-
ates oxygen molecules by dissociating from hy-
drogen [Chen et al., 2020].

From Tables 1-2 and Figure 14, the FCL
of the experimental group exposed to solar
UVI radiation for 30 minutes and 60 minutes,
shows a decrease in FCL of 0.80 mg/L and
1.25 mg/L, respectively, which is equivalent

to an improvement of the FCL in 43.71% in
60 minutes. This improvement occurs due to the
degradation effect of chlorine in the presence of
photocatalysts and UV radiation [Cerreta et al.,
2019; Q. Sun et al., 2021].

After 60 min of exposure of the greywater to
solar radiation with UVI higher than 13, it was
re-characterized by Raman spectroscopy. This is
show in Figure 15, where the red line indicates a
slight attenuation of the physicochemical compo-
nents of the unit analysis.

Table 1. pH, EC, DO and FCL parameters values of the control group composed of greywater + TiO,, subjected

to different periods of exposure in a solar photoreactor

Exposure time Exhibitipn time uvI pH EC DO FCL
(min) (uS/cm) (mg/L) (mg/L)

11:30 0 13.30 9.80 2800.00 1.30 3.50
11:45 15 13.60 8.80 2740.00 1.71 3.20
12:00 30 13.52 8.30 2650.00 1.60 3.00
12:15 45 13.23 8.01 2600.70 1.57 2.77
12:30 60 13.10 7.90 2580.00 1.54 2.55

Table 2. pH, EC, DO and FCL parameters values of the experimental group composed of greywater + TiO, +
gold nanoparticles, subjected to different periods of exposure in a solar photoreactor

Exposure time Exhibitign time uvI oH EC DO FCL
(min) (uS/cm) (mg/L) (mg/L)

11:30 0 13.30 9.80 2800.00 1.30 3.50
11:45 15 13.60 8.40 2600.00 1.80 3.01
12:00 30 13.52 7.92 2520.00 1.85 2.20
12:15 45 13.23 7.62 2510.00 1.87 2.00
12:30 60 13.10 7.38 2495.00 1.92 1.90
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Figure 11. Response of the pH parameter of greywater mixed with TiO, and
gold nanoparticles exposed to solar UVI radiation for 60 minutes
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Figure 12. Response of the EC parameter of greywater mixed with TiO, and
gold nanoparticles exposed to solar UVI radiation for 60 minutes
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Figure 15. Characterization by Raman spectroscopy of greywater mixed with
TiO, and gold nanoparticles, exposed to solar radiation for 60 min

CONCLUSIONS

The photocatalytic action of titanium diox-
ide and gold nanoparticles generated different
changes on the physical-chemical parameters
of greywater. For an average solar radiation of
UVI 13.35 with hourly exposure from 11:30 to
12:30 hours (around solar noon), with the use of
the control and experimental groups it was possi-
ble to estimate the influence of gold nanoparticles
in colloidal state on the photocatalytic action of
titanium dioxide for each parameter.

Regarding the pH in the experimental group,
an improvement of 5.30% was achieved with re-
spect to the control group. The initial pH decreased
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from 9.8 to 7.38 in a period of exposure to solar
UVI radiation of 60 min. The electrical conduc-
tivity (EC) of the experimental group decreased
from 2800 uS/cm to 2400 uS/cm in the same peri-
od of exposure to solar UVI radiation, represent-
ing an improvement of 3.03% with respect to the
control group. Dissolved oxygen (DO) presents
an improvement of 29.3% in 60 minutes, increas-
ing in the experimental group from 1.30 mg/L
to 1.92 mg/L, due to the photocatalytic reduc-
tion process produced on the TiO, valence band,
generating oxygen molecules by dissociating
from hydrogen. The concentration of free chlo-
rine (FCL) in the experimental group improved
by 43.71% with respect to the control group in
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60 minutes; this improvement occurs due to the
degradation effect of chlorine in the presence of
photocatalysts and UV radiation. These findings
were confirmed by Raman spectroscopy applied
at the beginning and end of processes in both
groups (control and experimental).

Finally, based on the findings for the four
parameters in liquid samples belonging to the
control group and the experimental group, it was
concluded that there is a positive influence of
gold nanoparticles on the photocatalytic action
of titanium dioxide in the physical-chemical pa-
rameters of greywater, which contributes to the
improvement of water quality.
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