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APRESENTACAO

The e-book: “Collection: Applied chemical engineering” consists of ten book
chapters that were organized and divided into four thematic units, namely: /) natural
products: extraction and purification of active principles; ii) development of new materials:
study, comparison, different properties and applications; iii) use of analytical instruments
for food quality control and; iv) development and application of bioadsorbents and
advanced treatment technologies to remove contaminants from aquatic matrices.

The first theme presents two studies that evaluated the extraction of essential oil
from the Baru species plant (Dipteryxalata Vog.) with nematicidal activity in combating
Meloidogyne javanica. The second work evaluated triterpene purification processes from
plant bioactives of Amazonian species. The second theme consists of three book chapters
aimed at the study and comparison of natural, glass and mixed fibers for future applications;
preparation of graphene oxides for production as composites in the form Cu/TiO,/rGO and
estimates of thermodynamic properties of esters used in the production of biodiesel using a
Gaussian software associated with the Constantinou and Gani group method.

The third thematic unit consists of two works, one using the UV-Vis spectrophotometry
technique to quantify the metallic ions of cadmium, copper, chromium, mercury, nickel
and lead in cheeses produced by hand on rural properties; the second work evaluated
the Kombucha probiotic and its importance in fermented foods. Finally, the fourth and last
theme consists of three works with different approaches. The first deals with the possible
environmental impacts that can be caused to water and soil as a result of exposure to
Fracking gas present in Mexico. The second presents the study of the adsorption capacity
from the biomass generated by the Andiroba species (Carapaguianensis Aubl.) in the
removal of copper ions present in wastewater from industrial activities. The third chapter
presents the study of the influence of the complexity of different aqueous matrices on the
degradation of a mixture of drugs using the solar photolysis processes, TiO,/Solar and
its combination with the addition of H,O,. This process constitutes one of the advanced
treatment technologies to be made feasible on a large scale as a complementary step to
conventional water and sewage treatment processes.

In this perspective, Atena Editora has been working with the aim of stimulating and
encouraging both Brazilian researchers and those from other countries to publish their work
with quality assurance and excellence in the form of books, book chapters and articles that
are available in the Editora’s website and other digital platforms with free access.

Cleiseano Emanuel da Silva Paniagua
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ABSTRACT: The degradation of a mixture
of the pharmaceuticals gemfibrozil (GEM),
hydrochlorothiazide (HCTZ) and naproxen (NAP)
were evaluated by different processes and in
different aqueous matrices: deionized water (DW),
river water (RW) and effluent from a Treatment
Plant Sewage (STP eflluent). The experimental
conditions were previously optimized, being:
[TiO,]=150 mg/L (DW and RW) and 450 mg/L
(STP eflluent); pH=5.8 (DW and RW) and
7.7 (STP eflluent) and [H,0,]=6.0 mg/L (with
replacement every 20 min of reaction). Photolysis
presented a degradation efficiency of 44% (DW
and RW) and 76% (STP eflluent) after an energy
dose of 448 and 524kJ/m2, respectively. The
TiO,/solar process increased the degradation to
87% (DW), 84% (RW) and 97% (STP eflluent).
In the TiO,/H,O,/solar process, the degradation
efficiency reached 99% (DW) with 317kJ/m?, for
RW the percentage of degradation was below
the detection limit of the pharmaceuticals after
448 kJ/m2. Mineralization and acute toxicity to

Collection Applied chemical engineering

Vibrio fischeri bacterium were determined at
the beginning and end of each process used.
The initial STP eflluent matrix showed 14%
mineralization and 50% toxicity. Already the
matrices of DW and RW, presented toxicity less
than 4%. In all matrices, mineralization and acute
toxicity increase from the process of photolysis
to that of photocatalysis. For the STP eflluent
matrix, 52% of mineralization and 71% of toxicity
was obtained. For the DW and RW matrices,
the TiO,/H,O,/Solar process showed the best
efficiency among the evaluated processes,
obtaining a mineralization of 84% (DW) and 72%
(RW) and a toxicity of 83% (DW) and total (RW).
The final consumption of H,0, was quantified and
presented, respectively, 73 and 79mg/L for DW
and RW. Therefore, the TiO,/Solar process had
a high potential to be used as a complementary
step to conventional processes for treating both
water for drinking purposes and for sewage.
KEYWORDS: Vibrio  fischeri  bacterium,
heterogeneous photocatalysis, mineralization
and toxicity.

1| INTRODUCTION

Water constitutes a mineral resource of
great importance, representing 75% of the body
mass of the vast majority of living organisms.
It actively participates in almost all biological
processes for the maintenance of vital functions
of living beings. Although 75% of the Earth’s
surface is constituted by water, the fraction that
corresponds to fresh water is about 2.5%, of
which 68.9% are present in the form of glaciers;

Capitulo 10
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29.9% in groundwater; 0.9% in soils and only 0.3% in the form of surface water (rivers and
lakes) that are destined for public supply (ALVAREZ- RUIZ; PICO, 2020; BOGER et al.,
2021; MENG et al., 2021).

However, more than two decades ago, substances were detected and quantified
at trace levels (ug to ng/L) based on the improvement and development of analytical
techniques, such as High Performance Liquid Chromatography coupled with Mass
Spectrometry (HPLC - MS) which made it possible to determine substances that were
until then “invisible” in different aquatic compartments, which began to indicate that even
present in low concentrations, they have ecotoxicological properties and represent a risk
to the different organizations existing in the most diverse ecosystems and aquatic biotas,
being called Contaminants of Emerging Concern (CEC) that belong to a variety of classes,
including: /) pharmaceuticals; ii) pesticides; iii) brominated flame retardants; iv) dyes and
preservatives; v) hormones; vi) personal care products; vii) microplastics among others
(CARTAXO et al., 2020; PIVETTA et al., 2020; STARLING; AMORIM; LEAO, 2019), as
shown in Figure 1.

Brominated Chemical additives:
flames Sy, B, Pharmaceuticals
retardants

preservatives and others

S
&

Textile dyes

Microplastics -
Products

Figure 1: Classes of Contaminants of Emerging Concern
Source: The author (2021).

Among the CEC, there are pharmaceuticals, substances developed to be persistent
and can be absorbed and metabolized by the body in order to meet a specific therapeutic
purpose. However, most of these compounds are excreted unchanged (between 50 and
90% of the active principle) by organisms. In addition, the pharmaceuticals can reach
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the different aquatic reservoirs through household sewage, disposal in the garbage that
goes to dumps or landfills, discharge into industrial sewage treatment stations and animal
medicine that undergo conventional sewage treatment processes and are released into
surface waters (ARSAND et al., 2020; OLIVEIRA et al., 2020; VERAS et al., 2019), can be
represented in Figure 2.

Possible pharmaceuticals entry routesinto the aquatic environment

! l ! !

Animal medicine Humanmedicine ., Sanitarylandfills,
dumps and
| l Industrial STP
Sewage collection
LESTII‘E network Excretion

Sewer Manure -1

1_ STP effluent ound

Subsoil water 3

— Undergroundwater

Water treatment station Human comsuption

Figure 2: representation of possible entry routes of pharmaceuticals in aquatic environments.

Source: The author (2021).

Conventional water and sewage treatment processes were designed to reduce:
i) organic load; ii) color and turbidity and; Jij) microorganisms with pathogenic properties.
Therefore, studies with the aim of promoting the removal of specific target compounds have
been carried out with a view to presenting high efficiency, lower cost, possibility of reusing
effluents for non-potable purposes and that are ecologically correct (ARSAND et al., 2020;
OLIVEIRA et al., 2020; PANIAGUA et al., 2020).

Among the various techniques that have been investigated are the Advanced
Oxidative Processes (AOPs) that can be used as a complementary step to conventional
treatment processes. AOPs are processes based on the generation of hydroxyl (HO+) and
sulfate (SO,") radicals, which have high values of standard reduction potentials (E°= +2.6-
3.1V), capable of promoting oxidation and conversion of organic matter, depending on
operating conditions, into CO, and H,0 (ARSAND et al., 2020; OLIVEIRA et al., 2020).

Paiva et al. (2018) evaluated the efficiency of the modified photo-Fenton process

Collection Applied chemical engineering Capitulo 10




(FeOx/H,0,/UV-A) in the degradation of the same drug mixture in surface water. Under
the best optimized conditions (pH = 6.2; [FeOX] = 54 ymol/L at a ratio of 1:9; [H,0,] = 4.0
mg/L and 15 min of artificial irradiation), the degradation efficiency was below the Limit of
pharmaceuticals detection (0.0033umol/L for NAP and 0.01 pmol/L for GEM and HCTZ)
which guaranteed to reach values above 99% removal. On the other hand Paniagua et al.
(2019 and 2020) evaluated the efficiency of the photoassisted peroxidation process (H,O,/
UV-C) and heterogeneous photocatalysis (TiO,/UV-A) in surface water. Under the best
conditions for H,0,/UV-C (pH=6.2; [H,0,]= 4.0 mg/L and 30 min of irradiation) a degradation
efficiency above 99% was obtained, as it was below the LD of the pharmaceuticals. For the
TiO,/UV-A process (pH=6.2; [TiO,]=150mg/L; [H,0,]=6.0 mg/L and 120 min of treatment)
the efficiency was 87%. The authors also evaluated the efficiency of these AOPs in the STP
effluent matrix and, under the best conditions optimized for H,0,/UV-C (pH=7.7; [H,0O,]=
64 mg/L; 30 min of irradiation) the efficiency was of 93%. On the other hand, the TiO,/
UV-A process (pH = 7.7; [TiO,] = 450 mg/L; 240 min of irradiation) the efficiency was 90%
(PANIAGUA et al., 2019 e 2020).

However, no work was found in the literature that reported evaluating the degradation
efficiency of target compounds using solar radiation combined with the heterogeneous
photocatalysis process in different aqueous matrices (DW, RW and STP effluent) and how
these can interfere with degradation efficiency. Therefore, the present work evaluated the
influence of matrix composition (DW, RW and STP effluent) on the degradation efficiency of
a mixture of the pharmaceuticals GEM, HCTZ and NAP by heterogeneous photolysis and
photocatalysis processes (TiO, and TiO,/H,0,) under solar radiation.

2| MATERIALS AND METHODS

2.1 Reagents

All solutions were prepared in DW and with analytical-grade reagents. GEM, HCTZ,
and NAP standards, each with a certified purity higher than 99 wt %, were acquired from
Sigma-Aldrich. High-performance liquid chromatograph (HPLC) analyses were performed
using HPLC-grade methanol (J. T. Baker). NH,VO, from Vetec was used as received. The
remaining reagents employed in this work, which weretitanium dioxide P25 (Degussa/
Evonick), C,K,0,Ti-2H,0, H,0, (30 wt %), Na,SO,, all from Synth, were used without further
purification.

2.2 Sampling of River Water (RW) and Sewage Treatment Plant (STP) effluent

In order to evaluate the efficiency of the heterogeneous photocatalytic process and
its matrix effects on the degradation of GEM, HCTZ, and NAP, samples of RW and STP
effluents were collected in municipal wastewater treatment plants. The collection took place
in the autumn and spring of 2017. The sampling of RW was performed from a river used to
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supply water to the city of Uberlandia, Brazil (18° 55’08 “S, 48° 16’37 "W). The sampling
of STP effluent was carried out after complete treatment in the municipal wastewater,
which consists of steps of: /) removal of coarse solids and sand; i) use of upflow anaerobic
reactors; and iii) use of a FlotFlux® channel based on sequential application of coagulation-
flocculation-flotation. The RW and STP effluent samples were stored at 4°C for two to
three weeks while conducting the photodegradation experiments. The physical-chemical
characterization of these samples is shown in Table S1.

Parameter RwW STP!? STP?
Alkalinity as CaCO, (mg L™) 222 2692 1762
Conductivity (uS cm™) 7.28 84672 5632
BOD, (mg L™) 3.7° 95P 49°

COD (mg L) 132 2022 1272

DTC (mg L) 142 872 622

DIC (mg L) 7.32 492 372

DOC (mg L™) 6.72 382 252

pH 5.8 7.7 7.4

Total dissolved solids (mg L) <10° 27° 36°
Turbidity (nephelometric units) 5.8° 5.5° 4.3°
Chloride (mg L™) 1.4° 174° 89°

Total sulphate (mg L") 0.8° 36° 47°
*Dissolved iron (mg L) 0.52 0.52 0.22
Phosphorus (mg L) <0.05° 0.9° 1.4°
Ammoniacal nitrogen (mg L™) <0.2b 32° 41°

Table S1. Physical-chemical characterization of the RW and STP effluent.
aMeasured in our laboratory.
®Data furnished by the Department of Water and Sewage in Uberlandia (DMAE).
*Dissolved Fe without acid digestion.
BOD, = biochemical oxygen demand after five days

COD = chemical oxygen demand
DTC = dissolved total carbon

DIC = dissolved inorganic carbon

DOC = dissolved organic carbon

STP' = sample collected in September 2017

STP? = sample collected in December 2017.

Collection Applied chemical engineering Capitulo 10




2.3 Preparation of the pharmaceuticals mixture stock solution

A stock solution of the pharmaceuticals (18 mmol/L) in HPLC grade methanol was
prepared. By diluting the stock solution, fortification was made in aqueous matrices to result
in the desired concentration of target compounds (1.8 pmol/L of each compound), which
corresponds to common concentrations of 451 ug/L of GEM, 536 ug/ L of HCTZ and 413
ug/L of NAP.

2.4 Photodegradation experiments

The concentrations of GEM, HCTZ, and NAP were determined using an LC-6AD
chromatograph (Shimadzu) containing a ultraviolet-diode-array detector (model SPD-M20A,
Shimadzu) and a Phenomenex C-18 column (Luna, 5 ym, 250 x 4.6 mm), as described by
Paiva et al. (2018).

H,O, was spectrophotometrically quantified by the titanium oxalate method when
H,O, concentrations below 50 mg L-' were used and the metavanadate method (NOGUEIRA,
OLIVEIRA; PARTELINE, 2005). was used when monitoring H,0, concentrations that were
greater than 50 mg L-". Mineralization was determined using carbon analyzer equipment
(Shimadzu TOC VCPN model) with automatic injection (ASI-V model).

Acute toxicity was assessed by measuring the bioluminescence emission of the
bacteria V. fischeri after 30 min of exposure to the non-treated and treated solutions obtained
during the heterogeneous photocatalysis process (after adjustment of the salinity to 2%),
and it was compared with a solution of 2% NaCl, used as a control, as described by the
Brazilian norm (NBR 15411-3:2012 method) A solution of 13.4 mg L' of Cré* was employed
as a positive toxicant control. A thermoblock was used to maintain the temperature at 15
‘C. In addition, the residual H,O, present in the DW and RW samples was removed by the
addition of 150 pL of 2.0 g L' bovine catalase, followed by stirring for 30 s (PANIAGUA et
al., 2019 and 2020).

3| RESULTS AND DISCUSSION

Solar radiation was measured as a function of the accumulated energy dose (W/
m?) obtained as a function of the time used in artificial radiation (UV-A), with an average
irradiance of 32.2 + 0.5 W/m?2 in 300 min. being determined. The time of solar irradiation
necessary to obtain the same dose of energy in relation to the artificial one was greater
at all time intervals, with samples being collected to monitor the degradation of the drug
mixture (Figure 3), removal of dissolved organic carbon (Figure 4), the acute toxicity to
Vibrio fischeri bacteria (Figure 5) and peroxide consumption (Figure 6) as presented and
discussed below.
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Figure 3: Degradation profile obtained in solar radiation under the best conditions optimized in artificial
radiation by the UV-A photolysis processes, and TiO,/UV-A and TiO,/H,0,/UV-A in the degradation of
pharmaceuticals mix. Initial conditions:[Pharmaceuticals] = 1.80 ymol/L; pH = 5.8 (DW and RW) and

7,7 (STP effluent); [H,0,] = 6.0 mg/L (DW and RW); [TiO,] = 150.0 mg/L(DW and RW) e 450 mg/L (STP
effluent).

Source: Paniagua (2018).

After the application of a dose of 448 KJ/m?, solar photolysis showed a degradation
efficiency of 44% for DW. By combining solar radiation with the photocatalyst, an efficiency
of 87% was achieved and after the combination of H,0, 6.0 mg/L (with replacement every
20 min) the TiO,/Solar process raised the efficiency to 99%, in a lower dose of energy
(371KJ/m?) in relation to that previously used. For the RW matrix, solar photolysis showed
43% degradation over a longer period of time (285 min) in order to reach the same dose
of energy in relation to DW. When applying the TiO,/Solar process, the degradation
increases to 84% and achieves a degradation efficiency below the Detection Limit of the
pharmaceuticals when combining with H,0O, (6.0 mg/L) under the same energy dose. As for
the STP effluent matrix, it was necessary to use both a higher energy dose (524 kJ/m?) and
a longer treatment time (360min) in order to obtain a degradation efficiency of 76% through
radiation solar. When using the TiO,/Solar process, there was an increase in degradation
(97%) under a lower energy dose (448 kJ/m2) which was exactly the same dose in relation
to the DW and RW matrices. The composition of the matrix directly influences the efficiency
of degradation of target compounds due to the increase in the organic load and anions
that compete for hydroxyl radicals, decreasing their availability and consequently affecting
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the efficiency of the catalyst against the target compounds, which can be attributed to: /)
reduction in the amount of photoenergy that is transferred to the medium due to the greater
turbidity provided by the particles of the catalyst, which has an inhibiting effect on light
penetration, due to the decrease in the amount of photons that will be effectively transferred
(KOLTISAKIDOU et al. , 2017) and ii) there may be aggregation of suspended catalyst
particles, reducing the surface area that contains the active sites (KOLTISAKIDOU et al.,
2017).

The determination of COD was carried out by collecting initial samples from all
evaluated matrices and after applying 448 kJ/m2 (DW and RW) and 524kJ/m? (STP effluent)
of accumulated energy dose, resulting in the data presented and discussed in Figure 4.
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Figure 4: Removal of COD obtained by solar radiation under the best conditions optimized by artificial
radiation by TiO,/H,O,/Solarphotolysis processes in the degradation of pharmaceuticals : Initial
conditions: [Pharmaceuticals | = 1.80 umol/L; pH = 5.8 (DW and RW) and 7.7 (STP effluent); [H,0,] =
6.0 mg/L (DW and RW); [TiO,] = 150 mg/L (DW and RW) and 450 mg/L (STP effluent).

Source: Paniagua (2018).

For the DW matrix (Figure 4A), solar photolysis provided 26% mineralization after an
energy dose of 448kJ/m?. Combining solar radiation with TiO, mineralization increased to
66%, reaching 84% by adding 6.0 mg/L of H,O, (with replacement every 20 min). In the river
water matrix (Figure 4B), the isolated use of solar photolysis presented a mineralization
of 19%, when using the photocatalyst activated by solar photolysis, the removal of DOC
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increased to 58%, reaching 72% when associated the TiO,/Solar process with 6.0 mg/L
of H,0, (with replacement every 20 min). There is a reduction in the removal of COD in all
evaluated processes in relation to the DW matrix, which can be explained by the existence
of organic matter that compete for hydroxyl radicals and/or by the saturation of adsorption
sites on the surface of the photocatalyst, implying in reducing the availability of sites leading
to reduced degradation efficiency of target compounds (DUTA; ANDRONIC; ENESCA,
2018; SAGI et al., 2018). On the other hand, the STP effluent matrix (Figure 4C) showed a
COD removal of 14% in the initial sample, increasing to 24% after the application of 524 KJ/
m2 in 360 min of treatment. Under the same energy dose, by combining solar radiation with
the photocatalyst, the degradation efficiency reached 52%.

Given these results, it is observed that the increased complexity of the matrix results
in less removal of COD from the target compounds, which can be attributed to: i) higher
concentration of organic matter that increases the opacity of the solution, making light
penetration more difficult. which implies in the reduction of COD removal (CERIANI et al.,
2018; YOON et al., 2018); ii) the reduction in the number of free hydroxyl radicals, since
most of them reacted with the organic matter from the matrices (KOLTSAKIDOU et al.,
2017).

In order to assess the evolution of acute toxicity by reducing the luminescence of
the Vibrio fischeri bacterium. Therefore, initial samples were collected in all matrices and in
different doses of accumulated energy: 57, 114, 229, 371, 448 and 524 kJ/m?, and the last
dose was applied only to the STP effluent matrix, the results obtained are shown in Figure 5.
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Figure 5: Inhibition of V. fischeri bacterium in different matrices under the best optimized conditions
in UV-A photolysis and TiO,/H,0,/UV-A in the degradation of pharmaceuticals: Initial conditions:
[Pharmaceuticals] = 1.80 umol/L; pH = 5.8 (DW and RW) e 7.7 (STP effluent ); [H,0,] = 6.0 mg/L(DW
and RW ); [TiO,] = 150 mg/L(DW and RW) e 450 mg/L(STP effluent).

Source: Paniagua (2018).

The DW matrix (Figure 5A) showed an initial inhibition of 1% and increased to 23%
after the application of an energy dose of 448 kd/m2from solar photolysis. Applying the
TiO,/Solar process, the inhibition of luminescence increased to 68%, reaching 83% when
combining the TiO,/Solar process with 6.0 mg/L H,0, (with replacement every 20 min of
reaction). For the RW matrix (Figure 5B) the initial inhibition was 3.3% which increased to
25% after the application of an energy dose of 448 kd/m? by solar photolysis. By combining
solar radiation with the photocatalyst, the luminescence inhibition for Vibrio fischeri reaches
95% and is total after the association of the TiO,/Solar process with H,0, (6.0 mg/L), requiring
replacement every 20 min of reaction. As for the STP effluent matrix (Figure 5C), the initial
toxicity of the in natura sample is 50%, which increases to 63% after the application of 524
kd/m? of energy dose from solar radiation. When solar photolysis is combined with TiO,
there is an increase to 71% in the inhibition of bioluminescence generated by the Vibrio
fischeribacterium. The toxicity quantified in natura matrices comes from organic substances
that degrade, causing the generation of more toxic by-products than those originally present
in the matrices (GORENOGLU et al., 2018; TURKAY et al., 2018).
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For the DW and RW matrices, the addition of H,O, at 6.0 mg/L (with replacement
every 20 min), influenced the increase in degradation efficiency, the removal of COD
and greater toxicity to the Vibrio fischeri bacterium (ABBAS et al., 2018). Therefore, it is
necessary to quantify the concentration of H,O, that was used until the end of the oxidation
process, as shown in Figure 6.
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Figure 6: Consumption of H,0, in the TiO,/H,0,/Solar process pharmaceuticals degradation: (A)
Deionized Water and (B) River Water. Initial conditions: [Pharmaceuticals] = 1.80 umol/L; [H,0,] = 6.0
mg/L; pH = 5.8 and [TiO,] = 150 mg/L.

Source: Paniagua (2018).

In the DW matrix (Figure 6A), the consumption of H,O, reached 73 mg/L after the
application of an energy dose of 448 kJ/m2. In RW (Figure 6B), the consumption of H,O,,
in natura matrix, was 72 mg/L after 448kJ/m? of energy in a time of 300 min of reaction.
When the drug mixture was added to the AR matrix, the peroxide consumption increased
to 79 mg/L (10% more), and this increase can be attributed to organic matter from the
pharmaceuticals mixture.

4| CONCLUSIONS

Combining solar radiation with TiO, resulted in greater degradation efficiency for the
drug mixture in all evaluated matrices. When adding H,0, to the TiO,/Solar process, there is
both an increase in degradation efficiency and a reduction in treatment time in DW and RW
matrices. On the other hand, the increase in matrix complexity acts to reduce degradation
efficiency, requiring a higher concentration of photocatalyst (450 mg/L) associated with a
higher dose of energy (524kJ/m?) to be applied.

Mineralization, in the form of COD, resulted in values above 60% for all evaluated
matrices, which confirms that high degradation efficiency does not result in similar
percentages for COD removal. The evaluation of acute toxicity with the bacterium Vibrio
fischeri showed high inhibition of luminescence for the DW matrix, since it presents an
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organic load from the by-products obtained after the degradation of the target compounds.
However, the same behavior could not be observed for the RW and STP effluent matrices,
as they have organic matter in their composition and are capable of generating greater
toxicity before and after the pharmaceuticals mixture degradation process.

Therefore, the TiO,/Solar process has great potential to be used as a complementary
step to conventional treatment processes, in order to remove compounds of a specific

nature such as those evaluated in this work.
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