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Abstract

This paper shows the syntheses and use of hybrid porous
silica materials (UGM-triamin) in the adsorption of Cu (1)
of the cyanidation effluents of gold and silver. Studies of
adsorption of Cu (1) in synthetic solutions of Cu-CN a pH
of 11 and at a concentration ratio of 1: 5 Cu: CN,
simulating the effluents of cyanide process gold and silver
ores, showed maximum adsorption capacity of 7.54 mg of
Cu (1) per gram of material and favorable adsorption
according to the Langmuir model (R of 0.31t0 0.41). The
evaluation of the adsorption capacity of the material with
real solutions of cyanide, showed 95% removal of copper
in the effluent cyanide and 68.5% selectivity for the
adsorption of copper. It has been observed free cyanide
destruction in the system during adsorption of copper, so
that the oxidation of free cyanide may be linked to the
mechanism of adsorption of copper.

Cu(l) Adsorption, Cyanidation, UGM-triamin

Resumen

El siguiente trabajo, muestra el uso de materiales porosos
de silica poli-amino funcionalizados denominados UGM-
triamin, en la adsorcién de Cu(l) de efluentes acuosos
provenientes de la cianuracién de minerales de oro y plata.
Los estudios de adsorcién de Cu(l) en disoluciones
sintéticas de Cu-CN a pH de 11 y bajo una razon de
concentracion de 1:5 de Cu:CN, simulando los efluentes
del proceso de cianuracion de minerales de oro y plata,
mostraron una capacidad maxima de adsorcién de 7.54 mg
de Cu(l) por gramo de material y una adsorcién favorable
de acuerdo con el modelo de Langmuir (R. de 0.31-0.41).
La evaluacion de la capacidad de adsorcion del material
con disoluciones reales de cianuracién, mostraron una
remocion del 95 % del cobre presente en el efluente de
cianuracion, asi como un 68.5% de selectividad para la
adsorcion del cobre. Se ha observado la destruccion del
cianuro libre en el sistema durante el proceso de adsorcién
del cobre, por lo que la oxidacién del cianuro libre
posiblemente se encuentre vinculada con el mecanismo de
adsorcién del cobre.

Adsorcién de Cu(l), Cianuracion, UGM-triamin
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Introduction

Nowadays, meso-porous materials based on
ordered silica have a growing interest within
materials science and technology. Meso-porous
materials have high chemical and thermal
stability, which allows its use in a wide range of
applications that involves biological and
chemical processes without meso-porous silica
upset these processes. These materials have been
used as catalytic supports (Barton T. J. et al.,
1999; Heikkila I et al., 2007), chromatographic
supports (Lebeau B. et al., 2013), adsorbent
materials (Meng M. et al. 2014; Sierra I. et al.,
2013), drug bio-reservoir and immobilizer of
enzymes or proteins (Sierra l. et al., 2014; From
Muth P. et al., 2011), among other applications.

Meso-porous based on ordered silica
materials have been widely used as an adsorbent
or remover of contaminants, especially for metal
ions removal from aqueous effluents. These
materials have a high selectivity towards the
pollutant to remove, this selectivity is designed
from the anchoring of various chelating groups
related to the metal ion, in addition to presenting
rapid adsorption kinetics and not observing
swelling as polymers on contact with water (Jal
P. K. et al.,, 2004). thus, there are several
industrial processes where the presence of
specific metal ions causes low yield or even the
economic infeasibility; as an example of this, is
the cyanide of minerals process to obtain
precious metals, where the presence of Cu into
the ore greater than 0.05% makes the cyanide
process unfeasible (Dai X. et al., 2012).

Therefore, proposals that allow the Cu
removal from rich cyanide solutions have special
interest on hydrometallurgy. However, a few
studies of mesoporous materials for Cu removal
are found. In 1990 Talavarides proposed the use
of amino polyfunctionalized mesoporous for the
removal of copper from Cu:CN systems,
however, the removal of the metal ion in these
systems is favored at acidic pH and not under the
conditions of the cyanidation process (Lee JS et
al., 1998). Furthermore, our research group
recently studied the feasibility of using
mesoporous silica for Cu (1) removal from the
actual cyanidation effluents, observing that,
under the conditions of the process, the removal
capacity of the metal ion is feasible in 90%, with
moderate load capacities and selectivity
(Salazar-Hernandez MM et al., 2015).
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Thus, in this paper is to study more
versatile systems that allow greater selectivity
for the Cu removal in cyanidation effluents.

Methodology
UGM-triamin: Synthesis and characterization

The synthesis of the mesoporous silica triamin
UGM was carried out according to the
methodology reported by Rodriguez-Garnica et
al. from alkoxysilane derived from diethylene

glycol.
UGM-triamin Synthesis

Under nitrogen flow and constant stirring, one
mole of the modifying agent (N-(3-
trimethoxysilylpropyl) diethylenetriamine
(Me0)3SiCH2[(CH2) 2-NH]3-H, was added to 6
moles of the silica precursor (alkoxide derived
from diethyleneglycol) until get a homogeneous
solution. 750 ml of reactive grade acetone was
added at the mixture in an ultrasound bath with
pulses of one minute duration and a frequency of
30 MHz at intervals of one second by an hour.
The mixture stands for three days in N2
atmosphere. The solid obtained was filtered and
reflux by 3 day using a solution of ethanol/water
(270/30, v / v) and 3mL of HCI. The solid is
recovered by filtration and cleaned using ethanol
and dried in the vacuum line. Once dry the
material, it is washed using 20 ml of an NH,OH
solution for 10 seconds, filtered and dried on a
stove at 60 ° C.

UGM-triamin characterization

The UGM-triamin was characterized using
infrared spectroscopy with Fourier transform
(FTIR), the spectra were acquired under the KBr
transmittance methodology, in a Perkin Elmer
Spectrum 100 spectrometer, using an average of
32 scans, a resolution of 4 cm™ and a spectral
window of 4000 to 400 cm™2.

The NMR CP-MAS 2°Si and *3C spectra
was obtained in Varian 600 MHz AR-Premium
COMPACT with 120 average scans.

The textural characterization of the
UGM-triamin was carried out by the adsorption
and desorption isotherms of N2 at 77 K in a
Micromeritics ASAP-2010 equipment.

SALAZAR-HERNANDEZ, Mercedes, ELORZA-
RODRIGUEZ, Enrique, MENDOZA-MIRANDA, Juan Manuel
and ALVARADO-MONTALVO, Lucia G. Cu(l) removal using
mesoporous silica (UGM-triamin).. Journal of Chemical and
Physical Energy. 2021
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The samples were degassed prior to
analysis at 100 ° C and 8 mmHg. The surface
area was determined under the BET model and
the analysis of the pore distribution was
determined by the BJH model.

Characterization of the ore extracted from “El
Porvenir”

The chemical characterization of the mineral
(content of Pb, Cu, Zn and Fe), was carried out
by atomic absorption, digesting a portion of ore
having an average size of 100 microns (5 g) with
10 ml of HNO3s and 1 ml of HCIOs, later, the
sample is dried and the cations was dissolved
using 20 ml of HCI to determine the content of
Pb, Cu, Zn and Fe by atomic absorption. The
gold and silver content are determined by
gravimetric method.

The mineralogical composition of the ore
was determined by scanning electron
microscopy (SEM) coupled to an X-ray detector
on a PHILLIPS XL30 microscope.

Cyanidation of the ore extracted from el
Porvenir, Real de Asientos, Aguascalientes

One kilogram of the dry mineral is grinded for
50 minutes, to reach 60% @ -200 mesh (75
microns). The solid is placed in a reactor with
oxygen flow, distilled water is added to reach
42% of solids. 0.5 g of CaO are added to the
mixture until a pH of 11 is reached, to add 0.3%
NaCN and it is kept under constant stirring at
255 rpm for 72 hours. Finally, the solution is
filtered and stored in an amber bottle for later use
in adsorption tests.

The chemical composition of the cyanide
solution was determined by atomic absorption.

Kinetic Studies of Cu(l) Removal Capacity with
UGM-triamin

The evaluation of Cu(l) adsorption isotherms
with the UGM-triamin were carried out using
synthetic solution and a rich cyanidation
solution. 0.5 g of functionalized material were
placed in five different test tubes, mixed with 10
ml of Cu (I) stock solution 500, 300, 250, 200,
100 and 50 mg-CuL?) or with the rich
cyanidation solution, mounted in a tube rocker
model L-TIR200 UNICO working at 24 rpm.
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At time study intervals was 3, 6, 9, 14 and
20 minutes, the copper concentration in the
solution is determined by atomic absorption.

Results and discussion
UGM-triamin Synthesis and characterization

FTIR study shows that there is organic matter
into the silica network within vibrations 2979-
2866.9 (vC-H), 1463.3 (8C.H) and the
vibrations of vC-N that correspond to primary
and secondary amines are 1360.5y 1395.9 cm™2.
RMN spectra in solid state of 2°Si y *C are
shown in Figure 1, where the anchoring of
organic matter is present in the silica network
with the presence of T2 groups observed by 2Si
RMN and the presence of seven aliphatic
carbons by RMN 13C, therefore, the functional
group is into the silica network.

Adsorption and desorption studies of N2
using UGM and UGM-triamin have a type IV
and V isotherms, respectively, according to the
IUPAC classification as shown in Figure 2a. On
the other hand, the pore distribution analysis
using BJH model, Figure 2b, shows that the
UGM have mesopores with an average diameter
of 2.6 nm, meanwhile the UGM-triamin shows
an average pore diameter of 59 nm and a low
presence of mesopores with an average diameter
of 3.9 nm. The modified material shows a
reduction of the surface area of the material of
almost 89.7% (Table 1); this decrease is due to
the obstruction of the pores of the material
caused by the electrostatic repulsion that the
protonated amino groups of the functionalizing
group present. For the case of polyamino-
functionalized materials. Casasus R. et al.
(Casasus R. et al., 2004) reports a basic treatment
that allows the deprotonation of the amines
suppressing these molecular interactions that the
cause of pore obstruction, allowing the
unblocking pores. UGM-triamin2 is treated
using 1% of NH4+OH. After the treatment, the
material shows a 45.9% abatement of the surface
area (Table 1), which suggests the unblocking of
the pores. Thus, the material UGM-triamin2
shows a type IV isotherm like the unmodified
material and a bimodal pore distribution with
sizes lying between 2.6 and 3.2 nm (Figure 2).

SALAZAR-HERNANDEZ, Mercedes, ELORZA-
RODRIGUEZ, Enrique, MENDOZA-MIRANDA, Juan Manuel
and ALVARADO-MONTALVO, Lucia G. Cu(l) removal using
mesoporous silica (UGM-triamin).. Journal of Chemical and
Physical Energy. 2021
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(a) Asurf[ng_l] Vporo D [nm]
[cm®g ]
UGM 907.53 0.56 2.50
UGM- 93.75 0.21 9.06
triamin
UGM- 490.40 0.45 3.60
triamin2
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(b)
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Figure 1 (a) RMN CP-MAS de *3C spectra for UGM-
triamin; (b) RMN CP-MAS de #°Si spectra for UGM-
triamin
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Table 1 UGM and UGM-triamin N, Adsorption-
Desorption Studies

Cu(l) Adsorption Studies using Synthetic
CuCN/KCN Solutions

The adsorption capacity of Cu (1) using UGM-
triamin were carried out employing synthetic
solutions of Cu/ CN at a pH of 11 with a ratio of
Cu: CN of 1:3, assuring [Cu (CN )3] # as the
predominant species in the system, because of
this is the one found predominantly in
cyanidation effluents with high copper content.

Figure 3 shows the adsorption isotherms
of Cu (1) with the UGM-triamin, observing the
elimination of more than 90% of the copper in
the system with low and moderate
concentrations of copper (50-200 ppm).

According to the Langmuir adsorption
model, the material has a maximum adsorption
capacity of 7.54 mgCu g~* material and an Ry in
intervals of 0.31-0.041, which suggests a
favorable trend to chemisorption.

SALAZAR-HERNANDEZ, Mercedes, ELORZA-
RODRIGUEZ, Enrique, MENDOZA-MIRANDA, Juan Manuel
and ALVARADO-MONTALVO, Lucia G. Cu(l) removal using
mesoporous silica (UGM-triamin).. Journal of Chemical and
Physical Energy. 2021
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Figure 3 a) UGM-triamin adsorption isotherms for Cu (I)
in synthetic Cu-CN solutions; (b) % of removal capacity
of Cu (I) in synthetic solutions of Cu-CN using UGM-
triamin

Figure 4 shows the UGM-triamine
adsorption-desorption capacity for Cu (1) and the
recycling cycles of the material, the study shows
that with low or moderate concentrations of Cu
(), the material supports up to 3 adsorption-
desorption cycles. The UGM-triamin adsorption
capacity decreases by 70% in the fourth cycle,
while at high concentrations the UGM-triamin
allows it to recycle up to 2 adsorption-desorption
cycles due by the obstruction of the active sites
containing copper not totally desorbed.
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solution

The adsorption capacity of Cu (I) with UGM-
triamin, in rich cyanidation solution, was carried
out with an ore from “el Porvenir” from the
“Real de Asientos” mining district. The
mineralogical composition of ore is show in
Table 2, where it is shown that copper is present
as oxides (malachite), secondary sulfides
(covelite and chalcosite) and chalcopyrite. The
ore has a composition of 0.126% Cu and an Au
and Ag grade of 1.2 and 353 g-Ton'
respectively. The cyanidation solution of the ore
shows a composition of 137.5 ppm of copper,
1.54 ppm of Au and 9.48 ppm of Ag.

Gold Native, free, and finely disseminated.
Silver Silver sulfides (Ag2S).
Copper Oxides (malachite), secondary sulfides

(covelite and
chalcopyrite.
Iron Pyrite.

Another Quartz and a high content of clays.
phase

chalcocite) and

Table 2 Mineralogical composition of the “El Porvenir”
ore from the Real de Asientos Aguascalientes mining
district

The UGM-triamin adsorption capacity of
Cu () in the rich solution of cyanidation of the
ore from "EIl Provenir”, shows a 90% removal
capacity for copper from the cyanidation
solution and a UGM-triamin recycle capacity of
two cycles, observing a decrease of 20% in the
adsorption capacity for the second cycle, as
shown Figure 5 and 6.
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RODRIGUEZ, Enrique, MENDOZA-MIRANDA, Juan Manuel
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mesoporous silica (UGM-triamin).. Journal of Chemical and
Physical Energy. 2021
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Figure 5 Cu (1) adsorption isotherm from cyanidation of
"El Porvenir" ore
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Figure 6 Evaluation of the adsorption-desorption capacity
of UGM-triamin for Cu (I) with the rich cyanidation
solution from “El Porvenir”

However, the selectivity of the material
towards copper was observed in 68.5%. These
results suggest the feasibility of copper removal
in cyanidation effluents with UGM-triamin.

Conclusions

The results show that UGM-triamine has a
maximum Cu (I) adsorption capacity of 7.54
mg-g %, allowing the Cu (1) removal over 90%
in rich cyanidation solutions with high cyanide
content. UGM-triamin removes copper from
cyanidation solutions with 68% selectivity and a
maximum recycling of two adsorption-
desorption cycles.
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Abstract

In present work, synthesis and characterization of ZnO/
activated carbon-based composite in proposed. Spent
Coffee Grounds is used as carbon source. We pretend to
take advantage of photocatalytic activity of ZnO and
adsorption capacity of Activated Carbon. This composite
can be applied in remotion/mineralization of organic dyes
in waste water. Conditions for synthesis of composite’s
precursor were stablished. For electrosynthesis, the
current density was 260 mA/cm? for 15 min under
vigorous magnetic stirring at room temperature, followed
by a calcination at 450 °C. Later, all materials were
characterized using Raman Spectroscopy, Scanning
Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS) and Fourier-Trasform Infrared
Spectroscopy (FTIR), in order to determine crystalline
phase present, morphology, elemental composition and
functional groups, respectively.

Composite, SCG, CA/ZnO

Resumen

En el presente trabajo, se propone la sintesis y
caracterizacion un compésito de Oxido de Zinc (ZnO) y
carbon activado (CA) que se obtiene a partir del café
molido usado (CMU), para aprovechar la capacidad
fotocatalitica del ZnO y la capacidad de adsorcion del CA,
este compasito podra aplicarse en la
remocion/mineralizacion de colorantes en aguas
residuales. La metodologia que se siguié para la
preparacion del composito fue establecer las condiciones
de sintesis por medio de las sintesis de los precursores del
compésito; las condiciones que se establecieron fueron
realizar una electrosintesis a 260 mA/cm? durante 15 min
con agitacién magnética vigorosa a temperatura ambiente
y calcinacién a 450 °C; posteriormente se realizd la
caracterizacién por medio de Espectroscopia Raman,
Microscopia  Electréonica de  Barrido  (MEB),
Espectroscopia de Dispersion de Energia de Rayos X
(EDS) y Espectroscopia de Infrarrojo (FTIR) para
determinar las fases cristalinas presentes, la morfologia, la
composicién elemental y los grupos funcionales,
respectivamente.

Compésito, CMU, CA/ZnO
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Introduction

Nowadays, metallic oxide-based semiconductor
photocatalyst such as SiO,, Al203, CuO, FeO,
V205, TiO2, ZrO., ZnO has become in an
interesting option due to its potential
contribution to environmental remediation.
Among them, TiO2 and ZnO has been studied
and used due to its photocatalytic properties
(Palanive, N.R., & Selvakumar, 2019)
(Saravanakkumar, y otros, 2019) (Macwan,
Dave, & Chaturvedi, 2011).

Heterogenous photocatalysis is a method
used for waste-water treatment, it employs low-
cost and efficient materials for pollutants
remotion.

Particularly, ZnO is one of those
materials that can be used for heterogeneous
photocatalysis because it is inexpensive and easy
to obtain (Lee, Lai, Ngai, & Juan, 2016) (Janotti
& Walle, 2009) (Abdessemed, Rasalingam,
Abdessemed, Djebbar, & Koodali).

ZnO belongs to the group II-VI
semiconductors compound and, like many of
them, crystallizes in cubic zinc blende and
hexagonal wurzite, where the last one is are the
most stable form in standard conditions of
pressure and temperature.

ZnO is a type-n semiconductor material
that possess a wide bandgap of 3.3 eV and an
exciton binding energy of 60 meV. Bangap value
for ZnO permits activation using UV light for
photodegradation of organic pollutants (Abed,
Bouzidi, Elhouichet, Gelloz, & Ferid, 2015)
(Daneshvar, Salari, & Khataee, 2004).

Activated carbonous  material  or
Activated Carbon (AC) is a product that possess
a reticular crystalline structure similar to that of
graphite, a great surface area, an abundant
quantity of pores by volume unit. For these
reasons, activated carbon is a material well
stablished, versatile and widely used as
adsorbent (Abdessemed, Rasalingam,
Abdessemed, Djebbar, & Koodali) (Guo &
Rockstraw, Activated Carbons prepared from
rice hull by one-step phosphoric acid activation,
2007).
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It is important to highlight that
commercial AC are still expensive, especially in
developing countries, due to the need to process
raw material, by chemical or physical means.
For the above reasons, interest in obtaining AC
from renewable sources and in a more
economical way has grown recently. For many
years, researchers have demonstrated that is
possible to produce Activated Carbons using
industrial and agricultural by-products such as
waste paper, used tires, rice hull, coconut hull,
apricot and date pits. Using ACs for pollutants
adsorption in waste water are well documented
(Abdessemed,  Rasalingam,  Abdessemed,
Djebbar, & Koodali) (Belhachemi, Rios,
Addoun, & Silvestre-Albero, 2009) (Okada,
Yamamoto, Kameshima, & Yasumori, 2003)
(Tan, Ahmad, & Hameed, 2008) (Baccar,
Bouzid, Fekib, & Montiel, 2009).

Coffee is a drink which has been enjoyed
by millions of people around the world and many
studies has demonstrated all its benefits.
However, this drink has a high waste production:
Spent Coffee Ground (SCG) (Cruz-Lopes,
Domingos, Ferreira, & Esteves, 2017).

Spent Coffee Grounds contains a great
quantity of organic compound (fatty acids,
lignin, cellulose, hemicellulose and another
polysaccharides). Due to its chemical richness
and its biodegradability, SCG can be used in
biodiesel production, sugar sources, composting
material, ceramics additive, heavy ions and dyes
adsorbent, and additionally as an activated
carbon source (Campos-Vega, Loarca-Pifa,
Vergara-Castafieda, &  Oomah, 2015)
(Arulrajah, Kua, Suksiripattanapong,
Horpibulsuk, & Shen, 2017) (Colantoni, y otros,
2021) (Oliveira, Silva, Pereira, Filho, &
Carvalho, 2013) (Kante, Nieto-Delgado,
Rangel-Mendez, & Bandosz, 2012).

As mentioned above, it is possible to give
an additional utility to SCG, instead of deposit it
in Dumps, so SCG can produce methane and to
contribute to greenhouse effect (Arulrajah, Kua,
Suksiripattanapong, Horpibulsuk, & Shen,
2017).

In present paper, we propose to combine
photocatalytic activity of ZnO and adsorption
capacity of AC obtained from SCG, to prepare a
composite  that can be used for
mineralization/remotion of dyes in waste waters.

CASTREJON-SANCHEZ, V. H., GARCIA-GONZALEZ, N.,
ENRIQUEZ-PEREZ, Ma. Angeles and HERNANDEZ-
BERNARDINO, B. Preparation advances of Activated-
Carbon/ZnO composite using ground coffee. Journal of Chemical
and Physical Energy. 2021
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Methodology
AC preparation

For obtaining AC, SCG was recollected and
dried using a natural convection electric oven for
48 h to evaporate all water. Once SCG is dried,
it is ready to be stored. 1g of SCG is taken and
thermally analyzed in a hot cell coupled to
Raman equipment. The temperature range
studied was from 50 to 600 °C using steps of 50
°C for a period of 2 h at each step. Temperature
ramps of 50 °C/min were used. With this
procedure, 450 °C was the determinate
temperature for obtaining AC.

ZnO synthesis

Preparation of ZnO was done using two metallic
sheets of Zn with an effective area of 3 cm?
Previous to the synthesis, Zn sheets were
polished and rinsed with anhydrous ethanol.
After, they were ultrasonically cleaned using
anhydrous ethanol for three cycles. Between
each cycle, Zn sheets were rinse with anhydrous
ethanol.

Electrosynthesis was carried out in
galvanic mode using a current density of 260
mA/cm? for 15 min with vigorous magnetic
stirring at room temperature. Electrolytic
solution contained 0.5 g of sodium chloride
dissolved in 50 mL on distilled water. Following
this procedure, a white colloidal suspension of
Zn (OH) is obtained and it is the precursor for
ZnO.

Composite synthesis

For composite preparation, an electrolytical cell
is installed following procedure described in
section 2.2. Only a change is done, 5 g of SCG
is added to electrolytical solution previous to
electrosynthesis. The electrolyte is magnetically
stirred for 5 min to homogenize the solution, and
then current is supplied to obtain precursor of
Zn0O. Colloidal suspension containing SCG/Zn
(OH)2 is centrifuged 4 times at 14000 rpm during
5 min and it is rinsed between each cycle with
distilled water to remove NaCl remains.

The obtained precipitates are dried at 80
°C in an electric oven. The final product is an
amorphous light brown which is thermally
treated at 450 °C for 1 h using an electric
furnace.
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Material characterization
Raman spectroscopy

The structure of powders was studied with
Raman spectroscopy. Raman spectra were
recorded using a Horiba Jobin Yvon model
XploraPlus p-Raman system. A solid-state diode
(A= 532 nm) is used to induce scattering, with a
maximum power of 2.5 mW at sample’s surface.
A 1200 I/mm was employed; 100 spectra were
averaged with an exposure time of 3 s each.

Scanning Electron Microscopy

Morphology and elemental composition of
AC/ZnO composite was done using a Jeol IT-
100 microscope coupled to a Bruker X-ray
microprobe. SEM is operated at high vacuum
conditions with an accelerating voltage of 20
KV; secondary electron signal was used to
acquire images.

Fourier-Tranformed Infra-Red spectroscopy
(FTIR)

In order to determine functional groups present
in individual components and in composite, an
Perkin-Elmer FT model 2000 equipment in ATR
mode, ranging from 4000 a 530 cm™.

Results

Raman spectroscopy

In figure 1, Raman spectrum corresponding to
SCG/Zn(OH)2 composite is shown. It can be

seen there is not signals in all spectral window;
this is an indicative of an amorphous material.

6000

—— SCG/ZN(OH),

4000

2000

Intensity (Arbitrary unit)

T T T
0 1000 2000

Raman displacement (cm™)

Figure 1 Raman spectrum for as-synthesized composite
(SCG/Zn (OH),)
Source: own elaboration
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After the material is thermally treated
(figure 2), Raman signals corresponding to ZnO
and AC appears.

300 4

275

250 4

225

200 4

Intensity (Arbitrary unit)

175

150

T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Raman displacement (cm™)

Figure 2 Raman spectrum for composite after thermal
treatment (AC/ZnO)
Source: own elaboration

Signal for ZnO are located at 99 (E2i),
203 (Ea), 332 (3Ezn-Ea), 388 (Ai(TO)), 410
(E1(TO)), 437 (E2n), ~550 (A1(LO)) and 588 cm"
1 (E1(TO)), corresponding to hexagonal structure
wurzite type, This phase has been reported in
applications such as photocatalysis and solar
cells (Periyat & Ullattil, 2015) (Decremps,
Pellicer-Porres, Saitta, Chervin, & Polian, 2002)
(Venkatesha, Nayaka, Viswanatha, Vidyasagar,
& Chethana, 2012) (Mauro, Fragala, Privitera, &
Impellizzeri, 2017) (Bairamov, Heinrich, Irmer,
& Toporov, 1983).

Raman spectrum for all carbon-based
materials, that includes AC, shows a diverse
behavior in the range of 800-2000 cm, in which
G and D bands (or peaks) are located around
1500-1630 cm™ and 1350 cm! respectively, for
visible light excitement. If UV irradiation is
used, a T band will appear near at 1060 cm™
(Ferrari & Robertson, Raman Spectroscopy of
Amorphous, Nanostructured, Diamond-like and
Nanodiamond, 2004) (Ferrari & Robertson,
Interpretation of Raman spectra of disordered
and amorphous carbon, 2000) (Ferrari A. C.,
2002).

In case of our composite after thermal
treatment it is possible to observe D band at
~1380 cm™? and G band at ~1590 cm™, these
signals confirm presence of a carbonous material
in AC/ZnO composite.

Scanning Electron Microscopy

Several images were taken before (fig. 3a) and
after (fig. 3b). In both images, it is possible to
observe ZnO particles are adhered to AC’s
surface.
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Through figures 4a to 4b, it can be
appreciated with more detail ZnO particles on
AC’s surface, which in both cases, shows
particle agglomerates of submicrometric size.

Figure 3 SEM images for a composite a) without thermal
treatment (SCG/Zn (OH)2) and b) with thermal treatment
(AC/Zn0O)

Source: own elaboration

Table 1 reports results obtained by EDS
analysis, elemental composition was measured
before and after thermal treatment.

Figure 4 SEM images for a composite at 2000X a) without
thermal treatment (SCG/Zn (OH),) and b) with thermal
treatment (AC/Zn0O)

Source: own elaboration

In as-synthesized composite, is evident the
content of several chemical elements (C, O, Mg,
Cl, K, Ca and Zn) belonging to SCG, except for
Zn which comes from electrosynthesis. Previous
to thermal treatment, the composite is
centrifuged to 14000 rpm and rinse with distilled
water 5 times, in order to eliminate precursor
remains. For this reason, the elemental analysis
of composite after treatment, only shows
elements of interest (C, O and Zn).

An elemental mapping was performed in
order to know elements distribution in our
composite. Figure 5 illustrates the elemental
mapping for C (yellow) and Zn (purple), it can
be seen that Zn is all over the surface of AC
particles.

CASTREJON-SANCHEZ, V. H., GARCIA-GONZALEZ, N.,
ENRIQUEZ-PEREZ, Ma. Angeles and HERNANDEZ-
BERNARDINO, B. Preparation advances of Activated-
Carbon/ZnO composite using ground coffee. Journal of Chemical
and Physical Energy. 2021
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Atrticle

Element % at. |

SCG/Zn(OH), AC/ZnO |
C 87.93 28.02
o) 4.95 33.29
Mg 1.16
Cl 0.69
K 0.22
Ca 0.57
Zn 4.48 38.64
Sum 100 100

Table 1 Results for elemental analysis for samples before
(SCG/Zn (OH),) and after (AC/ZnO) thermal treatment
Source: Own elaboration

Figure 5 SEM mapping for C (yellow) an Zn (purple)
Source: Own elaboration

FTIR spectroscopy

Figure 6 shows IR spectra for individual
precursors corresponding to composite, Spent
Coffee Ground (SCG), Activated Carbon (AC),
zinc oxide (ZnO), composite precursor without
calcination (SCG/Zn(OH)2) and calcinated
composite (AC/Zn0O). Figure 6a corresponds to
SCG, it shows signal for functional groups of C-
H at 2929, 2869, 874 and 815 cm™; C=0 at 1747
cm; C=C at 1658 and 1448 cm™ and C-O at
1039 cm'®; all these signals are attributed to SCG
(Orozco-Castro, 2019).

For AC (fig. 6b), it can be seen band
attributable to aromatic groups such as C=0 at
1560 cmt, C-O at 1039 cm™* and C-H at 874 and
815 cm*. ZnO precursor is shown in figure 6c,
spectrum displays a band for C=0 at 1560 cm*
due to CO2 and it is similar to that obtained by
WU et al, 2010 (Dapeng Wu, 2010). for zinc
oxide.

In figure 6d, it can be observed spectrum
for composite before calcination (precursor) and
it shows a binding vibration at 3413 cm™, this
signal is associated with presence of Zn(OH):
(Dapeng Wu, 2010), which is a ZnO precursor.
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Others functional groups can be also
observed for C-H at 2929, 2869, 874 and 815
cm?; C=0at 1747 cm™ C=C at 1658 and 1448
cm™; and C-O at 1039 cm™, all these bands are
attributable to SCG (Orozco-Castro, 2019).

After calcination, ZnO is obtained
supported on AC (fig. 6e), spectrum displays a
small signal corresponding to O-H binding and
two small signals attributable to aliphatic and
aromatic groups of C-H binding, which were
also observed in precursor. Due to IR
spectroscopy was performed in ATR mode, it is
impossible to observe signal located at 440 cm™
corresponding to ZnO (Oo, 2007), some authors
use signal located at 530 cm™ to identify it (Ruiz-
Peralta, 2012).

IR spectrum for calcinated composite is
very similar to that obtained using zinc nitride
and hexamine to produce ZnO supported on
SCG synthesized by find by Ruiz et al. (Ruiz-
Peralta, 2012).

4000 3500 3000 2500 2000 1500 1000

Transmittance (%)

(e)
AC/ZnO,

'
P R [ R [ A
4000 3500 3000 2500 2000 1500 1000

Wave number (cm™)

Figure 6 FTIR spectra for (a) SCG, (b) AC, (c) ZnO, (e)
SCG/Zn (OH)2 and (d) composite AC/ZnO
Source: Own elaboration

Aknowledgement

We thank to Tecnoldgico Nacional de México
for economical support through Proyectos de
Investigacion Cientifica 2021 provided to the
Project “Degradacion y sorcidon de residuos con
compuestos fendlicos-carboxilicos utilizando un
composito de carbon activado y 6xido de zinc”.

CASTREJON-SANCHEZ, V. H., GARCIA-GONZALEZ, N.,
ENRIQUEZ-PEREZ, Ma. Angeles and HERNANDEZ-
BERNARDINO, B. Preparation advances of Activated-
Carbon/ZnO composite using ground coffee. Journal of Chemical
and Physical Energy. 2021



Article

13

Journal of Chemical and Physical Energy

Conclusions

It was possible to synthesized an AC/ZnO
composite using electrosynthesis technique
followed by a thermal treatment. Raman
spectroscopy allowed to determine hexagonal
wurzite phase as the only present phase of ZnO.

Using SEM, it was possible to determine
composite’s morphological characteristics and
to observe that ZnO is covering all Activated
Carbon’s surface. Additionally, EDS confirms
that some undesired elements are removed
during rinsing and centrifuging process.

Finally, IR spectroscopy from all
precursors, uncalcinated and calcinated
composite allows to determine characteristic
bands for each individual component of
composite. This is material was synthesized in
order to be used in remotion/mineralization of
dyes in waste water.
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Abstract

In every company it is vital to have strategies and tools
that help achieve continuous growth and allow it to be
more competitive, obtaining the benefit of the application
of these strategies and tools greater productivity, avoiding
downtime or unnecessary stops that cause losses. The
purpose of this project is to develop a preventive
maintenance plan for plastic injection molds in order to
reduce failures in them by at least 70% based on the
"Reliability-Centered Maintenance Methodology" (RCM
for its acronym in English), which is a widely recognized
and widely used methodology to develop maintenance
plans for industrial equipment based on ensuring the
functions of the equipment for the satisfaction of the user
or owner (Campos-L&pez, 2018); For the collection of
information, tools proposed by the methodology were
used, such as the analysis of failure modes and effects
(FMEA), the criticality analysis and the logical decision
tree.

Maintenance, Molds, RCM

Resumen

En toda empresa es vital contar con estrategias y
herramientas que ayuden a lograr un crecimiento continuo
y permitir ser méas competitivos, obteniendo como
beneficio de la aplicaciébn de estas estrategias y
herramientas mayor productividad, evitando tiempos
muertos o paradas innecesarias que provocan perdidas. La
finalidad de este proyecto es elaborar un plan de
mantenimiento preventivo para los moldes de inyeccion de
plastico con el objetivo de reducir las fallas en ellos por lo
menos en un 70% basandose en la “Metodologia del
Mantenimiento centrado en Confiabilidad” (RCM por sus
siglas en inglés), que es una metodologia ampliamente
reconocida y de uso extendido para elaborar planes de
mantenimiento de equipos industriales basdndose en
asegurar las funciones del equipo para la satisfaccion del
usuario o propietario (Campos-Lépez, 2018); para la
recopilacion de informacion se hizo uso de herramientas
propuestas por la metodologia tales como el anélisis de
modos y efectos de fallas (AMEF), el andlisis de criticidad
y el arbol logico de decisiones.

Mantenimiento, Moldes, RCM
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Introduction

Reliability Centered Maintenance (RCM) is a
very effective methodology used to identify all
the possible causes that can cause a system
failure using cause and effect relationships;
After identifying all possible causes, the best
maintenance strategy method can be determined
to eliminate the failures. The chosen strategy
must guarantee the operation of the equipment
and processes, ensuring safety and reliability.
This maintenance strategy was developed in the
early 1970s by the commercial airline industry
in order to reduce maintenance downtime,
maintenance costs, and improve flight safety.

It has also been used with success in the
cereal industry, coal mining, oil refineries, gas
plants, the paper industry, and this time it is
developed for the benefit of a company
dedicated to the manufacture of reels. plastic of
different sizes and different shapes in the caps,
where the process of making the caps is carried
out with the help of different injection molds and
extrusion machines, where the tubes are
generated; in order to create a preventive
maintenance plan for injection molds and apply
it to reduce possible failures or defects during the
injection process by 70%.

Development of headings and subheadings of
the article with subsequent numbers

To achieve the implementation of the Reliability
Centered Maintenance (RCM) methodology, the
following steps were followed:

1. Form the natural work team
2. Assess the structure of physical assets
3. Collect the information for analysis

4. Failure modes and effects analysis (AMEF)
5. Determination of the risk weighted number RPN for the failure modes

6. Probabilistic Failure Analysis for High RPN Failure Modes

7. Apply RCM decision matrix to determine the type of mai

8. Develop the tasks: description of materials and frequencies

9. Deploy the RCM application

Figure 1 RCM application methodology
Source: (Grimaldo, 2012)
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1. Form the natural work team

The first step to start to propose preventive
maintenance measures that will be applied to
plastic injection molds is to form an adequate
work team; For this, it is necessary to have
specialists trained in maintenance area issues
and who will be helpful for the development of
activities; Below is a diagram with the selected
work team.

TSUEN
MANTENIMIENTO
INDUSTRIAL

b TECNICO EN
MAQUINAS Y
HERRAMIENTAS

R

[OPERADORES DE LAS)
MAQUINAS Y wovoes DE|
INYECCION

Figure 2 Work team
Source: (project contribution, unpublished)

2. Assess the structure of physical assets

The coding of each injection mold and of each
machine in which it is placed is carried out, in
order to be able to identify them faster and to be
assigned a code. Technical sheets are also
prepared for each mold to describe all its
characteristics in greater detail.

INJECTION MACHINES CODING

CODE NUMBER ALPHANUMERIC CODE MACHINE MARK
010100 IN-01 VD-300T-1 VanDorn
010101 IN-02 VD-300T-2 VanDorn
010102 IN-03 VD-300T-3 VanDorn
010103 IN-04 VD-300T-4 | VanDorn
010104 IN-05 NB- 75T New Bury
010105 IN-06 VD-230T VanDorn
010106 IN-07 VD-150T-1 VanDorn
010107 IN-08 VD-150T-2 VanDorn
010108 IN-09 VD-150T-3 VanDorn
010109 IN-010 VD-200T VanDorn
010110 IN-011 VD-350T VanDorn
010111 IN-012 VD-250T VanDorn

Table 1 Injection machine coding
Source: (Project contribution, unpublished)

CODING OF THE INJECTION MOLDS THAT ARE WORKING

CODE NUMBER ALPHANUMERIC CODE MACHINE TYPE MOLD
020100 IN-01 VD-300T-1 | 4 tapas normal
020101 IN-02 VD-300T-2 | 4 tapas ventana
020102 | IN-03 VD-300T-3 | 1tapa CNA
020106 IN-07 VD-150T-1 1 tapa papel
020107 IN-08 VD-150T-2 2 tapas rayo
020108 | IN-09 VD-150T-3 | 1 tapa arafia
020109 | IN-010 VD-200T 8 tubos
020110 | IN-011 VD-350T 2 tapas CNA
020111 IN-012 VD-250T 3 tapas normal

Table 2 Coding of molds in operation
Source: (Project contribution, unpublished)
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To carry out preventive maintenance on
each mold, what must be done is a technical
sheet based on the list of molds that was
previously made. The technical data sheet must
contain the most important data of the molds.

INJECTION MOLDS TECHNICAL DATA SHEET

MADE BY:
MOLD CHARACTERISTICS
CODE 20100
DESCRIPTION Injection mold TYPE Normal lid
OF
MOLD
CANTIDAD DE 8
CAVIDADES I
DIMENSIONS Long =50 cm
Broad = 31 cm
High =50 cm
BOOTS DIMENSION Long =19 cm NUMBER OF 16
Diameter = 7 mm BOTTLES
DIMENSION OF Long =42 cm NUMBER OF 1
CENTRAL BOOT BARS
BAR
WATER INLET AND OUTLET NIPPLES
FIXED PART MOBILE PART
MEASUR Ol-ago | AMOUNT 8 MEASURE | 01-ago | AMOUNT 8
E
CHARACTERISTICS OF THE MACHINE
MACHINE INWHICH | _CODE 10100 [ MARK: [ Van Dorn
THE MOLD ] MACHINE 300T-1
WORKING
MAINTENANCE Preventive CRITICITY Critical
MODEL | |
OBSERVATIONS The mold is working

Table 3 Example of a mold data sheet
Source: (Project contribution, unpublished)

3. Collect the information for analysis

The primary and secondary functions of
injection molds were studied to understand them
thoroughly and begin to evaluate which are the
main failures they present, with the help of the
failure control sheets in injection molds that
were implemented to facilitate the identification
of major flaws and to keep a record. In addition,
possible solutions that can be adapted to avoid or
reduce problems were evaluated; Below is the
list of primary and secondary functions of
injection molds:

Primary functions of injection molds:
1.  Receive the plasticized material.

2. Give the appropriate shape according to
the cavities.

3. Cool the molten material inside it until it
solidifies and forms the part.

4.  Keep the piece cooling until it exhibits
more contractions.

5. Eject the part.
Secondary functions of injection molds:

1.  Withstand injection and shut-off pressures
during cycle.
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2. Withstand the high temperatures of plastic
material.

3. Ensure that the injection cycle is as short
as possible.

Starting from these points, it is known
which are the functions of the injection molds,
the faults that they present, as well as the causes
that originate that fault and the possible
solutions.

FALLAS

EFFECT OF

CLASSIFICATION
OF FAULTS

POSSIBLE
FAILURE SOLUTIONS

(CAUSES)

Drum breaker Check the ejector
plates from time to
time to ensure they

move in parallel.

Critical
Wear from
continuous work.

Clean and lubricate
the punches.

Ejector
misaligned

plates

Place the dowel bar

Punch bar out of with  the  correct

dimensions dimensions.

Misaligned mold Check mold
alignment

Lubricate the tappet

plate constantly.

Lubrication Free
Punch Plate Guide
Folded The punches do
pushbuttons not retract and the

Check the ejector
plates from time to
time to ensure they
move in parallel.

Critical

mold is closed
with these
protrusions.

Clean and lubricate
Ejector the punches.
misaligned

Longer buttons

plates

Fitting the correct
lengths

Check the ejector
plates from time to
time to ensure they
move in parallel.

Rupture of the | Wear and tear
center rod of | from continuous
the plungers work

Ejector plates
misaligned

Punch bar out of
dimensions
Cavity Bad water flow
overheating Inputs and outputs
covered.

Water pumps
turned off

Critical

Clean the mold with
muriatic acid at least
once a month.

Critical

Water leaks Badly  screwed Significant Change hoses and
nipples nipples from time to
Broken or worn time in the mold.
hoses

Rupture of | Wear and tear Make a periodic

pocket bolts from  continuous review to check the

work bolts and change the
Badly aligned worn or finished
plates ones.

Table 4 Common failures in injection molds
Source: (Project contribution, unpublished)

Following  the  Reliability-Centered
Maintenance (RCM) methodology, a series of
calculations are performed to determine
important aspects of the injection molds, which
are why this methodology is being implemented:
Availability indices, Availability, Availability
due to breakdowns, MTBF (Mid Time Between
Failure, mean time between failures), MTTR
(Mid Time To Repair, mean time to repair).
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- Total availability
DT=(HT-HPM)/HT (1)
Where: HT= Total hours
HPM= Hour’s downtime for maintenance
D= (720-28)/720
D=0.96
- Availability for breakdowns
DA=(HT-HPA)/HT )
Where: HT= Total hours
HPA= Breakdown hours
D= (720-42)/720
D=0.9416

- MTBF (Mid Time Between Failure)
MTBF=No.HT/No.A (3)

Where: No.HT= Total number of hours in the
period analyzed

No. A= Number of breakdowns
MTBF=678/21
MTBF= 32 hours

- MTTR (Mid Time To Repair)
MTTR=No.HPA/No.A 4)
Where: No.HPA= Number of hours of stoppage
due to breakdown No.A= Number of
breakdowns

MTTR=42/21

MTTR= 2 hours

ISSN: 2410-3934
ECORFAN® All rights reserved.

June 2021, Vol.8 No.24 15-21
4. Failure modes and effects analysis (AMEF)

To continue developing this methodology, it is
necessary to carry out an analysis of failure
modes and effects, based on the information
from the previous point to identify which
failures are the most important (vital) and which
are the least important (trivial)). Here is an
example of the FMEA:
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Figure 3 Failure modes and effects analysis
Source: (project contribution, unpublished)

5. Determination of the risk weighted number
RPN for the failure modes

6. Probabilistic Failure Analysis for High
RPN Failure Modes

The formula used to calculate the NPR for each
failure was the following: G x O x D = NPR

In order to determine the NPR value as a
border value and to know which failures are the
most important (vital) and which are the least
important (trivial), the NPR results of the FMEA
table were taken as support; where the fault that
had a higher value (96) was the number 5 of the
cavities overheating, this fault was multiplied by
the most recommended border percentage to
perform this calculation, which is 20% and
resulted in the number that We will use as a
border value in the failures of the injection molds
it is 19.2. The faults that are greater than this
value will be the vital ones, that is, the ones that
are most important and that affect the process the
most, and the faults that are minor will be the
trivial ones that do not affect the process too
much, but are still important. Once the previous
calculation has been made, we have as a result
that the vital faults are: number 1, 2, 3, 4 and 5
and the trivial faults are: number 6.
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7. Apply RCM decision matrix to determine
the type of maintenance task

In order to determine the maintenance tasks, a
criticality analysis was carried out in order to
establish the most indicated activities according
to their level of criticality; The guidelines
specified by the RCM methodology were
followed, also relying on the ISO JA1011 and
JA1012 standards. It was classified according to
the levels of taxonomy, taking as a reference the
levels of the following pyramid:

T

Indust

Business
categor
Installation

l /  Plant/Unit  \

/ Section/system

A / Team %
/__Secondary Team \

Subdivision Components or
of Teams L Maintainable Element
/ Part \

Figure 4 Pyramid of taxonomy levels
Source: (Grimaldo, 2012)

Use / Locations

Taking as reference the ISO JA1011 and
JA1012 standards, the frequency and
consequence factors associated with operational
impacts, operational flexibility, maintenance
cost, impact on safety and hygiene are
established, which are the main factors on which
the rules for conducting this type of analysis.
The values to qualify each component of the
injection molds are shown below:

FAULT FREQUENCY (FF) WEIGHING

Greater than or equal to 10 failures / 5
month

6 to 8 failures / month 4
from 2 to 4 failures / month 3
Equal to 1 failure / month 2
Highly unlikel 1
Losses greater 75% production per 5
month
Losses 50% to 74% production per 4
month
Losses 25% to 49% production per 3
month
Losses 10% to 24% production per 2
month
Losses less than 10% production per 1
month
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OPERATIONAL  FLEXIBILITY

(FO)
There is no other equipment the same 4-5
or similar
The system can continue to function 2-3
There is another equal or similar 1
Material costs greater than $ 10,000 5
Material costs in excess of $ 5,000- $ 4
10,000
Material costs over $ 2,000- $ 5,000 3
Material costs over $ 500- $ 1,000 2
Material costs less than $ 300 1
IMPACT ON SAFETY (IS)
Affects human security 5
It affects the environment producing 4
reversible damage
It affects the facilities causing severe 3
damage
Causes minor damage - accidents and 2
incidents
It does not cause any type of damage 1
to people, facilities or the environment
Table 5 Weighting values
Source: (Project contribution, unpublished)
Formulas to calculate total criticality:
CRITICITY = Frequency of failures x

consequence

CONSEQUENCE = (operational impact X
flexibility) + costs + safety impact.

Below is an example of the criticality
analysis carried out according to each
component of the injection molds:

1. EQUIPMENT: Injection Molds

SUB-SYSTEM EVALUATED: Plates
(general)

- Failure frequency: 1

- Operational impact: 1

- Operational flexibility: 1
- Maintenance costs: 3

- Impact on security: 2
FREQUENCY =1
CONSEQUENCE =6

TOTAL CRITICITY =6
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The results obtained by component were:
2. EQUIPMENT: Injection Molds
SUB-SYSTEM EVALUATED: Push-buttons
TOTAL CRITICITY =51
3. EQUIPMENT: Injection Molds
SUB-SYSTEM ASSESSED: Cavities
TOTAL CRITICITY =60
4. EQUIPMENT: Injection Molds

SUB-SYSTEM EVALUATED: Central bar of
pushbuttons

TOTAL CRITICITY =100

5. EQUIPMENT: Injection Molds
SUB-SYSTEM EVALUATED: Socket Bolts
TOTAL CRITICITY =4

6. EQUIPMENT: Injection Molds

SUB-SYSTEM
channels

EVALUATED: Cooling

TOTAL CRITICITY =48

With these data the criticality matrix is obtained:

Nc|mc[mc[mMcImcmc
NC|Mc|Mc |[mc|mc I‘f‘;’\‘; MC
NCINC | Mc|mc|mc | Mc [mc|Mc

NC[Nc|NE[mc[mc|mc|mc{mcme
ne| [P Ine|mc|mc|mc|mc|mc

FREQUENCY

CONSEQUENCE

Table 6 Criticality matrix
Source: (project contribution, unpublished)
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8. Develop the tasks: description of materials
and frequencie

In order to carry out the most appropriate
maintenance tasks, they must be carried out with
the support of the RCM logical decision tree and
then the answers that arise from the questions in
this tree must be recorded on the decision sheet,
which contains all the information of this
analysis, this sheet is composed as follows; It is
divided into 16 columns, the first three columns
are the information reference, which allow to
recognize and identify exactly the failure mode
that is being evaluated in that row, Function (F),
Functional failure (FF), Failure mode ( MF). The
next four columns correspond to the assessment
of consequences.

- H: Consequence of hidden failure.

- S: Consequence for safety and the
environment.

- E: Operational consequences.
- O: Non-operational consequences.

Columns 8 to 10 allow you to record tasks
as follows:

- H1/S1/ 01/ N1: It is used to record
whether a task could be found in
appropriate condition.

- H2/S2/02/N2: Used to record if a cyclic
rebuild job could be found.

- H3/S3/ 03/ N3: Used to record whether
a cyclic replacement task could be found.

Columns H4, H5, S4 are used to record the
answers to the three questions “in the absence
of” raised above. They select whether to do a
fault finding task, a redesign, a combination of
tasks or any type of scheduled maintenance. In
the last three columns the proposed task, time
interval and machine condition are recorded.
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Table 7 RCM Decision Sheet
Source: (Project contribution, unpublished)

9. Deploy the RCM application

As the last step to carry out the correct
application of this methodology, the preventive
maintenance plan for the injection molds was
drawn up based on the RCM methodology,
obtaining the solutions that are best adapted to
be able to reduce or eliminate the problems that
arise. frequently in molds.

PREVENTIVE MAINTENANCE PLAN

ELEMENT: Plastic injection Date of realization: Made by:
molds
TASKS TO BE DONE FREQUENCY IN CHARGE
Weekly | Monthly | 6 Annual
months
1 Check the punches, clean X Operators
and lubricate them
Check  Ejector  Plate X Maintenance
Alignment Technicians
Place the dowel bar with X Maintenance
the correct dimensions. Technicians
Check mold alignment X Maintenance
Technicians
Lubricate the tappet plate X Operators
constantly.
2 Check the punches, clean X Operators
and lubricate them
Check  Ejector Plate X Maintenance
Alignment Technicians
Fitting the correct lengths X Maintenance
Technicians
3 Check bar tightness X Tecnico in
machines and tools
Check  Ejector  Plate X Maintenance
Alignment Technicians
4 Change nipples and X Maintenance
hoses Technicians
Clean the mold with X Tecnico in
muriatic acid. machines and tools
5 Check bolt wear. X Tecnico in
machines and tools

Table 8 Preventive maintenance plan
Source: (Project contribution, unpublished)

Results

With the implementation of the maintenance
plan it was possible to reduce failures.
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Comparison of failures for the month of May / July

& 3
2
2 2 2 2
1
0 0 1
0
Water leaks Pipes stuck in Drum breaker Plunger lock  plugged Rupture of
inthe molds  cavities cooling  the center rod
channels of the

plungers

FAULTS IN THE MONTH OF MAY ®BUGS IN THE MONTH OF JULY

Graphic 1

Conclusions

The application of the Reliability-Centered
Maintenance (RCM) methodology is very
important, because to achieve its elaboration
requires the collection of enough information to
understand the problem and lead it to a correct
solution; Within these procedures, those that had
the most impact on the project were failure
modes and effects analysis (FMEA) and
criticality analysis, because from these it was
possible to assess which failures occurred
frequently, which part of the molds were the
most affected and what was the criticality of
each element; In other words, which had the
most impact on the process if a failure occurred
and which had the least impact.
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Abstract

The continuous combustion of non-renewable fossil fuels
and the depletion of the natural resources from which they
come and, consequently, the continuous increase of carbon
dioxide (CO,) emissions into the atmosphere are
intensifying the search for the conversion of carbon
dioxide to fuels and value-added chemicals, with the main
objective of reducing emissions and creating renewable
and sustainable energy sources. In this sense, there is a lot
of interest in the photocatalytic reduction of CO; with
H>O, mainly using solar energy, which is a renewable
source with a continuous and easily available light supply.
Recent progress in this area has focused on the
development of promising photocatalysts, primarily based
on TiO. In this context, this article analyzes: (i) the role
of CO; in the treatment of problems related to energy and
global warming, (ii) the fundamental knowledge of the
photocatalytic reduction of CO2, (iii) the role of the
catalysts of copper-doped TiO; in the photocatalytic
transformation CO.; as well as (iv) emerging and crucial
opportunities for future research employing Cu-TiO;
photocatalysts; mentioning the most up-to-date relevant
references.

COg, photocatalytic reduction, Cu-TiOz

Resumen

La combustion continua de combustibles fosiles no
renovables y el agotamiento de los recursos naturales de
los que provienen y, en consecuencia, el aumento continuo
de las emisiones de diéxido de carbono (CO2) a la
atmosfera estan intensificando la blsqueda de la
conversion del diéxido de carbono a combustibles y
quimicos de valor agregado, el objetivo principal es
reducir las emisiones y crear fuentes de energia renovables
y sostenibles. Es un tema muy activo en el area de
investigacion y desarrollo, hay mucho interés en la
reduccion fotocatalitica de CO2 con H2O, principalmente
empleando energia solar, la cual es una fuente renovable
con suministro de luz continuo y facilmente disponible. El
progreso reciente en esta &rea se ha centrado en el
desarrollo de fotocatalizadores prometedores,
primordialmente basados en TiO,. En este contexto, este
articulo analiza (i) el papel del CO; en el tratamiento de
problemas relacionados con la energia y el calentamiento
global, (ii) el conocimiento fundamental de la reduccién
fotocatalitica de COy, (iii) el papel de los catalizadores de
TiO, dopados con cobre en la transformacion
fotocatalitica de CO,, asi como (iv) oportunidades
emergentes y cruciales para la investigacion futura
empleando fotocatalizadores con Cu-TiO,, haciendo
mencion de las referencias relevantes més actualizadas.

CO, reduccion fotocatalitica, Cu-TiO2
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Introduction

It is well known that global warming has become
a serious problem for the ecological balance of
planet Earth, since due to this phenomenon, the
climate of each of the existing ecosystems has
changed; giving rise to major meteorological
anomalies such as hurricanes, tornadoes and
droughts; as well as the destruction of
ecosystems (extinction of species), melting of
the polar ice caps, floods, among others. This
phenomenon is caused by the greenhouse effect,
a natural mechanism by which the planet's
atmosphere stores heat from the sun, as well as
an excessive deforestation occasioned by
population growth that requires greater
consumption of food and habitable places (Tan,
Lu, Xu, & Luo, 2012). The greenhouse effect is
due to the presence of some gases that can absorb
a large amount of the energy emitted by solar
radiation, known as greenhouse gases (GHG).
These gases, such as carbon dioxide (CO>),
water vapor (H20), methane (CH4), ozone (Oz),
nitrogen oxides (NOx), chlorofluorocarbons
(CFCs) contribute significantly to the global
warming of the atmosphere (Ganesh, 2016); the
energy in the form of light and radiation coming
from the sun, which bounces off the earth's
surface and should go out into space, does not
return completely because pollutant gases avoid
that, and they return part of this energy to the
surface, similar to the walls of a greenhouse look
like (Ming, De Richter, Liu, & Caillol, 2014).
Between these gases, CO2 and water vapor are
found in greater quantity in the atmosphere, that
is why they are considered the main cause of this
warming (Ambrozova et al., 2018; Singhal, Ali,
Vorontsov, Pendem, & Kumar, 2016b; Tasbihi
et al.,, 2019; Vu, Nguyen, Kaliaguine, & Do,
2017). Since 1750, anthropogenic activities have
produced an increased in atmospheric carbon
dioxide concentrations by 40%, from 280 ppm in
1750 to around 400 ppm in recent years, and it is
very likely that this will continue to increase in
the forthcoming years since developing
countries are still moving forward of
industrialization (Singhal et al., 2016b; Tasbihi
et al., 2018). It was even predicted that the CO>
content could reach 750 ppm and the global
average temperature could rise between 5.5 and
8.3°C (Shehzad, Tahir, Johari, & Murugesan,
2018).
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In this regard, at the international level,
various actions in various agreements such as the
Kyoto Protocol have been taken, the
Copenhagen Agreement and the Cancun
Agreements of the United Nations Framework
Convention on Climate Change (UNFCCC), the
organ of the Organization of the United Nations
(UN) responsible for the climate on the planet.
All those efforts, taken together, laid the
foundation for the 2015 Paris Climate Change
Conference, which is officially known as the 21
Conference of the Parties (COP21) to engage
nations to work together and reduce CO:
emissions by 50%, also to limit the increase in
the global average temperature to less than 2°C,
by the year 2050. In order to achieve this
objective, the reduction of CO2 emissions is
mandatory. The development of alternative
energy sources to replace fossil fuels is mainly
focused on the development of cleaner energy
sources, without carbon emissions, such as
turbines driven by water and wind and solar
energy, the problem with these renewable
energy sources is the intermittent nature of the
energy produced (Mebrahtu et al.,, 2019).
Furthermore, there is an urgent need to find a
solution to mitigate, store or convert the CO-
produced or emitted in order to keep the level of
atmospheric CO at least constant (Singhal et al.,
2016Db). Although there are several applications
for this greenhouse gas, the amount used is
minimal and does not contribute to decrease the
amount of gas present in the atmosphere. Urea,
salicylic acid and polycarbonates, ethylene,
propylene, carbonates and polycarbonates are
some of the compounds currently produced from
CO: (Centi & Perathoner, 2009), in addition, it
is used as a refrigerant in the preservation of
food, a carbonating agent in beverages, a
supercritical solvent, as inert medium, and a
pressurizing and neutralizing agent (Ganesh,
2016).

Between strategic routes proposed to
maintain the level of CO, emissions are:

1) Mitigation of CO2 emissions,
2) Capture and storage of CO, (CCU) and,

3) CO transformation.

PENA, Rosaura, HURTADO, Lourdes, ROMERO, Rubi
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Concerning mitigation of the CO;
emissions, different actions pursue to minimize
them. Among these actions are the establishment
of environmental regulations and the limitation
of wvehicular circulation, amongst others
applicable for discharges that come from large
facilities for instance the cement, metal,
bioethanol, oil refining and petrochemical
industries, power plants for the production of
electricity, medium sources such as industrial
and commercial buildings and from small
sources such as transport. These actions have
been insufficient though, because it is also
necessary to improve energy efficiency and
promote the use of renewable energy (Li et al.,
2018). As for the second strategic route, its goal
is to generate value-added chemical products, its
importance lies in the fact that it can alleviate the
dependence on fossil fuels to produce energy
and at the same time promote technical sinks in
the carbon cycle; its disadvantages are that the
process generates high costs associated with the
storage, transportation and consumption of
energy. For now, new technologies for capture
and sequestration (CCU) are being developed in
saline aquifers, in oil and gas fields, and the use
of mineral carbonation technology in situ. For
the third and final strategy, there are great
challenges to convert CO: into fuels and value-
added chemicals, mainly because its conversion
to carbon-based fuels requires a large amount of
energy to break the bond since the molecule is
chemically stable due to its carbon-oxygen
bonds (C=0 bond enthalpy of +805 kJ/mol). The
environmental and economic benefits can be
very favorable, using biological reduction,
electrochemical reduction, photo-reduction
catalytic, thermo-catalysis, photo-
electroreduction, etc. (Ganesh, 2016; Ola,
Maroto-Valer, & Mackintosh, 2013).

Biological and photo-electrocatalytic
processes are at an earlier stage, particularly,
which need to be studied for a medium and long
term. The photocatalytic reduction of CO; into
renewable fuels and chemical products is
considered a viable path for sustainable
development and to alleviate both problems,
environmental and energetic, because it can use
solar energy to reduce atmospheric or
sequestered CO> and at the same time generate
useful chemicals as sources of energy (Tasbihi et
al., 2019; Xiong et al., 2018).

ISSN: 2410-3934
ECORFAN® All rights reserved.

June 2021, VVol.8 No.24 22-33

From recent research results, CO, can be
used to produce methanol from synthesis gas (a
mixture of carbon monoxide and hydrogen
CO+Hy) using it instead of CO. In the reduction
of CO2 through various synthesis routes, the
formation of fuels such as ethanol, methane or
hydrogen, and of other short-chain organic
chemicals such as methanol, formaldehyde and
acetic acid and even formic acid have been
observed, although this last is generated mainly
through electro-reduction.

The main variables that determine the
selectivity towards some of these products,
during CO- reduction, are the nature of the
catalyst in the case of photo-reduction, the
electrodes in the case of electro-reduction and
photo-electroreduction, in addition to the
reducing agent and the configuration of the
reactor.

The objective of this review is to analyze
some of the basics and results reported in the
literature regarding the carbon dioxide
conversion photocatalyzed by Cu and TiO-
based materials. Therefore, in the first section
the basics of heterogeneous photocatalysis is
given and in the next section the catalysts used
to conduct the reduction of CO. by
photocatalysis, are summarized. In the other
sections, the most studied variables, are analyzed
and the results are presented.

Heterogeneous photocatalysis: overview

Chemical reactions are classified in various
ways, the scheme that facilitates the design of
chemical reactors is to consider the number of
phases that are implicit in the reaction, resulting
in the classification of homogeneous and
heterogeneous  reactions.  There is a
homogeneous reaction when it is carried out in
the presence of a single phase, when there are
two or more phases it is a heterogeneous reaction
(Levenspiel, 1998). The catalyst, according to
the International Union of Pure and Applied
Chemistry (IUPAC), is a material that modifies
the speed of a reaction and does not alter the
Gibbs free energy in the reaction; another of its
characteristics is that it can be recovered after
each catalytic cycle, in addition to the fact that it
does not affect the equilibrium configuration of
the original reaction system.
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The main characteristics of a good catalyst
are activity and selectivity, together with
reproducibility, thermal and mechanical
stability, and the ability to be easily regenerated.
One of the pillars of modern chemical and
energy industries is heterogeneous catalysis,
whereby a reaction in the gas or liquid phase is
carried out on a solid catalyst, the design of
active and robust catalytic processes is the
ultimate goal. When the suspension of a
particular catalyst (generally semiconductor
materials) is irradiated with natural or artificial
light, the process is known as heterogeneous
photocatalysis. Unlike "conventional” catalysis
(using transition metals, organocatalysis, or
Lewis acid catalysis), photocatalysis proceeds
through the transfer of electrons or energy to
generate reactive substrates or reagent
intermediates rather than reducing the transition
state energy. For nearly fifty years, redox
photocatalysis has found widespread utility in
the areas of carbon dioxide reduction, water
splitting, and solar cell materials.

Ideally, the design of materials that have
self-regeneration of active sites is sought for
critical catalytic processes such as biomass
improvement, CO2 reduction and light activation
of alkanes. This is due to the increasing demand
for energy, chemicals, food and also to the
worldwide increase in anthropogenic CO;
emissions.

Photocatalysis is a process that is based on
the direct or indirect absorption of visible or
ultraviolet radiant energy by a solid
photocatalyst, generally a semiconductor. When
the photocatalyst is irradiated with light that has
an energy greater than the energy of the
bandwidth of the photocatalyst (band gap), the
semiconductor absorbs the photons, which are
excited and are promoted from the valence band
(BV) to the conduction band, (BC), generating
positive holes (h™) and electrons (e). The
generated holes (h*) can oxidize electron donors,
while electrons in BV are capable of reducing
electron acceptors through single electron
transfer. Then, a photocatalyst is a substance that
can be activated by the adsorption of a photon
increasing the reaction rate without being
consumed. This material should be a
semiconductor.
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The excited electrons, in the photocatalytic
process, are transferred to the reducible species,
while the catalyst accepts electrons from the
oxidizable species that will occupy the holes. In
this way, the net flow of electrons will be zero
and the catalyst remains unaltered, in other
words, the electrons and holes react until
reaching a steady state when the disappearance
of electrons and holes is equal to the speed of
generation of electrons and holes due to lighting
(Hurtado, Natividad, & Garcia, 2016).
Therefore, for photocatalysis to take place, three
components are necessary:

a.  photons emitted with an appropriate
wavelength,

b.  catalytic surface of a semiconductor, and
c.  the oxidizing or reducing agent.
Photocatalysts for CO2 reduction

Since Inoue et. al. published the first report on
the photo-reduction of CO2 in organic
compounds, in 1979, a great variety of photo-
catalysts have been developed and studied for
the photo-reduction of CO. (Olowoyo et al.,
2018; Shietal., 2018; Vu et al., 2017). There are
different types of semiconductors; however, not
all of them can be used in photocatalytic
reactions. It has been reported that the most
appropriate photocatalysts must be stable both in
chemical terms and with respect to lighting and
without toxic constituents, in addition, the type
of chemical species to be oxidized or reduced
must be considered. Metal oxides are widely
accepted as photocatalysts due to their
semiconducting nature and the possibility of
doping their structure to reduce the bandgap
energy or to efficiently separate the hole-
electron pairs.

During the last years, the photocatalytic
conversion of CO; has been studied using many
types of photocatalysts such as ZnO, ZrOg,
Al>O3, TiO2, Fe203, ZnFe;04 and SiO2, among
many others (Artz et al., 2018; Ola & Maroto-
Valer, 2015; Sohn, Huang, & Taghipour, 2017).
However, the quantum efficiency and yields of
the products in photocatalytic CO> reduction
remain low and require further study (Halder et
al., 2018).
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Among the most extensively investigated
photocatalysts, and one of the most important
semiconductors in photocatalysis is titanium
dioxide (TiO2), most of the research on the
photo-reduction of COz is linked to this material,
this is due to its numerous advantages including
low cost, high availability, zero toxicity, long-
term stable (against photo-corrosion and
chemical  corrosion), thermally  stable,
antibacterial effect, and strong oxidative
potential under lighting (Sohn et al., 2017).
However, although TiO> has several unique
properties, its practical application is limited due
to its low quantum yield, and its energy bandgap
(for the anatase phase 3.2 eV, rutile 3.0 eV and
brookite 3.4 eV). The low photoactivity is due to
the fact that this material can only be excited
with light with an energy greater than 3.2 eV,
that is, radiation at a wavelength of 380 nm or
less (ultraviolet light) is required, which
represents between 2 and 5% of solar radiation;
the other challenge is to improve the useful life
of the hole-electron pairs, which is very short
(Edelmannova et al., 2018; Tahir, Tahir, Aishah,
Amin, & Alias, 2016); that is, after excitation
(arrow 1, Figure 1) there is a rapid recombination
of the photogenerated charge carriers from the
valence band towards the conduction band (the
e electron returns from the conduction band to
the h™ hole formed in the valence band rapidly
(arrow 2, Figure 1); both disadvantages, bandgap
and rapid recombination, directly affect catalytic
efficiency.

Figure 1. Schematic representation of the recombination
of the hollow-electron pair (h* - ) in a photo-excitation
process (BC: conduction band, BV: valence band)
Source: “Elaborated by the author”

Due to this fact, studies are carried out so
that TiO, can be activated in the visible light
spectrum with modifications of optical and
electronic properties to include a decrease in
bandgap and increase the useful life of the
hollow-electron pair (suppression of
recombination).
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The photocatalytic activity of TiO>
towards visible light can be increased by doping
it with organic and inorganic compounds such as
photosensitizers, combining semiconductors
with different energy levels (Edelmannové et al.,
2018; Singhal et al., 2016b), or by doping metals
and non-metals. These modifications are
necessary to trap the hole or the electron to carry
out the desired reaction, thus, the electronic trap
photo-generated by metal impregnated on the
surface of the semiconductor can delay the
recombination process. Noble metals are
generally used as co-catalysts (Ni, Shen, Li, Ma,
& Zhai, 2017), serving as electron traps to
suppress  the  recombination rate  of
photogenerated charges. Au, Ag, Cu, Ni, and
especially Pt are considered efficient in
improving the photoactivity and selectivity of
TiO2 in the sunlight spectrum. In this sense,
copper has been reported as an efficient dopant
to improve the photo-activity of TiO; in the
selective reduction of COg, copper has attracted
attention due to its economic viability and high
availability, low toxicity and good photo-
activity.

Photocatalytic reduction of carbon dioxide
with TiO2 doped with copper

The incorporation of copper ions (Cu, Cu*,
Cu?") in TiO2 could lead to stimulate the transfer
of electrons between the metal / semiconductor
junction to improve photo-activity (Jin, Luo,
Zan, & Peng, 2017; Ratcliff et al., 2018).
Specifically, copper oxide (CuO) has become
interesting for the formation of photocatalysts
with heterojunction structures due to its
availability, good stability and its absorption of
visible light; is a typical p-type semiconductor
compound with a monoclinic structure and
narrow bandgap (Eng = 1.2 - 2.0 eV), it has
exhibited a wide range of potential technological
applications such as biosensors, gas sensors,
electrode materials, superconductors,
photovoltaics, photoconductors and
photocatalytic uses. Inserting CuO into the TiO>
structure can cause an increase in photocatalytic
activity, because an internal electric field is
created, which promotes separation of electron
holes and slows down the recombination of the
charge carrier. In the presence of an electron
donor (reducing agent), the CO. reduction
reaction is performed instead of the hollow-
electron pair recombination (Figure 2).
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Figure 2 Schematic representation of the deceleration of
the recombination of the hollow-electron pair in TiO;
(blue sphere) by means of the introduction of copper
species (green sphere) in its structure (for the generation
of CO) (BC: conduction band, BV: valence band)
Source: “Elaborated by the author”

In general, copper species that act as co-
catalysts have been incorporated into TiO2 by
impregnation, microemulsion, sol-gel, and
plating methods. Active species and their sizes
are difficult to control during the synthesis and
its treatment processes, therefore, the optimal
amount of Cu loading varies from one
methodology to another, and the active species
are still under investigation (Ni et al., 2017).

Although many studies have reported that
co-catalysts are capable of improving the
photocatalytic efficiency of TiO,, mainly in
wastewater treatment or in advanced oxidation
processes, their effect on the selectivity of the
product in the reduction of CO; is still debated
(Xiong et al.,, 2017) as well as the reaction
mechanisms (Kavil et al., 2017). The possible
products of the reduction and oxidation reactions
in the photoconversion of CO2 with water are:
methane,  methanol, hydrogen, ethanol,
formaldehyde and / or formic acid (Cheng,
Yang, Chen, Zhu, & Liao, 2017) although
ethylene has also been reported in other
processes (Ola & Maroto-Valer, 2015). Table 1
contains a short list of possible reactions
(conditions: pH 7, 1 atm, 25 ° C).

TiO, + hv o ez +hfy (D

2H,0 + 4h}, > 0, + 4H* (2)

CO, + 2H" + 2e, > HCOOH  (3)
CO, + 2H" + 2e, > CO + H,0 (4)

CO, + 4H* + 4e, > HCHO + H,0 (5)
CO, + 6H* + 6e;, » CH;0H + H,0 (6)
€O, +8H* +8e_, » CH, + H,0 (7)

Table 1 CO; photoreduction reactions
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In general, several steps of synergistic
transfer of protons and electrons (possessing
individual activation energies) must be
accomplished, and this is where the challenge
lies in the design of the catalyst and the diverse
combination of process variables in order to
increase performance and induce selectivity
towards some of the products.

Next, a condensate of some of the
investigations carried out in recent years in
which copper precursors supported on various
materials have been used to carry out the
photoreduction of CO is presented. In Table 2,
it can be seen that various combinations of
technology have been assessed to achieve a
common goal, the reduction of CO,. Likewise,
Table 2 lists investigations that have used
catalysts with copper in their structure.

In the first place, in terms of the
methodology to support Cu compounds in
different supports, each investigation differs;
even, in the same research, various
methodologies for the preparation of catalysts
with copper are reported, like in Nogueira et al.,
2020, or variables that influence their
preparation are still studied, such as in
Camarillo, Toston, Martinez, Jiménez, &
Rincon, 2018. Nogueira et al., 2020 reported the
preparation of its CuO nanoparticles by three
different techniques: solvothermic,
coprecipitation and direct calcination, obtaining
the highest methane production  with
solvothermal synthesis. Camarillo et al., 2018
used a hydrothermal technique with two titanium
precursors (titanium tetraisopropoxide and
diisopropoxytitanium bis-acetylacetonate), two
alcohols (ethanol and isopropanol) and a copper
precursor (Cu (11) acetylacetonate), the catalysts
produced showed better catalytic activity
compared to the commercial reference catalyst
Degussa P-25, in addition to the methane and
CO production rates obtained with TTIP-
isopropanol-Cu 1% by weight (1.493 pumol / gh
and 9.913 pumol / gh, respectively).
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Catalyst

Reductor

Reaction
products

Methane

Reference

Nogueira et

al., 2020

Cu/TiO,

KOH
0.2M

Methane
Ethylene
Methanol
Acetone

Olowoyo et
al., 2018

Cu(ll) tetra(4-
carboxylphenyl)
porphyrin/ TiO,

Water
steam

Methane
Cco

Wang et al.,
2018

CuO/ TiO,
powder

H./ H,0

Methane
Cco

Edelmannova
etal., 2018

CuO/ TiO,
powder

H,0

Methanol
Methane

Spadaro, Arena,
Negro, &
Palella, 2018

CuO/ NaTaO3

Isopropanol

Methanol

Xiang et al.,
2018

Cu nano-
particles/
g-C3N4 nano-
sheets

KHCO;3
0.1M

Cco

Shi et al., 2018

Pt/TiO,
Cu/TiO, powder

NaOH
0.2M

Methane
Ha
Cco

Ambrozova et
al., 2018

Cu (Sn)/TiO,
Cu (NH3)’T102
nano-composites

Water
steam

Co

Deskins, 2018

Cu/TiOy(Cu
and CuO)
powder

NaOH
0.2M

Methane
Ha
Cco

Tashihi et al.,
2017

Cu/TiOznano-
particles

Water
steam

Methane
co

Camarillo,
Tostoén,
Martinez,
Jiménez, &
Rincén, 2018

Cu-C/TiO; nano-
particles, C/TiOg,
P-25

NaOH
0.2M

Methanol

Kavil et al.,
2017

Cu/Pt—

H CazTa3010
Perovskyte nano-
sheets

Water
steam

Ethanol
Methanol

Vu, Nguyen,
Kaliaguine, &
Do, 2017

Cu?-TiO;
(TiO; nano-
tubes)

Water
steam

Methanol
Ethanol

Cheng, Yang,
Chen, Zhu, &
Liao, 2017
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Pt and Cu,O Water Methane | 0.99 Xiong et al.,
NPs/ TiO, nano- | steam CcO pmol/g | 2017
crystals 0O, 0.4
umol/g
h
2.2
umol/g
h
Cu-TiO, H,O/ Hydrogen | 313.2 | Gonell, Puga,
Na,S co pmol/ éU“é(‘-LgPez,
arcia,
HCOOH gg Corma, 2016
pmol/
gh
25.7
pumol/
gh
Cu-NPs/TiO; Water Hydrogen | 452 Singhal, Ali,
steam co umol/g | Vorontsov,
HCOOH | h Pendem, &
334 Kumar, 2016
pmol/g
h
NC
Cu,0O/ H,O Hydrogen | 2031 Hurtado,
Graphene (PH12) | Ethanol | umol/g | Natividad, &
multilayer 0, h Garcia, 2016
HCOOH | 545
pmol/g
h
traces
traces
Cu/ZnO/TiO, | NaOH Methane | 153 Paulino, Salim,
0.2M umol/g %?gse”de»

Table 2 Recent research on photocatalytic reduction of
CO; using catalysts with Cu and TiO2

Other synthesis methods reported are
sono-hydrothermal (Olowoyo et al., 2018),
incipient impregnation (Gonell et al., 2016;
Spadaro et al., 2018), in-situ reduction (Jiang,
Katsumata, Hong, Yamaguchi, & Nakata, 2018),
hydrothermal microwave (Camarillo, Toston,
Martinez, & Jiménez, 2017; Shi et al., 2018),
calcination-reduction (Singhal et al., 2016a) and
one of the most reported, the sol-gel method
(Ambrozova et al., 2018; Kavil et al., 2017;
Ratcliff et al., 2018; Tasbihi et al., 2017).

In 2013, Kondratenko, Mul, Baltrusaitis,
Larrazabal, & Pérez-Ramirez reported that the
preparation of Cu-promoted TiO, catalysts
greatly affects performance: impregnation leads
to less active materials compared to those
prepared by sol-gel methods, with methanol
being the main product. However, a direct
relationship between the method of preparation
and the yield or selectivity towards some of the
products formed is still uncertain.
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The copper loading has been one of the
most studied variables, with a loading from 0 to
5%, observing that when a greater amount of
copper is deposited, the catalytic activity is
lower (Tasbihi et al., 2017). Camarillo, Toston,
Martinez, & Jiménez, 2017 reported that the best
methane and CO production rates were obtained
with a 1% Cu loading and not with a 3%. It has
been shown that Cu species have a high capacity
to absorb CO. molecules to facilitate their
subsequent activation and avoid reoxidation,
thereby increasing methane production. Cheng
et al., indicate that the methanol and ethanol
yields increased with the Cu?* load, but
decreased when the concentration exceeded
0.02M (1.5% wt). Ratcliff et al., 2018 reported
the best catalytic activity towards CO with a load
of 3% Cu/TiO2. The decrease in the
photocatalytic activity of Cu/TiO2 with high Cu
loading is probably due to the decrease of the
active sites of the surface due to an excessive
deposition of Cu clusters, although these Cu
clusters can act as the recombination centers for
holes and electrons (Ni et al., 2017), a total
dispersion in the TiO> is required for the light to
pass through the catalyst.

Regarding the reducing agent, copper-
containing catalysts have been used in both
liquid and gas phase reactions (hydrogenation);
hydrogenation  of carbon  dioxide to
hydrocarbons is possible, but requires a high
consumption of H, and therefore is less
interesting. In liquid phase, the most preferred
reducing agent is water or water vapor, although
water is an ideal electron donor, the reduction of
CO2 by water is less favorable and slower than
the photocatalytic reduction of water to
hydrogen, since the reduction potential from
H20 to Hz is much smaller than the reduction
potential from CO to CO? and CO; reduction
requires 6-8 e~ with more negative reduction
potential than just the 2 e required for water
reduction to generate Ho (Camarillo et al., 2017).
There are various authors such as Ambrozova et
al., 2018; Kavil et al., 2017; Olowoyo et al.,
2018; Shi et al., 2018; Tasbihi et al., 2017 who
opted for the use of alkaline solutions rather than
only water, due to the benefit provided by the use
of hydroxide salts by increasing the amount of
substrate in solution (CO2) in the form of
carbonate or bicarbonate ions.
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Olowoyo et al., 2018 studied the effect of
different bases including K>COs, NaCOs,
NaOH, KOH and the base concentration; the
best catalytic performance (19.6 umol/g h of
methanol) was observed with the use of 0.2M
KOH. Kavil et al., 2017 also studied the effect of
the addition of NaOH on the yield of the
methanol produced, it was observed that the
formation of methanol under alkaline conditions
was greater than under acidic or neutral
conditions, the highest yield of methanol (518.6
pumol/g h) was obtained with the 0.2M NaOH
solution.

Finally, the content of the reaction
products column in Table 2, which is the one of
greatest interest due to its relationship with the
main topic of this publication: the formation of
organic chemical products. It should be noted
that there has been a greater focus on products
generated in the gas phase such as: methane,
methanol, hydrogen, CO; and not towards the
possible products that could be reduced or found
in the liquid phase such as: formic acid, acetic
acid, formaldehyde, methanol, ethanol. There
are few publications reporting production of
formic acid by photocatalysis, although, there is
large interest on the conversion of carbon
dioxide to formic acid, but the availability of
efficient technologies to use formic acid as
energy carrier, as well as the toxic character of
formic acid limit the attention. Singhal et al.,
2016b carried out the photo-catalytic division of
formic acid to confirm that the generation of
hydrogen comes as a result of the photo-catalytic
division of acids/formic formats formed during
the reduction of CO; and that it is also related to
the reduction of CO- to CO. Ratcliff et al., 2018
detected as the main product CO and a small
amount of CHs, the decrease in methane
prduction over time was attributed to a possible
oxidation with O, towards CO,. Slamet et. al.
found that the photocatalysis promoted by CuO
showed a better performance than the materials
promoted by the species Cu® and Cu*! (Olowoyo
etal., 2018). Ratcliff et al. stated in 2018, that Cu
based catalysts prevail in their studies due to
their high selectivity and fewer undesired by-
products. Kavil et al., 2017 reported the
formation of methanol by TiO, photocatalysts in
a CO2 and HO system, the formation of the
alcohol was quite high on Cu-C/TiO2 compared
to that on both P25-TiO2 and C/TiOo.
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The performance of the products in the
photocatalytic reduction of CO2 remains low and
requires more studies, Cheng et al., 2017 reports
that their yields were improved with the increase
in the reaction temperature, since the
photocatalytic reduction of CO2 and water vapor
is an endothermic process and therefore higher
temperature can accelerate the reaction rate
naturally,  furthermore, increasing the
temperature is beneficial for the desorption
process of the products from the surface of the
photocatalyst. On the other hand, regarding the
reaction mechanism on the Cu-TiO; catalytic
surfaces, it has been reported that the
photocatalytic CO. reduction process begins
with the adsorption of CO2 molecules on the
surface of the Cu/TiO. photocatalyst, and can
take place on the TiO> photocatalyst surface, the
Cu surface or at the Cu-TiO- interface (Singhal
et al., 2016a) and that the next step is the
dissociation of the HOCO to separately form the
adsorbed hydroxyl group and the carbon
monoxide; however, it has not yet been proven
and remains a limited and controversial topic.

Therefore, various combinations can still
be made to improve selectivity, yield, and
understand or demonstrate the reaction
mechanism for photocatalytic transformation of
COg, which is still a subject of study and debate.
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Conclusions

The area of research on the conversion of carbon
dioxide into valuable fuels and chemicals
remains very popular. This article recognizes the
use of CO; as a direct raw material to produce
fuels via photocatalytic reduction on different
species of copper over TiO2 synthesized in
different ways, with different copper contents on
the support and different reducing agents. There
is still limited information on how these aspects
affect the yield and selectivity of the reaction.
This review briefly analyzes the current state of
art of various options for converting carbon
dioxide into fuel with an emphasis on
photocatalytic aspects using photocatalysts
containing copper on titanium dioxide.
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This review of the literature reveals that
there are still imprecise aspects of the use of
copper in TiO2 substrates; further research to
understand the impact of operating conditions on
the photocatalytic reaction may be helpful for
photocatalyst design, process optimization, and
photoreactor design parameters. The use of
copper-TiO2 induced photocatalysis for complex
CO2 conversion remains a promising path, as
this catalyst can be activated by solar energy
under relatively mild conditions to form valuable
products. Despite recent advances, the expected
improvement required for scalable fuel
production has yet to be achieved. For this
reason, the development and synthesis of new
photocatalysts with greater stability, selectivity
and efficiency require improvements in the
synthesis processes that allow a better control of
the physicochemical properties of the
photocatalyst, the implementation of analytical
methods such as spectroscopy of surface area
and volume is also of great importance to obtain
valuable information on the main stages of
photocatalytic CO2 reduction and to understand
in more detail the reaction mechanism: limiting
reaction rate steps, formation and stability of
intermediate reaction products on the surface,
adsorption and desorption of reactants and
products and in this way propose the
modification of photocatalysts and the design of
photoreactors that play a fundamental role in the
overall performance of the process.
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