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Resumen

En el presente trabajo, se llevd a cabo la remocion (decoloracidn) del colorante violeta
cristal (VC) en solucidn acuosa, mediante el proceso adsorcién y photocatalisis integrados,
utilizando dos arenas negras de diferentes partes del Ecuador, de Mompiche y del volcan
Quilotoa. Las muestras de arena que se usaron como adsorbentes fotocataliticos se
caracterizaron por sus propiedades Opticas (Band-Gap) utilizando espectroscopia de
reflectancia difusa UV-Vis. Los valores determinados estan en el rango apropiado para un
fotocatalizador en comparacion con los reportados por la literatura. Los experimentos
proporcionaron valores de band-gap de 3.37 eV y 3.68 eV para Mompiche y Quilotoa
respectivamente. La concentracién de peroxido de hidrégeno, pH e irradiacion de luz fueron

optimizados por un disefio experimental de 2" para la eliminacion de VC con SEM-205 y
SXQ-102. Se determind que el valor de pH 6ptimo para la adsorcidon de colorante era 8. Los
espectros de absorcion UV-Vis a diferentes intervalos de tiempo mostraron que en el
proceso de adsorcidon con SEM-205 y SXQ-102 solo hay una disminucién en los picos que
confirma su naturaleza absorbente. Los espectros UV-Vis del proceso integrado de
fotocatalisis y adsorcién con SEM-205 y SXQ-102 mostraron la aparicién de nuevos picos en
el espectro, lo que significaba la aparicién de intermediarios y subproductos. Se observd
gue, en condiciones optimizadas, el 97,1% de tinte se podia eliminar de la solucién en 2
horas utilizando arena de Mompiche (SEM-205).

Palabras Clave:

Arena negra, Adsorcion y Fotocatalisis Integrada (IPCA), Cristal violeta, Isotermas de
adsorcién, Modelos Cinéticos.



Abstract

In the present work, the removal (discoloration) of the crystal violet dye (CV) in agueous
solution was carried out, through the Integrated Photocatalysis and Adsorption (IPCA)
process, using two black sands from different parts of Ecuador, Mompiche and the Quilotoa
volcano. Sand samples used as photocatalytic adsorbents are characterized by their optical
properties (Band-Gap) using UV-Vis diffuse reflectance spectroscopy. The determined
values are in the appropriate range for a photocatalyst in comparison with those reported
by the literature. The experiments provided band-gap values of 3.37 eV and 3.68 eV for
Mompiche and Quilotoa respectively. Concentration of hydrogen peroxide, pH and light

irradiation were optimized by an 2" experimental design for the removal of CV on SEM-205
and SXQ-102. Optimum pH value for dye adsorption was determined to be 8. The UV-Vis
absorption spectra at different time intervals showed that in the adsorption process with
SEM-205 and SXQ-102 there is only a decrease in peaks which confirms its absorbent
nature. The UV-Vis spectra of the integrated photocatalysis and adsorption process with
SEM-205 and SXQ-102 showed the appearance of new peaks in the spectrum which meant
the appearance of intermediaries and by-products. It was seen that under optimized
conditions, 97.1% dye could be removed from the solution in 2 hours using Mompiche’s
sand (SEM-205).

Key Words:

Black sand, Integrated Photocatalysis and Adsorption (IPCA), Crystal violet, Dye removal,
Adsorption Isotherms, Kinetics models
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1 Introduction

Around 2000 million people live in countries that suffer severe water scarcity [1]. In Ecuador,
INEC studies show that 70% of Ecuadorians have access to improved water sources, while
the remaining 30% use natural watersheds that are generally contaminated with waste from
agricultural and industrial activity, seriously affecting for they that consume it [2]. For this
reason, it is extremely urgent to seek effective and economical solutions for the treatment of
these natural sources.

The textile industry is one of the most polluting of the environment, generating 20% of
wastewater worldwide [3]. Ecuador textile sector is one of the largest employment generators [4]
being the provinces with the highest number of establishments Pichincha, Guayas, Tungurahua,
Azuay, and Imbabura [5], 80% of these establishments do not invest in environmental protection,
generating waste that goes directly to the public sewer network and then to rivers without no
type of treatment [6].

These discharges have a large amount of non-biodegradable organic compounds, especially
textile dyes that are highly soluble in water, making them difficult to remove by conventional
methods like flocculation, adsorption or biological processes. [7].

One of the most used textile dyes is crystal violet dye also called gentian violet or methyl
violet 10B. It is also widely used in cosmetics, veterinary and is an antifungal and antibacterial
agent [8]. On the other hand, it has been reported that crystal violet dye is a recalcitrant
molecule that persists in the environment for long periods, affecting aquatic and terrestrial life
[9]. Studies reveal that they have carcinogenic effects. Due to these adverse effects and because
it continues to be widely used in the industry, it was chosen as a the target molecule in this
work [10], (Appendix A.1 and B).

There have been many methods used for the degradation of dyes and the most important
for this work are adsorption and photocatalysis Appendix A.2 and C.

Adsorption is a physical technique, which is a promising treatment option for pollutant re-
moval due to its efficiency, simplicity, and it is inexpensive and not toxic [11, 12]. In the process
of adsorption, the dye’s molecules get separated from the liquid phase and gets accumulated

on the adsorbent [13]. This occurs due to an attractive force between the adsorbent and the
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dye’s molecules. When solely utilized, this method is unable to eliminate or destroy the pollu-
tants completely. Various adsorbents have been reported in published works for the removal of
pollutants such as activated carbon, clays, zeolite, and polymeric adsorbents [14, 15, 16, 17].

Furthermore, the photocatalytic process is an advanced oxidation process characterized by
the formation of OH® radicals in the presence of a photocatalyst, a source of irradiation and
hydrogen peroxide. These hydroxyl radicals are responsible for the degradation of organic
compounds to carbon dioxide and water[20]. The most studied photocatalysts by the scientific
community are: Titanium Oxide (TiOy) and Iron salts [Fe(II) and Fe(III)]

The photocatalytic activity depends on the capacity of the photocatalyst to promote an
electron from the valence band to the conduction band creating a hole that generates hydroxyl
radicals, the additional electron in the conduction band can also interact with the dissolved
oxygen to create radicals. As the energy of the photocatalyst band-gap decreases, its optical
response shifts to higher excitation lengths. So if the band-gap is narrow, photocatalyst can be
used as a source of visible light irradiation. The combination of these 2 methods results in a
novel method called Integrated Photocatalysis and Adsorption (IPCA)[20] and Appendix A.4.

The integrated photocatalysis ans adsorption technique brings many benefits to the treat-
ment of wastewater, it not only preserves the important characteristics of each of them but also
overcomes the disadvantages of each technique [21]. Surprisingly, the number of publications
referring to this process is very limited, approximately only 13.7 % of the total publications
in photocatalysis for the treatment of wastewater made from 1989 to 2018. This reflects that
more efforts are needed to establish this technique for wastewater treatment applications [22],
(Appendix A.5 and D).

Studies of dyes degradation use zeolite as an adsorbent, most of the photocatalysts are made
up of iron and titanium oxides for their narrow band-gap, so for having an ideal photocatalytic
adsorbent should have iron and titanium oxides such as ilmenite or hematite and aluminum
and silicon oxides such as zeolite.

In this work, we use black sands as photocatalytic adsorbents in the degradation of crystal
violet dye. Black sands are natural combinations of minerals like aluminosilicates minerals
composed of iron and titanium oxides [24]. Studies in the photocatalytic activity of black

sands of Colombia magnetically enriched show a percentage of 99% discoloration in 50 min
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[25].  Other studies concerning the adsorbent activity of sands of the United States show
percentages of discoloration between 60 and 70% [26]. Taking into account previous studies
and its composition one might think that it is possible to use black sands as photocatalytic
adsorbents [27, 28].

Studies in black sands of Ecuador show the existence of minerals composed of iron and
titanium oxides, so it can be assumed that they are ideal for the integrated adsorption and

photocatalysis process [29, 30, 31] and Appendix A.6.

1.1 Problem Statement

Dyes are widely used in various industries such as textile, cosmetics, paper, etc. The wastewa-
ter generated by these industries are discharged into the freshwater systems without sufficient
treatment, creating severe pollution problems. Most dyes are toxic, mutagenic and/or carcino-
genic thus affecting the aquatic organisms and human health. Hence, the removal of these dyes
from effluents is essential. Various methods have been reported for the elimination of dyes from
wastewater, but the major of them are not effective and are expensive.

This research is focused on the necessity to develop and low-cost and effective alternative
treatment. The present investigation was conducted with the prime objective to evaluate the
feasibility of using two Ecuadorian black sands as photocatalytic adsorbents for the effective

treatment of one cationic dye (crystal violet) from aqueous solution.
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2 Objectives

2.1 General Objective

To perform the removal of the crystal violet dye in aqueous solution through the integrated

photocatalysis and adsorption process using two black sands from different parts of Ecuador.

2.2 Specific Objectives

e To evaluate the potential of the natural mineral that will be used in dye removal study

based on its physicochemical and optical characteristics.

e To determine the Band-Gap value of both sand samples to confirm their photocatalytic

nature.

e To determine the influence of four reaction variables: concentration of hydrogen peroxide,

pH, catalyst and irradiation, on the removal of dye using a factorial experiment design.

e To examine the applicability of the various isotherm models to understand the nature of

dye-adsorbent interaction

e To study the kinetics of the adsorbent process by fitting the kinetic data in various kinetic

models.
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3 Experimental section

3.1 DMaterials and Reagents

Table 1: Materials and reagents necessary for the research

Material

Reagents

Beakers

Crystal Violet dye

Spatula

Hydrogen peroxide

Magnetic stirrer

Citrate Buffer (pH 3.0 and 8)

Aluminum foil

Distilled water

Graduated cylinder

Pipette

Volumetric flask

Pipette tips

Test tube

Test-tube rask

3.2 Instruments

e pH meter

e Analytical Balance

e UV Chamber at 365 nm
e Hot plate stirrer

e UV-Vis Spectrophotometer

e Lambda 1050 UV/Vis/NIR spectrometer of the Perkin Elmer brand

e Praying mantis accesory

e The Agilent Cary 630 FTIR Spectrometer
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3.3 Methodology

3.3.1 Type of Investigation and Sampling Process

Experimental wastewater treatment processes for the removal of dyes by integrated photocatal-
ysis and adsorption processes using black sands from Ecuador as photocatalytic adsorbents was

carried out with the crystal violet dye as the target molecule.

3.3.1.1 Type of Investigation

An experimental investigation was carried out, to determine the optimal conditions for the
degradation of the violet crystal dye dissolved in water, in a 100 ml capacity reactor within a
UV radiation chamber, the degradation was mediated by two different sand catalysts, oxidizing

agent hydrogen peroxide and UV light.

3.3.2 Sands

The black sand samples used in this work were from two different parts of Ecuador, one of
them was obtained from an intermittent river environment, reworked from pyroclastic flows,
rich in iron, taken from the southeast of the Quilotoa - Cotopaxi Volcano. the second sand
was originated from an iron ore deposit in the upper part of Mompiche - Esmeraldas beach.
These samples were provided by the INEDITA project of Ferruginous and Titaniferous Sands

of Ecuador as absorbents of acid gases in the hydrocarbon industry.

Table 2: Information about SXQ-102 sand [32].

Identification|SXQ-102
code 180716.2

Volcanoclastic sands, in intermittent
river environment, reworked from
pyroclastic flows collected in the
southeastern of the Quilotoa Volcano

in the province of Cotopaxi
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Table 3: Information about SEM-205 sand [32].

Identification| SEM-205
code 180731.2a

11

Quartz sand from the high
tide area at the top of
Mompiche beach in the

province of Esmeraldas

The sands were previously characterized by the Research Group Applied in Materials and
Processes (GIAMP), Characterization techniques used were: X-Ray Diffraction (XRD) using
an X-Ray Diffractometer BRUKER D8-ADVANCE with Cuanode A=1.5406 A and Energy-
Dispersive X-ray Spectroscopy (EDS) and gave the following results.

A summary of the X-ray diffraction data deduced from the powder pattern of SXQ-102 and
SEM-205 sands is shown in tables 4 and 5

[lmenite, Anatase (titanium dioxide) and Silicon Oxide are present in Quilotoa Sand. The
two former are reported as photocatalyst and the latter as an adsorbent (Appendix E). With this
information, it could be concluded that this sand can be used as photocatalytic adsorbents.
But in addition to these minerals previously reported, it can be seen that there are others
that have silicon and aluminum in its chemical composition that have also been reported as

adsorbents (Table 4).

Table 4: Results of X-ray diffraction of SXQ-102

SXQ-102
Name Formula
Hematite Fe, O3
Ilmenite FeTiO3

Silicon oxide (Quartz low)[SiO,
Albite NaA181308
Anatase TiO,
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As shown in table 5, the sands of Mompiche beach there is Hematite which has adsorbent

and photocatalytic nature. There is also a considerable amount of silicon oxides characteristic
for its absorbent nature.

Table 5: Results of X-ray diffraction of SEM-205

SEM-205

Name | Formula

Quartz  [SiO,

Ilmenite [FeTiO;

Aergirine|NaAlSizOg

The analysis with EDS yielded information about the oxides that make up each sand. Only
the amount of oxides present is known because the samples were mixed with cellulose so that
its elemental composition was not obtained. The percentages of iron, titanium, silicon and

aluminium oxides, present in both sands, are shown in table 6. These oxides are important as

integrated photocatalyst and adsorbents.

rps/eV

rps/eV

Figure 1: EDS analysis of SXQ-102(a) and SEM-205(b)
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Table 6: Weight percentage of oxides in SEM-205 and SXQ-102 sands.

Sands
SXQ-102|SEM-205
Al | 1433 % | 13.714 %
Si 51.35 % | 57.05 %
Ti 1.61 % | 1.63%
Fe 16.8% | 6.73 %
Others| 1591 % | 21.59 %

Oxides

The silicon oxides in SXQ-102 and SEM-205 are the main oxides with 51.35% and 57.05%
mean content respectively. Aluminum oxides are found with concentration of 14.33% and
13.74% respectively.

On the other hand, the percentage of iron oxides in the SXQ-102 sand are much higher
(16.8%) compared to the SEM-205 sand (6.73%). The percentage of titanium oxides are similar
for both samples, with 1.61% for SXQ-102 and 1.63% for SEM-205.

The sands were dried in the open air. Water loss was followed as a function of time. Then,
they are washed with distilled water until pH of 7 was achieved, and all the mater-soluble
impurities, such as chlorides that can interfere with the remove process were removed.

A silver nitrate solution was used to determine chloride ions by precipitation eq (1)[33, 34].

Cliae) + AgNO3(ac) = NO3™ (ac) + AgCly) | (white precipitate) (1)

Finally, the samples were dried at 80°C for 24 hours.

3.3.3 Crystal Violet Dye

Chloride salt of crystal violet (CV; Cl 42555; Basic Violet 3; hexamethylpararosaniline chloride;
Methyl Violet 10B) was obtained from a local distributor Liderquim. The material specifications

provided by the manufacturer are found in the Table 7.
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Table 7: Characteristics of Crystal Violet

Product name Gentian violet or Crystal violet
Molecular formula|Co5H30CIN;
Molecular weight [407.99 g/mol

Melting point 205 °C

Boiling point 560.86 °C

Density 1.19 g/em? (20°C)
Strength 200%

Color shade Comply with the standard
Moisture 3% Max

Insolubility 1% Max

3.3.4 Sands characterization
3.3.4.1 UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS)

Using UV-Vis spectroscopy it is possible to quantify the electronic transitions that the molecules
undergo when they are irradiated with electromagnetic radiation from the Visible (Vis), near-
Ultraviolet (UV) and Near-Infrared (NIR) region of the electromagnetic spectrum (wavelength
between 380nm and 780nm ). The sand samples were magnetically enriched and ground with
the help of an agate mortar. They were mixed with barium sulfate BaSO, standard at different
proportions. DRS spectra from standard and the mixed samples were obtained. To perform
the UV-Vis analysis, a Lambda 1050 Spectrometer with Praying mantis accessory was used.
Each sample were mixed with BaSO, and placed in a small metal cell aligned to the incident
beam of the equipment, the wavelength range studied was 200 to 3500 nm.

The Kubelka-Munk function F(R) (Appendix F) was obtained from the absorbance data.
Graphing the group of values of [F'(R)hv]" vs hv (Tauc plot) and extrapolating a straight line

that crosses the axis of the coordinates gave the value of band-gap.

10
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3.3.5 Dye characterization
3.3.5.1 UV-Vis Spectroscopy

The Crystal Violet (CV) dye sample was characterized by UV-Vis spectroscopy using 1 cm wide
quartz cells. A Lambda 1050 UV /VIS/NIR spectrometer of the Perkin Elmer brand was used,
the wavelength range from 190 nm to 800 nm. Crystal violet showed maximum absorbance
at 543.9 nm. This value was used for the study of dye removal. In addition to the spectrum

obtained, the structure of the dye was analyzed.

3.3.5.2 Fourier Transform Infrared Spectrophotometry (FTIR)

The FTIR spectrum was obtained using The Agilent Cary 630 FTIR spectrometer and Micro-
Lab software, measured in the wavelength range from 4000 to 350 nm. 0.5 grams of the solid
crystal violet dye was used and placed in the plate of the FTIR. With this analysis, it was

possible to obtain information on the chemical structure of the crystal violet dye.
3.3.6 Experimental Design

3.3.6.1 Factors selection

In order to identify the significant main factors(variables) that may impact the adsorption and
photocatalysis processes, a full 2" factorial design was chosen, where n is the number of factors
considered and two the number of levels.

This design allows obtaining information on the four factors or variables in each experiment,
being more efficient and containing more information (interaction between factors) than a design
where we change one factor at a time while the rest remains constant. The variables selected

for the discoloration process are:
e Irradiation
e Catalyst
e pH

e Hydrogen peroxide

11
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3.3.6.2 Selection of the experimental design and its matrices

Each variable in this design has two levels and its experiments propose all possible combinations
that can be given at each level of one variable with other levels of the other variables. In table
8 we can see the operational and coded (+1,-1) levels of each of the factors. These values were
chosen using data reported and previously experiments. The catalyst concentration (sand) was
0.33 g/ml. Therefore, 16 experiments were performed, in addition 6 replicates of 2 experiments
were carried out to be able to verify the reproducibility of the dye removal processes and
estimate the error of the model parameters. The 22 experiments are displayed in table 9 in

conventional order, The experiments were performed randomly.

Table 8: Levels of the variables involved in the experiment

Variables Level (-1)|Level (41)
Catalyst (Sand) SEM-205 | SXQ-102
pH 3 8
Hydrogen Peroxide (H2O5) 0 1M
[rradiation NO 360 nm

In Table 9 we can see the 22 experiments with the different combinations possible of levels,
the second column begin with a negative level after with a positive level and them continue
to alternate. The matrix of randomized categorical variables was obtained through the Excel

program which was coded according to Table 9.

Table 9: Matrix of coded variables factorial design 24

Treatments|Sand | pH|H,O; |Irradiation
1 -1 -1 -1 -1
2 +1 |-1] -1 -1
3 -1 | +1) -1 -1
4 +1 |+1] -1 -1
5 -1 -1 +1 -1
6 +1 (-1 +1 -1
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7 1|41 +1 1
8 1 |+1] +1 1
9 1o -1 +1
10 +1 -1 -1 +1
11 1 [41] -1 +1
12 +1 |41 -1 +1
13 11 41 +1
14 +1 |-1] +1 +1
15 1|41 +1 +1
16 +1 |+1] +1 +1
17 1|41 +1 1
18 1|41 +1 1
19 1 41] 41 1
20 1 |+1] +1 1
21 1 |+1] +1 1
22 1 |+1] +1 1

3.3.7 Processes used to study the removal of the crystal violet dye using Ecuado-

rian Sands.

The procedure that was used to carry out the different laboratory scale experiments is described
below: The pH values of the CV dye sample were adjusted with citrate buffers of different pH.
To adjust the pH to 3, 1 ml of citrate buffer was used and pH 8 0.5, ml of citrate buffer was
used.

For the preparation of the citrate buffer at pH 3 and 8, 500 ml of a citric acid solution 0.1 M
was prepared with 10.5069 g and a sodium citrate solution 0.1 M was prepared with 12.9035 g.
For the buffer at pH 3, 150 ml of the citric acid solution and 106.18 ml of sodium citrate solution
were mixed and adjusted with sulfuric acid solution 0.1 M and sodium hydroxide 0.1 M. For

the buffer at pH 8, 6 ml of the citric acid solution and 238.86 ml of sodium citrate solution

13
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were mixed, similarly, it was adjusted using solutions of sulfuric acid and sodium hydroxide.

1. 12.5 ml of the CV dye was placed in a 100 ml beaker.
2. The pH was measured and adjusted to the necessary pH.
3. bg of sand and 2.5 ml of hydrogen peroxide was placed at the same time.

4. The beaker was placed for 2 hours in a reaction chamber equipped with a UV lamp 365
nm. In the case that the experiment was without irradiation, it was necessary to wrap it

with aluminum foil to prevent the light from entering the chamber.

5. After 2 hours, 3 ml of sample was taken in a quartz cell to measure the absorbance in a

UV-Vis Spectrophotometer at wavelength 543.9 nm.

6. With the absorbance measurements obtained, the percentage of discoloration was calcu-
lated using the following equation:

AO - A2h .

% Discoloration =
Ay

100 (2)
Where Aj is the absorbance at initial time, and A,y is the absorbance after 2 hours.

In figure 3 a processes flow diagram is displaying.

14
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Sample in a beaker

Measure pH }—

pH needed? Adjust pH }

)

l Yes

Add catalyst

¥

Hydrogen

Yes ( Add Hydrogen Peroxide
Peroxide? L

Irradiation? No { Wrap in aluminum foil J
Introduction to the ( )
Reaction time
UV radiation chamber L i )
Take 3 ml of sample

Measure absorbance

Figure 2: A processes flow diagram to study the removal of the crystal violet dye using Ecuado-

rian Sands.
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3.3.8 Kinetics studies

Kinetics studies were performed on 100 ml beakers with the best parameters obtained for
the adsorption process (without the presence of irradiation nor hydrogen peroxide) in the
experimental design previously performed. The concentration of the CV dye was 40 mg/L.
The process flow for this study was the same as that used in the experimental design. During
2 hours, 3 ml samples were collected in quartz cuvettes to measure their absorbance in the
Spectrophotometer at required time intervals, at 0, 12, 24, 36, 48, 60, 72, 95, 120 min, with the
absorbance values obtained, the percentages of discoloration were calculated using the equation
(2).

Kinetic models were used to determine the rate of the adsorption process. The kinetic
data for the various adsorbate-adsorbent systems studied in the present work were analysed
with four different kinetic models, namely, pseudo-first order, pseudo-second order, intraparticle
diffusion (Wever-Morris) and Elovich. All these isotherms are better defined in Appendix G
The procedure that was carried out was the same described in the kinetic studies, but only for

adsorption processes, that is, without the presence of light nor hydrogen peroxide.

3.3.9 Adsorption isotherms

The effect of catalyst dose on the equilibrium uptake of CV (40 mg/L) was investigated with
SXQ-102 and SEM-205 concentrations of 1, 2, 4, 5, 6, 7, 8 and 9 g. The experiments were
performed by placing the sands in to a beaker with CV [40 mg/L] at pH = 8. In these
experiments there were not the presence of hydrogen peroxide nor irradiation. With the above
different catalyst concentrations to the equilibrium uptake (24 hours) and the amount of CV
adsorbed was determined using a Spectrophotometer.

The adsorption isotherms are fundamentally very decisive in the design of any adsorption
system. The equilibrium relationships between adsorbent and adsorbate can be described by
adsorption isotherms. In the present work, the adsorption data were analyzed with four well-
known isotherm models, namely, Langmuir, Freundlich, Temkin and Dubinin-Radushkevich,
adsorption isotherm models. All these isotherms are better defined in Appendix G.

The concentration of crystal violet (CV) dye in solution was measured by using a UV-Visible

spectrophotometric method using a UV-Vis spectrophotometer using quartz cells of path length

16



School of Chemical Science and Engineering YACHAY TECH

1 cm at wavelength 543.9 nm, and CV concentration was determined by comparing absorbance
to a calibration curve Appendix H. The maximum deviation observed was lesser than +5%.
The amounts of CV adsorbed at equilibrium (¢.) (mg/g) were calculated from subtracting final
solution concentrations from the initial concentration of the aqueous solution. The ¢, was

calculated by the following mass balance relationship:

v

Ge = (CO - Ce) . W (3)

where Cy and C, are the initial and equilibrium liquid-phase concentrations of CV, respec-

tively (mg/L), V the volume of the solution (L), and W is the weight of the catalysts used

(2)

17
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4 Results and Discussion

4.1 Characterization of Sands

4.1.1 UV-Vis diffuse reflectance spectroscopy (UV- Vis DRS)

The UV-Vis diffuse reflectance spectra of the Samples magnetically enriched and powdered
SXQ-102 and SEM-205 are shown in Figure 3.

(a) (b)

% Reflectance
% Reflectance
10 20 30 40 50 60

0 10 20 30 40 50 60

T T T T T T T T T T T T T ]
200 300 400 500 600 700 800 200 300 400 500 600 700 800

wavelenght({nm) wavelenght(nm)

Figure 3: UV-Vis absorption spectrum for magnetically enriched and grounded black sand

fractions of SXQ-102(a) and SEM-205(b).

The gap energy assessment was determined using the absorption spectrum based on the
Kubelka-Munk equation (Appendix F). This equation allows to obtain the value of the band
energy through the values of the function. If the value of [F(R)hv]'/™ vs hv] is plotted and a

straight line that crosses the axis is extrapolated of the coordinates as shown in Figures 4 .
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Figure 4: Tauc plot using the UV-Vis DRS of SXQ-102(a) and SEM-205(b).
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Table 10: Band-gap values of the sands.

Sand Eg |Wavelength

SXQ-102(3.37 ev| 376 nm

SEM-205|3.68 ev 337 nm

4.2 Crystal Violet Dye Characterization

4.2.1 UV-Vis Spectroscopy

24
22

2
18
16
14

1.2

Absorbance

1

0.8

0.6

0.4

0.2

0
190 215 240 265 290 315 340 365 390 415 440 465 490 515 540 565 590 615 640 665 690

Wavelength (nm)

Figure 5: UV-Vis spectrum of CV dye

In Figure 5, There are 3 characteristic peaks, the most outstanding belong to the chromophore
of the crystal violet dye that absorbs in maximum wavelength of 543.9 nm, there is a shoulder
at 588 nm that also belongs to the chromophore of the dye and coincides with that reported by
the literature [9]. The peaks that are in the range of 240 nm to 315 nm represent the aromatic
rings and the C-N bonds. The shoulder in the 210 nm region could represent the chlorine

cation.
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4.2.2 Fourier Transform Infrared Spectrophotometry (FTIR)
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Figure 6: FTIR spectrum of CV dye.

The Figure 6 shows the FTIR spectrum. There is more than one peak obtained in the region
of the C-H bending vibrations (900-600cm ') that can support the presence of an aromatic
structure. In region 1300 —1000cm ™!, there is a peak at 1072cm ™! refers to C—H bending vibra-

I corresponds to the C-N stretching vibrations. The benzene

tions, and a peek at 1169.94cm™
rings are very clear supportive to the peak at 1517.71cm~! that acts the C=C stretching of
the benzene ring, and a peak at 2979.26cm ™! for C—H stretching with asymmetric C Hs group.
FTIR spectra of this dye show the presence of a band in 3398.8cm ™! allot to N-H stretch-
ing vibrations of primary amines. This last peak may be due to traces of trimethylmethane
compounds that contain the Crystal violet dye. This dyes commercially is found as a mixture

of several trimethylmethane compounds where Crystal Violet predominates (Appendix A.1)

(Table 21)
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4.3 Experimental Design

The results of the crystal violet dye removal according to the proposed factorial experiment

design 2% is presented in Table 11.

Table 11: Percentage of discoloration and degradation of CV in the Runs Performed in the

Experimental Design.

No. Variables Levels Response
Catalyst (Sand)| pH [H202] Irradiation % Discoloration
M) | (nm)
1 SEM-205 3 0 NO 42.3+0.5%
2 SXQ-102 3 0 NO 27.3+0.5%
3 SEM-205 8 0 NO 37.5+0.5%
4 SXQ-102 8 0 NO 15.840.5%
5 SEM-205 3 1 NO 82.2+0.5%
6 SXQ-102 3 1 NO 30.6+£0.5%
7 SEM-205 8 1 NO 97.3+£0.5%
8 SXQ-102 8 1 NO 81.7+0.5%
9 SEM-205 3 0 365 74.3+£0.5%
10 SXQ-102 3 0 365 42.6+0.5%
11 SEM-205 8 0 365 50.6+0.5%
12 SXQ-102 8 0 365 36.8+0.5%
13 SEM-205 3 1 365 76.6+£0.5%
14 SXQ-102 3 1 365 72.9+0.5%
15 SEM-205 8 1 365 97.6+0.5%
16 SXQ-102 8 1 365 92.6+0.5%
17 SEM-205 8 1 NO 97.2+0.5%
18 SEM-205 8 1 NO 97.0+0.5%
19 SEM-205 8 1 NO 97.1+0.5%
20 SXQ-102 8 1 NO 81.7+0.5%
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21

SXQ-102

NO

81.7+0.5%

22

SXQ-102

NO

81.6+0.5%

The dye removal percentage responses were analyzed with the R Studio software to determine

the main effects and interaction between them. Table 12 shows the Analysis Of the Variance

(ANOVA) of the main effects and the interactions between them. Effects with a Pr(> F) of

less than 0.05% were considered statistically significant. The Pr(> F) is an established limit

where there is a 95% confidence level. Table 12 reports the analysis of variance for the removal

of the crystal violet dye, showing that 4 factors and 2 interaction were statistically significant,

that is, the Pr(> F) is less than 0.05. The Analysis Of Variance (ANOVA) of the model yielded

the following results:

Table 12: Analysis of the variance for the removal of crystal violet dye.

Factor DflSumSq/MeanSq|F value Pr(>F)
S 1| 1836 1836 | 51.777 |0.000178|***
pH 1| 1786 1786 | 50.366 |0.000194 ***
P 1| 7984 7984 |225.113 | 1.4e-06 [***
I 1| 686 686 19.345 |0.003163| **
S:pH | 1] 153 153 4.314 10.076426
S:P 1 1 1 0.022 |0.887325
pH:P | 1| 1909 1909 | 53.813 |0.000158|***
S:1 1| 137 137 3.869 [0.089893
pH:I 1| 133 133 3.736 10.094518
P:I 1 87 87 2.441 10.162170
S:pH:P | 1 45 45 1.271 10.296743
S:pH:I | 1 13 13 0.353 (0.571235
S:PI | 1] 249 249 7.027 10.032901| *
pH:P:I | 1 10 10 0.280 [0.613060
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Residuals| 7 248 35

Significa.codes: 07*** 0.001**’ 0.01"*" 0.05’.” 0.1’ " 1

This analysis indicates that there is a significant difference between the sands used, pH and
peroxide are important factors, but more importantly, there is a strong interaction between
them. The best yields are obtained when both factors are at their high level. UV radiation is
a significant factor, but less important than the previous ones.

Figure 7 contains a normal quantile plot of the 4 main effects and 4 interactions. A straight
line has been superimposed over the small irradiance main effect and irradiance:pH interaction.
It is clear that the main effect of peroxide is very large, it appears to deviate substantially from
the straight line. While the main effect of pH, Sand=(A), irradiation and interactions between,
pH:peroxide have important effect in the process of integrated photocatalytic and adsorption.

All the other main effects and interactions are negligible.
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Figure 7: Q-Q plot of experimental design.
To identify possible differences between the dye reduction mechanisms that act in each

arena, the design results were separated into two blocks, one for sands from Mompiche and

another for sands from the slopes of Quilotoa.
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Mompiche Sands. The design was reduced to 23 and three replicas.

Table 13: Results of discoloration percentages with SEM-205 according to the design of factorial

experiments.

Mompiche Sand

Treatments pH|H,O; |Irradiation|% Discoloration
1 -1 -1 -1 42.34+0.5%
2 1] -1 -1 37.54+0.5%
3 1)1 -1 82.240.5%
4 1 1 -1 97.3+0.5%
5 -1 -1 1 74.3+0.5%
6 1] -1 1 50.6+0.5%
7 1)1 1 76.6+0.5%
8 1 1 1 97.64+0.5%
9 1 1 -1 97.240.5%
10 1 1 -1 97.04+0.5%
11 1 1 -1 97.14+0.5%

Table 14: Analysis of the variance for the response percentage of discoloration using SEM-205

sand

Factor |Df|SumSq|MeanSq|F valuePr(>F)
pH 1 447 447 22.499 |0.009015| **
P 1] 3914 3914 | 197.076 |0.000149|***
I 1 105 105 5.278 10.083173
pH:P 1 684 684 34.414 10.004216| **
pH:I 1 32 32 1.601 |0.274485
P:1 1 315 315 15.849 10.016386| *
Residuals| 4 79 20
Significa.codes: 07*** 0.001**’ 0.01"*" 0.05’.” 0.1’ " 1
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This analysis indicates that pH and peroxide continue to be the most important factors,
with a strong interaction between them. The best yields are obtained when both factors are
at a high level. UV radiation is not a significant factor for Mompiche, more significant is its
interaction with peroxide. It seems that in the case of Mompiche, surface adsorption is the
mechanism that defines the process of dye removal.

Statistical analysis for the crystal violet dye removal response using the quantile graph
showed that the concentration of hydrogen peroxide, the interaction between pH and peroxide,
pH and the interaction between peroxide concentration and Irradiation as significant parameters
in dye removal for the integrated photocatalytic reaction and adsorption system using black

sands from Ecuador (Figure 8).
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Figure 8: Q-Q plot of experimental design (SXQ-102).
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For the experiment with Quilotoa the design was reduced to 23 and three replicas.

Table 15: Results of discoloration percentages with SXQ-102 according to the design of factorial

experiments.
Quilotoa Sand
Treatments pH|H,O;|Irradiation|% Discoloration
1 -1 -1 -1 27.3+0.5%
2 1] -1 -1 15.8+0.5%
3 -1 1 -1 30.64+0.5%
4 1 1 -1 81.7+0.5%
5 -1 -1 1 42.64+0.5%
6 1] -1 1 36.84+0.5%
7 -1 1 1 72.940.5%
8 1 1 1 92.64+0.5%
9 1 1 -1 81.7+0.5%
10 1 1 -1 81.7+0.5%
11 1 1 -1 81.64+0.5%

Table 16: Analysis of the variance for the response percentage of discoloration using SXQ-102

sand

Factor |Df|SumSq|MeanSq|F valuePr(>F)
pH 1] 1479 1479 33.102 |0.004526| **
P 1] 3972 3972 88.877 {0.000706 |***
I 1 684 684 15.306 [0.017361| *
pH:P 1] 1263 1263 28.265 |0.006020]| **
pH:I 1 111 111 2.493 ]0.189528
P:1 1 28 28 0.636 ]0.469884
Residuals| 4 | 179 45
Significa.codes: 07*** 0.001**’ 0.01"*" 0.05’.” 0.1’ " 1

26



School of Chemical Science and Engineering YACHAY TECH

This analysis indicates that pH and peroxide continue to be the most important factors,
with a strong interaction between them. The best yields are obtained when both factors are
at a high level. UV radiation is a significant factor for Quilotoa. It seems that in the case of
Quilotoa a photocatalysis mechanism is present during the dye removal process.

Figure 9 contains a normal quantile plot of the 3 main effects and 3 interactions for SXQ-102.
A straight line has been superimposed over the small irradiance main effect and irradiance:pH
interaction. The main effect of peroxide is very large. While the main effect of pH, Irradiation
and interactions between pH:peroxide significant in the integrated photocatalytic adsorption
process with SXQ-102. All the other main effects and interactions are negligible. It seems that

in SXQ-102 predominate an photocatalitic process.

Sample Quantiles
10 20 30 40 50 60

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Theoretical Quantiles

Figure 9: Q-Q plot of experimental design (SEM-205).
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4.4 Kinetics of IPCA and Adsorption with SXQ-102 and SEM-205

4.4.1 Kinetics with SXQ-102 of best results of IPCA and adsorption processes.

Table 17: Best results of IPCA and adsorption processes with SXQ-102 obtained from experi-

mental design

Run Variables Levels Result

No |Catalyst (Sand) pH|H2O5(M)|Irradiation (nm)|%Discoloration
4 SXQ-102 8 0 NO 17.440.5%
16 SXQ-102 8 1M 365nm 93.7+0.5%

The kinetics of the best results obtained for adsorption and integrated photocatalysis and
adsorption was performed with the aim of comparing them. Figure 10 shows the kinetic of
both processes with Quilotoa sand (SXQ-102). The red line corresponds to the adsorption
process without the presence of light nor peroxide. The black line represents the integrated
photocatalysis and adsorption process. The adsorption process shows that in 2 hours it removal
17.4%. The kinetics of the integrated photocatalysis and adsorption process shows that degrades

exponentially reaching 93.7% removal in 2 hours.

SXQ-102 Kinetics = IPCA
®  Adsorption
100
.- ™ 937%
804 -
| ]
—_ | ]
& 60 .
c
S
g |
S 404
(5]
[a} [
20 0
. ° o 17.4%
/ . ° P L ]
04 w—°®
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Figure 10: Kinetics for SXQ-102 IPCA and Adsorption.

In the Figure 11 we can see before and after the dye when treated by integrated photocatal-
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ysis and adsorption process.

Integrating
photocatalysis
and adsorption

Figure 11: CV dye in solution and Discoloration by SXQ-102 after 2 hours.

4.4.2 Kinetics with SEM-205 of best results of IPCA and adsorption processes.

Table 18: Best results of IPCA and adsorption processes with SEM-205 obtained from experi-

mental design

Run Variables Levels Result

No |Catalyst (Sand) pH|H205(M)|Irradiation (nm)|%Discoloration
3 SEM-205 8 0 NO 37.6+£0.5%
15 SEM-205 8 1M £0.5 365 nm 97.1%

The kinetics of the best results obtained for adsorption and integrated photocatalysis and
adsorption was performed with the aim of comparing them. Figure 12 shows the kinetic of
both processes with Mompiche sand (SEM-205). The red line corresponds to the adsorption
process without the presence of light nor peroxide. The black line represents the integrated
photocatalysis and adsorption process. The adsorption process shows that in 2 hours it removal
37.6%. The kinetics of the integrated photocatalysis and adsorption process shows that degrades

exponentially reaching 97.1% removal in 2 hours and more that 90% in less than 1 hour.
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Figure 12: Kinetics for SEM-205 IPCA and Adsorption.

In the Figure 13 we can see before and after the dye when treated by integrated photocatal-

ysis and adsorption process.

Integrating
photocatalysis
and adsorption

Figure 13: CV dye in solution and Discoloration by SXQ-102 after 2 hours.

It is clear that integrating photocatalysis process to the adsorption process we greatly im-
prove the removal process, with these results confirmed that the sands can be used as photo-
catalytic adsorbents. Mompiche shows better result due to their adsorbent nature also because

it’s particle size is smaller than Quilotoa, which increase its surface area and then improves the

process.
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4.5 UVVis absorption spectra

In order to monitor the removal of the crystal violet dye under adsorption conditions and IPCA,
adsorption spectra were made at different levels. As shown in Figures 14 and 15, the initial
solution shows 4 characteristic peaks located at 215 nm, 250 nm, a small peak at 310 nm and
543 nm with a shoulder at 588 nm, attributed to the chromophore group and benzene rings of

the violet crystal molecule.

. ) (b)
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1.0 10min 124
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Figure 14: Absorption spectra of the initial CV solution and after 10, 20, 30, 40, 50, 60, 70,
80, 100, 120 min. Conditions: [CV]q=40 ppm, pH=8, Sand= SXQ-102(a) and SEM-205(b).
(Adsorption)

The spectrum observed after adsorption of the dye with SXQ-102 (Figure 14 (a)) exhibits
a smaller decrease of the 4 characteristic peaks, as mentioned in the previous section, with this
process only 17% discoloration was achieved.

In figure 14 part (b) the spectrum is shown after adsorption of the dye with SEM-205, in this
case, a notable decrease is shown in the 4 characteristic peaks but not 100% with this process
a 38% discoloration was achieved. With these results, we can conclude that both arenas are

absorbent but not very effective.
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Figure 15: Absorption spectra of the initial CV solution and after 10, 20, 30, 40, 50, 60, 70, 80,
100, 120 min. Conditions: [CV]o=40 ppm, pH=8, [H203], Irradiation, Sand= SXQ-102(a) and SEM-
205(b). (Integrated Photocatalysis and Adsorption (IPCA))

Figure 15 shows full instantaneous UV-Vis adsorption spectra of the reaction mixture for
both sands, registered at different times. At t=0 the spectra presents a main band at 543.9 nm,
a shoulder at 590 nm and some minor peaks in the UV region at 215, 250 and 543 nm. It can
be noticed that these bands keep decreasing while the reaction is advances and by the other
hand, the signal at 310 nm is growing. That seems to suggesst the apparition of by-products .

In the last spectrum after the IPCA process with SEM-205 (figure 15 (b)), a significant de-
crease in the peak at 543 nm is observed, the decrease in this peak almost disappears completely.

With this sand a 97% discoloration was achieved.
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4.6 Adsorption Isotherms

The adsorbent dose represents an important parameter for the study of isotherm models. The
effect of adsorbent dose on the amount of CV adsorbed was conducted over a range of SEM-205
and SXQ-102 doses of 1 to 9 g /15 mL at an initial concentration of the dye (40 mg/L) for
a contact time of 24 hours at constant pH 8.0, and the results are presented in Figure 16.
Is clearly observed that with increasing the adsorbent dose from 1 to 9g, the percentage of
discoloration of CV was increased from 47 to 79% at 40 mg/L of the dye concentration and
with SEM-205 sand and for SXQ-102 there was an increase of 6 to 31% at the same conditions.
The increase in percentage removal with the adsorbent dose can be attributed to the increase

of the available adsorption surface and availability of more adsorption sites.

——SEM-205 —--SXQ-102

@
S

% Discoloration
8

0 1 2 3 4 5 6 7 8 9 10
Catalyst concentration (g)

Figure 16: Relation between amounts of CV adsorbed at equilibrium (g.) using different con-

centrations of SXQ-102 and SEM-205

Adsorption is typically represented through isotherms, that is, the quantity of adsorbate on
the adsorbent as a function of its pressure (in case of gas) or concentration (in case of liquid) at
a constant temperature. Amount of adsorbate is almost continuously normalized by the mass
of the adsorbent to permit comparison of various material. Equilibrium studies on adsorption
process provide data on the capacity of the adsorbent.

Adsorption isotherms is a representation of the equilibrium adsorption capacity. g.[mg/g]

measured at at different concentration plotted as a function of the equilibrium concentration

33



School of Chemical Science and Engineering

YACHAY TECH

(Ce[mg/ L)) of solution studied.

The equilibrium experiment data were analysed by different models Langmuir, Freundlich,

Temkin and Dubinin-Radushkevich.

Table 19 shows the data obtained from isotherm models.

Table 19: Isotherm models obtained from linear solvation

Isotherm models Parameters SEM-205 SXQ-102
am(mg/g) 24.77 £1.98 52.93 +2.42
Ky (L/mg) 13.93 £1.4 44.03 +2.86
Ry 1.78E-3 £1.88E-4(5.67E-4 £3.68E-5
Langmuir
R? 0.96 0.98
Error 1.01E-4 1.72E-6
Fovalue 204.95 475,78
n 2.19 £0.12 2.02 +0.06
Kr(mg'~Y/"LY™/g)|40.04 4+2.40 170.70 £10.24
Freundlich R? 0.98 0.99
Error 2.6E-3 1.16E-4
Fvalue 317.71 995.06
B(J/mol) 6.22 +0.35 13.70 +£0.67
b 0.40 +0.02 0.18 +8.80E-3
Kr(L/g) 101.49 +£30.45  |303.90 +100.61
Temkin
R? 0.97 0.98
Error 2.09 1,11
Fvalue 309.53 421.99
am(mg/g) 25.56 +£1.19 70.19 £2.67
K 0.02 £9.9E-4 0.01 +4.33E-4
Dubinin-Radushkevich b 205 20T 0-80 2014
R? 0.97 0.99
Error 0.01 9.47E-4
Fuvalue 268.18 641.57
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The theoretical Langmuir sorption isotherm
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Figure 17: Linear Langmuir (a) and Freundlich (b) model for adsorption of Crystal Violet over
SEM-205 and SXQ-102.

Is the most widely used for the adsorption of a pollutant from a liquid solution. It is valid for
adsorption of a solute from a liquid solution as monolayer adsorption on specific homogenous
sites (a finite number of identical sites) within the adsorbent surface, which are energetically
equivalent. Therefore, the Langmuir isotherm model estimates the maximum adsorption capac-
ity produced from complete monolayer coverage on the adsorbent surface (Appendix G.1.0.1).
The results obtained from Langmuir model for the removal of crystal violet dye by SEM-205
and SXQ-102 have coefficients of determination of R? = 0.96 and 0.98 respectively (Table 19).
Figures 17 part (a) shows the isotherm plot and the experimental data of Langmuir isotherms.
This figure indicates the applicability of Langmuir isotherm model. The maximum monolayer
capacity Qm obtained from linear solvation of Langmuir model for SXQ-102 and SEM-205 are
24.77+1.98 mg/g and 52.93+2.42 mg/g, respectively.

The Freundlich isotherm

Model is applicable to the adsorption on heterogeneous surfaces with interaction between
adsorbed molecules. It is also suggests that sorption energy exponentially decreases on comple-
tion of the sorption centers of an adsorbent. Therefore, Freundlich isotherm can be employed
to describe the heterogeneous systems. Kp represents the quantity of dye adsorbed onto ad-

sorbent for unit equilibrium concentration. The n value indicates the degree of non-linearity
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between solution concentration and adsorption as follows: if the value of n = 1, the adsorption
is linear; n < 1, the adsorption process is chemical; if n > 1, the adsorption is a favorable
physical process (Appendix G.1.0.2).

Figure 17 part (b) represents the plot of log(C,) versus log(Q).) with the intercept value
of log (Kr) and the slope of 1/n. The coefficients of determination for SEM-205 and SXQ-
102 are R? = 0.98 and 0.99, respectively. This result indicates that the experimental data
fitted Freundlich model is better than Langmuir in both cases and the n > 1, indicating that
adsorption of CV onto SEM-205 and SXQ-102 are physical process.
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Figure 18: Linear Temkin (a) and Dubinin-Radushkevich (b) model for adsorption of Crystal
Violet over SEM-205 and SXQ-102.

Temkin isotherm

Model assumes that the heat of adsorption of all the molecules in the layer decreases linearly
with coverage due to adsorbate-adsorbent interactions as well as the adsorption is characterized
by a uniform distribution of maximum binding energy. The derivation of the Tempkin isotherm
assumes that the fall in the heat of sorption is linear rather than logarithmic, as implied in
the Freundlich equation (Appendix G.1.0.3). Figure 18 part (a) shows the adsorption data
according to the linear form of the Temkin isotherm equation and value of constants and
coefficients are given in Table 19. The coefficients of determination obtained for SEM-205 and
SXQ-102 are R? = 0.97 and 0.98, respectively, which indicates that the Temkin isotherm fit
well the equilibrium data obtained for the adsorption of CV onto SEM-205 and SXQ-102. The
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values of b indicate that the both processes are exothermic.

Dubinin-Radushkevich (D-R) isotherm

Model does not assume a homogeneous surface or constant sorption potential. It was applied
to estimate the porosity apparent free energy and the characteristic of adsorption and it has
commonly been applied in the form equation and its linear form (Appendix G.1.0.4). Figure
18 part (b) shows the plot of In(Q.) versus (g2) of the experimental data for the adsorption
of CV onto SEM-205 and SXQ-102. The slope gives K (mol?(kJ?)") and the intercept yields
the adsorption capacity, @, (mg/g). The mean free energy of adsorption (E), defined as the
free energy change when one mole of ion is transferred from infinity in solution to the surface
of the sorbent. Calculated D-R constants for the adsorption of CV on SEM-205 and SXQ-102
are shown in Table 19; the values of coefficients of determination are R? = 0.97 and 0.98,
respectively which indicating that the D-R fit well the experimental data in comparable with
the Langmuir and Temkin isotherm models. The maximum capacity @),, obtained using D-
R isotherm model for adsorption of CV on SEM-205 and SXQ-102 are 25.53 and 70.1 mg/g,
respectively (Table 19). The values of E is 5.55 £0.17 KJ/mol for SEM-205 and 6.80 +0.14
KJ/mol for SXQ-102 sand. The typical range of bonding energy for ion- exchange mechanisms
is 8-16 KJ/mol, indicating that physisorption plays a significant role in the adsorption process
of CV onto SEM-205 and SXQ-120.

Parameters related to each isotherm were determined by using linear regression analysis and
the square of the correlation coefficients (R?) have been calculated. A list of the parameters
obtained together with R? values is given in Table 19. A comparison of the experimental
isotherms with the adsorption isotherm models showed that the Freundlich isotherm represent
the best fit of experimental data for both sands SEM-205 and SXQ-102 as compared to the
other isotherm equations (R? = 0.97 and 0.99), respectively. The maximum monolayer capacity

obtained for CV adsorption on SEM-205 and SXQ-102 ware 24.771.08 mg/g and 52,932.42
mg/g.

4.7 Kinetic Study

Several models were used to examine the rate controlling of the adsorption process such as

chemical reaction, diffusion control and mass transfer. Since the kinetic parameters are helpful
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for the prediction of adsorption rate and give important information for designing and modeling
the adsorption processes, the kinetics of the adsorption of CV onto SEM-205 and SXQ-102 were
investigated. Therefore, pseudo first- order, pseudo second-order, Elovich and intraparticle
diffusion kinetic models were applied for the adsorption of CV on SEM-205 and SXQ-102 and
the conformity between experimental data and the model-predicted values were expressed by

the coefficients of determination (R?).
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Table 20: Comparison of kinetic models

Kinetic models| Parameters SEM-205 5XQ-102
Ads Ads
k1(min™1) 1.52E-5 +1.31E-6|2.92E-6 +5,53E-8
geexp(mg/g) 27.77 £1.98 52.93 £2.42
Pseudo-First |g.cal(mg/g) 24.24 £2.04E-3 [52.93 +1.8E-4
Order R? 0.95 0.99
Error 1.45E-7 2.63E-10
Fuvalue 139.28 2736.13
ka(g/mgmin) 1.72E-6 +3.12E-7|6.35E-8 +5.82E-9
g.exp(mg/g) 24,77 £1.98 52.93 £2.42
Peeudo.Second gecal(mg/g) 24.23 +3.67 52.77 £2.43
h 0.0099 0.00017
Order
R? 0.92 0.93
Error 110019.28 31367.25
Fvalue 87.29 98.32
a(mg/gmin) 1.64E-3 £3.29E-4|4.53E-4 +9.06E-5
B(g/mg) 45.99 +1.84 07.64 +6.83
Elovich R? 0.99 0.98
Error 2.97E-6 2.02E-6
Fvalue 624.59 203.94
kiq(mgmin/?/g)[0.005 £1.084E-4 |0.002 £8.996E-5
C -0.008 £8.750E-4 [-0.008 +7.260E-4
Weber-Morris |R? 0.99 0.99
Error 1.57TE-6 1.08E-6
Fuvalue 2276.34 694.30
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Figure 19: Pseudo-First-order (a) and Pseudo-second-order model (b) for removal of crystal

violet dye by SEM-205 and SXQ-102.

The rate constant of adsorption is determined from the pseudo-first-order model, the earliest
known equation describing the adsorption rate based on the adsorption capacity (Appendix
G.2.0.1). Figure 19 part (a) represents plot the values of Log(g.—¢q;) versus ¢ of the pseudo-
first-order model and the parameters, k; and g., were calculated from the slope and intercept.
If the calculated ¢. does not equal the experimental g, then the reaction is not likely to be the
first-order reaction, but in this case, for SXQ-102 and SEM-205 the values of g.exq are highly
similar to g.cal. Even this plot has a high coefficient of determination with the experimental
data for SXQ-102 and SEM-205 and low standard error values. Therefore the adsorption of CV
onto SXQ-102 and SEM-205 are first-order reactions.

Figure 19 part (b) shows the pseudo-second-order model results, for SXQ-102 and SEM-205
the values of g.exq are highly similar to g.cal. This plot has a high coefficient of determination
with the experimental data for SXQ-102 and SEM-205, but high standard error values. There-
fore the adsorption of CV onto SXQ-102 and SEM-205 does not follow a pseudo-second-order
model (Appendix G.2.0.2).
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Figure 20: Elovich (a) and Weber-Morris model (b) for removal of crystal violet dye by SEM-205
and SXQ-102.

Elovich equation is a rate equation based on the adsorption capacity (Appendix G.2.0.3).
Figure 20 part (a) shows plot of ¢ versus In(t) and the Elovich constants were calculated from
the slope (1/3) and intercept (1/5)In(a - ) of the straight lines and reported in Table 20.
The coefficients of determination R? are 0.99 and 0.98 for SEM-205 and SXQ-102, respectively
without definite role, which reflects the applicability of this model to the experimental data
obtained for the adsorption of CV on SEM-205 and SXQ-102.

The dye adsorption is usually controlled by either the intraparticle or the liquid-phase mass
transport rates. If the experiment is a batch system with rapid stirring, there is a possibility that
intraparticle diffusion (Weber-Morris) is the rate controlling step. This possibility was tested
in terms of a graphical relationship between ¢, and the square root of time, t'/? | according to
the intraparticle diffusion model proposed by Weber and Morris (Appendix G.2.0.4). Since the
Crystal Violet dye is probably transported from its aqueous solution to the SEM-205 or SXQ-
102 by intraparticle diffusion, so the intraparticle diffusion is another kinetic model should be
used to study the rate-limiting step for crystal violet adsorption onto SEM-205 and SXQ-102.
If the intraparticle diffusion is involved in the adsorption process, then the plot of ¢, versus t'/2
would result in a linear relationship, and the intraparticle diffusion would be the controlling
step if this line passed through the origin.

The shape of Figure 20 part (b) confirms straight lines not passed through the origin with

coefficients of determination ranged from low to high value without definite meaning, which is
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indicative of some degree of boundary layer control and this further shows that the intraparticle
diffusion is not only the rate controlling step for the adsorption of the crystal violet on SEM-205
and SXQ-102 , but also other processes may control the rate of adsorption. The intraparticle
diffusion rate constant, K4, were 0.005 +1.084E-4 (mg - min'/?/g) for process with SEM-205
and 0.002 £8.996E-5 (mg - min'/?/g) for process with SXQ-102.
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5 Conclusions

e Sands from Mompiche and Quilotoa were successfully utilized as a low cost alternative
photocatalytic adsorbent for the removal of crystal violet dye, being Mompiche more

effective.

e The best conditions for degradation of the crystal violet dye were found using an experi-

mental design.

e The influence of four reaction factors was determined: hydrogen peroxide concentration,
irradiation, pH and catalyst, on the removal of the crystal violet dye using black sands
from the equator with photocatalytic absorbers.The best conditions of the integrated
photocatalysis and adsorption process using Ecuadorian sands were 5 g of catalyst, 1M

hydrogen peroxide concentration, pH: 8 and and irradiation time: 2 hours.

e The technical feasibility of the removal of the crystal violet dye in water was evaluated
using black sands from the equator as photocatalytic absorbers, the comparative study
showed that the removal activity of Mompiche sands (SEM-105) was better than that of
Quilotoa (SXQ -102) with 97% discoloration in 2 hours compared to Quilotoa with 93%.

e Kinematics was performed with both sands where 90% discoloration is obtained in less

than an hour with Mompiche.

e The adsorption isotherm study showed that the adsorption with SEM-205 followed a
Freundlich model with high coefficient of determination (R?) and a low standard error

value. The maximum adsorption capacity obtained was 24.77+1.98 mg/g.

e In the case of adsorption with SXQ-102, it followed the Freundlich and Dubinin-Radushkevich
models with high coefficients of determination (R?) and a low standard error value. The

maximum adsorption capacity obtained was 52.93+2.42 mg/g.

e Temkin and Dubinin-Radushkevish models showed that in both processes, adsorption
with SEM-205 and with SXQ-102 physisorption plays a significant role in the process of
removal of CV with SEM-205 and SXQ-102, and both processes are exothermic
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e The adsorption kinetic data with SEM-205 and SXQ-102 are well represented by the

pseudo-first-order model, with high regression coefficients and a low standard error value.

6 Recommendations

e According to the previous conclusions, it is necessary to identify the by-products formed
in the integrated photocatalytic and adsorption process with SXQ-102 and SEM-205.
Also, it is necessary to evaluate the photocatalytic activity and integrated adsorption of
magnetic fractions of both sands under conditions of real wastewater with concentrations
of different organic compounds and to quantify in addition to the removal of the pres-
ence of other residual gases. Besides, experimentation in a pilot plant reactor could be

beneficial considering the number of cycles the sand can withstand.
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Appendices

A Appendix 1.

A.1 Crystal Violet Dye

Crystal violet (CV) or gentian violet also known as methyl violet 10B or hexamethylpararosani-
line chloride, a cationic triphenylmethane dye derived from aniline (Figure 21), and to com-
mercial mixture of triphenylmethane dyes with hexamethylpararosaniline chloride as the pre-
dominate constituent (Table 21) [10].

R3
\N/

D .
N
N N
| ;,
Figure 21: Structure of Crystal Violet

Table 21: Composition of commercial Crystal Violet

Typical Composition of Substituent

% Concentration
Commercial Gentian Violet R, | R, | R3 | Ry

Hexamethylpararosaniline chloride .
CH;|CH;|CH5|CH; Typically >96%

[Gentian Violet; Crystal Violet]

Pentamethylpararosaniline chlorine

[Methyl Violet]

CH;3|CH3|CH3| H
If present, typically <4%

N,N,N’N’-Tetramethylpararosaniline
chloride

H |CH3|CH3| H

N,N,N’ N’-Tetramethylpararosaniline
chloride

CH;3|CHs| H | H

N,N’ N’-Trimethylpararosaniline
chloride

CH3| H | H | H [If present, typically trace
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Crystal Violet (CV) dye has been used in human and veterinary medicine and also as a
dye in textile and paper industries [9]. The medical community also applies CV as a biological
stain. The dye is also used as an external skin disinfectant in humans and animals [35].

The CV is reported as a recalcitrant molecule that persists in the environment for a long
time and has toxic effects on aquatic as well as terrestrial life [9]. In vitro investigations have
revealed that CV acts as a mitotic poison, potent carcinogen and promotes tumor growth in
some species of fish[36]. Hence, CV is regarded as a biohazard substance. The dye is also
found to cause moderate eye irritation, painful sensitization to light and permanent injury
to the cornea since the product is a cationic dye, which is highly toxic to mammalian cells.
Nevertheless, in extreme cases, it may lead to respiratory and kidney failures [37].

The dark-colored wastewater containing CV significantly affect the photosynthetic activity
of aquatic plants because of reduced sunlight penetration and may also be toxic to some other
aquatic life due to the presence of aromatics, metals, and chlorides etc.[38] Due to its adverse
effects on human health, CV has been listed as hazardous chemical or material and its use has
been prohibited in aquaculture and food industry. However, it is still used in some areas due
to its relatively low cost, ready availability, and efficacy[39]. Hence, the removal of CV from
wastewater of different industries is essential to not only protect human health but also for the

protection of soil and water ecosystems.

A.2 Techniques of wastewater treatment

Pollution by organic chemicals including dyes is one of the most serious environmental prob-
lems facing life on earth. These dyes have a variety of complex organic compounds and toxic
substances with unknown environmental behavior such as aromatic amines (CgHs — N Hs),
which are suspected to have carcinogenic effects. The resistance of these organic compounds to
decomposition due to their complex chemical structure results in difficult to treat [40]. Many
researchers have studied different methods to remove dyes from wastewater including chemical
and physicochemical processes such as, adsorption, chemical precipitation, electrochemical oxi-
dation, and chemical oxidation processes [41]. Several reported methods for the removal of dye
pollutants from wastewater are summarized in Appendix C.

Different physical methods are widely used, such as membrane-filtration processes and ad-

o7



School of Chemical Science and Engineering YACHAY TECH

sorption techniques. Liquid-phase adsorption is one of the most popular methods for the
removal of pollutants from wastewater since it produces a high-quality treated effluent. This
process is an attractive alternative for the treatment of contaminated waters, especially if the
adsorbents are inexpensive and do not require an additional pretreatment step before its appli-
cation [43]. The major disadvantages of these kinds of processes are a limited lifetime before
membrane fouling occurs and the cost of periodic replacement [42].

Chemical methods include coagulation or flocculation, precipitation, electrokinetic coag-
ulation, advanced oxidation processes, or electrochemical process. Although these methods
are efficient for the treatment of wastewater contaminated, they are very costly, commercially
unattractive, require high electrical energy demand, the consumption of chemical reagents and

accumulation of concentrate sludge creates disposal problems [41, 43]

A.3 Adsorption

Adsorption technology is a physical technique, which is a promising treatment option for pol-
lutant removal due to its efficiency, simplicity, inexpensive and it is not toxic [11, 12]. In the
process of adsorption, the substance gets separated from the liquid phase and gets accumulated
on the adsorbent [13]. When solely utilized, this method is unable to eliminate or destroy the
pollutants completely, but rather concentrates the pollutants through adsorption and separates
it from the system. Various adsorbents have been reported in published works for the removal
of pollutants such as activated carbon, clays, zeolite, and polymeric adsorbents [14, 15, 16, 17].

Zeolites are aluminosilicates minerals that contain aluminum, silicon, and oxygen in their
structure. Zeolite is one of the most important adsorbents due to its high extensive surface
area, a charged framework with amphoteric properties and high adsorption capacity [18]. Be-
sides, its unique Al-O bonds in zeolite structure that able to reduce the electron electron-hole
recombination process, making it a promising candidate for hybrid adsorbents-photocatalyst

applications [19].

A.4 Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs), consist of generations of chemical oxidants such as

hydroxyl radicals, which is an important class of technology for accelerating the oxidation and
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destruction of a wide range of organic contaminants from wastewater [?]. The OHe radicals
are powerful, non-selective, and highly effective oxidants and react effectively with most of the
organic compounds [45, 46]. Besides the generation of radicals is made from oxygen, hydrogen
peroxide (H203), UV radiation, iron salts [Fe(Il) y Fe(III)] and catalysts such as titanium
dioxide (TiO3) [46, 48, 49, 50], so the reaction by-products are only water and carbon dioxide
[47]. The AOPs can be classified as non-photochemical processes and photochemical processes

based on the participation of light in the process (Table 22) [50, 51].

Table 22: Classification of AOPs

Non-photochemical processes/Photochemical pro-|Solar photocatalysis

cesses

e Ozonization
eVacuum ultraviolet |e Homogeneous
e Ozonization with Hy05/03

photocatalysis
e Fenton processes
e UV/H30, (Photo-Fenton)
and related
e Electrochemical oxidation e Heterogeneous Photo-Fenton
o U V/ 03
e Radiolysis and treatment
e Heterogeneous photocatalysis
with electron beans
Photocatalysis mechanism with
e Non-thermal plasma ,
] UV/H202/03 TlOQ

e Oxidation in a sub and super-

critical cater

A.4.1 Photo-Fenton and Heterogeneous Photo-Fenton
In Fenton processes, the generation of the hydroxyl radicals takes place from the decomposition
of hydrogen peroxide catalyzed by an iron salt, as shown in eq (4):

Fe*™ + HyOy — Fe*™ + OH™ + OHe (4)

The kinetics of the Fenton reaction can be increased by the irradiation of visible light and UV
light [52]. The photo-Fenton process becomes catalytic when Fe3* is reduced back to Fe?t by

radiation, as shown in eq (5):

FeT 4+ HyO + hy — Fe®t + OH o +H™" (5)
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Due to this, oxidation of the ferrous ion continues to occur due to the oxidative action of
hydrogen peroxide, while thanks to the photo-reduction, the accumulated ferric ion is reduced
to ferrous ion. Thus, the regenerated ferrous ion reacts again with hydrogen peroxide generating
hydroxyl radicals in a continuous cycle [53]. Considering that one of the main disadvantages
of the homogeneous Fenton process is the need for a neutralization stage to separate iron,
researchers are currently focused on the development of solid catalysts that incorporate iron
into their structure for the decomposition of hydrogen peroxide, such as Ilmenite, Hematite,

Magnetite, etc. This process is known as heterogeneous Fenton [54].

A.4.2 Heterogeneous Photocatalysis with 70,

Heterogeneous photocatalysis is an interesting alternative process that can remove the con-
taminants at ambient temperature and pressure by oxidation. Titanium dioxide is used as a
photocatalyst due to its bandgap that is 3.2 eV, and also because (T03) is non-toxic, chemi-
cally stable, commercially available, inexpensive, and environmentally friendly. In this process,
very reactive oxygen species are generated from the catalyst titanium dioxide induced by ul-
traviolet or visible radiation [55]. The titanium dioxide capacity to absorb energy and degrade
molecules is due to the energy bands created by atomic orbitals arranged when a new compound
is formed on the surfaces of the titanium dioxide. These regions are denominated conduction
band (CB) and valence band (VB)[56]. In titanium dioxide, there will be a region without
available energy levels, which are described as bandgap [57]. Figure 22. The electron (e) in the
CB can interact with oxygen molecules and form reactive groups, such as the hydroxyl (OHe)
and superoxide (Oe) radicals and single oxygen (1O3) [58, 59, 60]. On the other hand, the
vacancies (h™) created due to the electrons transfer are oxidants with the potential to convert

water molecules in OHe [61].
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Figure 22: Semiconductors photocatalytic mechanism..

A.5 Integrated Photocatalyst Adsorbents (IPCA)

The integration of adsorption and photocatalysis process gives several benefits to wastewater
treatment. This hybrid process would be able to remedy the disadvantages of each technique
when operated individually and hence improve the removal efficiency. A lot of studies have
been reported in employing IPCA for contaminant degradation in wastewater, these studies are
listed in the appendix ??7. Most of these studies reported on the improvement of degradation
efficiency due to the increment in contaminant adsorption on the photocatalyst surface by
the adsorbents. It is surprising that the numbers of publications concerning IPCA are very
limited, approximately only 13.7% from total publications about photocatalyst for wastewater
treatment from 1989 to 2018 [20].

One of the materials recently studied by the scientific community and that has shown
absorbent and photocatalytic nature is the Hematite due to its crystalline structure and its
narrow Band-Gap of 2.2 and makes it an ideal mineral for the integrated photocatalysis and
adsorption process [23] .

Previous studies have been proposed a reaction mechanism between IPCA and target com-
pound. Figure 23 shows the proposed of a general photocatalytic degradation reaction mecha-
nism. First, Dye adsorption occurs mainly through surface complexation as well as coagulation
on the surface of IPCA. Them, during the process of the semiconductor-initiated photocatalytic
reaction, IPCA can create electron-hole e - /b pairs upon UV-Visible light excitation. The
photogenerated electrons on the surface of IPCA may react with Oy and H,O to generate O,

and OH  radical and other reactive oxygen species. [62].

61



School of Chemical Science and Engineering YACHAY TECH

.
\ /\ "
e . + .
Q_/Oz 2H o, —= OH

cv Conduce on Band

cv*

UV-Visible light

Eg=3.23 ev cV' + OH-

H,O/0OH" l
cv h*
Valance Band Mineralized Products
OH

Adsorbed Crystal VioIe&V)

Figure 23: Schematic integrated adsorption and degradation of CV over Sands under UV-

visible-light illumination.

A.6 Black Sands

Black Sands, also known as ferrotitaniferous sands, they are a natural combination of heavy
minerals that are mostly made of iron oxides and titanium oxides, with traces of metals such as
manganese (Mg), magnesium (Mg), aluminum (Al), calcium (Ca), vanadium (V) and chromium
(Cr). The Black sands are constituted by minerals such as Magnetite (Fe3Oy), llmenite (FeO -
Ti0,), Hematite (Fex0s3), rutile (7905), Zircon (ZrSiO,) and different silicates like Quarts
(Si03) [63].

A.6.1 Deposits of Black sands in Ecuador

Several studies carried out in Ecuador show that the beaches located in the coastal strip,
mainly in the provinces of Guayas, Manabi and Esmeraldas, have potential deposits of fer-
rotitaniferous black sands, whose mineralogical resources (mainly Fe and Ti) have not been
fully exploited[64]. Currently, Scientific community are proposing projects that take advantage
of Ecuador’s non-renewable natural resources, such as black sands, thus contributing to the

change in the productive matrix of Ecuador [65].
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Table 23: Table of Classification of Dyes in Textile Industry

Classification of Dyes
Dye type Characteristics Examples
According to Chemical Structure
Polynitro derivatives of phenols containing at|Picric acid, Maritus
Nitro Dyes least one nitro group ortho or para to the hy-|yellow and Naphthol
droxyl group. yellow S
Aniline yellow, But-
The azo dyes represent the largest and thelter yellow, Chrysoi-
most important group of dyes. They are char-|dine, Methyl Orange,
Azo dyes acterized by the presence of one or more azo|Orange II, Para Red,
groups (-NON-), which form bridges between|Resorcin Yellow, Dis-
two or more aromatic rings. perse Red 1, Congo
Red.
Diphenylmethane
- Auramine O
dyes
Central carbon atom is joined to two ben-
zene rings and to p-quinoid group. Triphenyl-
Malachite Green,
methane dyes are not fast to light or washing,
Triphenylmethane Pararosaniline,
however, except when applied to acrylic fibers.
dyes Rosaniline, Crys-
They are used in large quantities for coloring
tal Violet
paper, and typewriter ribbons where fastness
to light is not so important.
Obtained by condensing phenols with phthalic
Fluorescein, eosin,
Xanthene dyes  |anhydride in the presence of zinc chloride, sul-
and Rhodamine B.
phuric acid, or anhydrous oxalic acid.
Phthaeleins Phthaleins are related to xanthene dyes Phenolphthalein.
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Indigoid and|Indigoid is the parent compound of indigoid|Tyrian Purple,
Thioindigoid dyes|dyes. Thioindigo.

Anthraquinoid  |A p-quinoid group is fused to two other ben-
Alizarin
dyes zene rings.

According to Method of Application

These contain acidic or basic groups and com-
bine with polar groups in the fiber. Such dyes|Naphthol Yellow S
Direct dyes
color a fabric directly when the fiber is im-|land Martius Yellow

mersed in a hot aqueous solution of the dye.

This class of dyes requires a pre-treatment of
the fiber with a mordant material designed to
bind the dye. The mordant becomes attached
Mordant dyes to the fiber and then combines with the dye to|Alizarin
form an insoluble colored complex. Commonly
used mordant are the oxides of aluminum, iron

and chromium.

These dyes are insoluble in water, but on re-
acting with sodium hydrosulphite yield alkali
soluble forms (Leuco-compounds) which may
be colorless. It is in this form they are intro-
Vat dyes Indigo
duced into the fabric. After the reduced dye
has been absorbed in the fiber, the original in-

soluble colored dye is reformed by oxidation

with air or chemicals.

These dyes are synthesized within the fabric,
Ingrain dyes Azo dyes
and may be applied to any type of fiber.
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Disperse dyes

These are insoluble in water, but are capable
of dissolving certain synthetic fibers. The ab-
sorption into the fiber is carried out at high

temperatures and pressures.

Celliton Fast Pink B
and Celliton Fast Blue
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C Appendix 3.

Table 24: Photochemical and Non-photochemical processes

Non-Photochemical processes

Non-Photochemical
Description
Process

The Ozono can react in direct form with a organic substrate
Ozonation in  aqueous

through a slow and selective reaction or through a radical
medium (O3/OH—)

reaction favored in alkaline medium, fast and non-selective.

Ozonation transforms the contaminates en simple com-
Ozonation with hydrogen|pounds, more refractive than the reactive. An improvement
peroxide (O3/H205) is achieved by adding hydrogen peroxide (HOs) that is a

weak acid, a strong oxidant and a unstable compound.

The combination of Fe?* with H,O, generates radicals OHee,
Fenton Process F'e*™/ HyOq|which in turn will react in two ways: Oxidation on Fe(IT) and

the attack of the organic matter.

The application of a electric current(2-20A) between two elec-
Electrochemical oxidation |[trodes in water produce primary chemical reactions that will

generate radicals, these radicals will oxidize organic matter.

These processes are based on the generation on highly reac-
tive electrons, radical ions and neutral radicals by exposure
of the waters to be treated to massive particle beams or high
Radiology and electron|energy electromagnetic waves. It can use vy rays, x rays and
beam treatment electron beam accelerators such as the Van-de-Graaf type
or the linear ones. When the beam of electrons penetrate
the water, electrons lose energy for non-elastic collisions with

molecules of H,O y reactive species are generates.
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Plasma is considered as a four state of matter that contains
ions and free electrons (electric gas). Plasma can be gener-
ated, non-thermally, by an electric shock or bombardment of
a gas with a high-energy electron beam; The energy of the
Non-thermal plasma
electrons in the plasma is 10 eV, equivalent to high temper-
atures. These plasmas are good sources of highly reducing
and oxidizing reactive species, such as: O (3P), OH, N, H,
NH, CH, Os.

This technology uses high power ultrasound (from 15kHz un-
til IMHz),and takes advantage of electrohydraulic cavitation,
that is, the growth and cyclic collapse of gas bubbles The gas
Electrohydraulic discharge -|explodes and very very high local temperatures and pressures
Ultrasonic are reached (4000-10000K Y 1000-10000 bares in the center
of the collapsed bubbles). Degradation of organic matter
take place through the reactions with radicals generated by

thermal reaction, or by reactions in presence of oxygen.

The process that operates in critical conditions is also called
oxidation in moist air. This process work at pressures be-
tween 10-220 bars and temperatures between 150-350°C. The
Sub and Super-critical oxi-/mechanism involves the primary carbonation of the organic
dation in water substrates and its subsequent reaction whit radicals OH that
were produced en the catalytic transformation of O, dissolved
in the center carbon surface. The nitrogen, halogens and sul-

fur are mineralized too.

Photochemical processes

Photochemical process |Description
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It uses radiation with a wavelength less than UV-C (Less
than 190 nm) that produce the degradation of organic mat-
Photolysis of water in the|ter in condensed or gaseous phases or the photolysis of water,
ultraviolet vacuum which produces hydroxyl radicals, hydrogen atoms and aque-
ous electrons. HyOe. and O3~ are rapidly generated from the

primary radicals.

The photolysis of hydrogen peroxide is done using medium
or low pressure mercury vapor lamps. In excess of hydro-
UV /Hydrogen Peroxide gen peroxide and with high concentrations of OHe, competi-
tive reactions take place that produce an inhibitory effect for

degradation. The OHe are susceptible to recombine or react.

UV/O3 Combination of the UV/H;0y and O3/ H50s.

Fenton’s reaction increases its effectiveness by lighting irradi-

Photo-Fenton ation due to several factors, including the additional reaction:

Fe(I)(OH)qy + hv — 2HOe

In the presence of organic ligands, such as carboxylic acids,
Ferrioxalate and other Fe|Fe (III) can form stable complexes or associated ionic pairs
(IT) complexes that exhibit charge transfer bands from ligand to metal in

the UV-Visible spectrum.

It is based on the absorption of radiant energy (visible or uv)

by a heterogeneous photocatalyst, which is normally a solid
Heterogeneous Photocatal-
. semiconductor. The reactions of destruction of the contami-
ysis
nants take place in the interfacial region between the catalyst

and the solution.
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Table 25: Techniques of wastewater treatment

Advantages and disadvantages of the current methods of dye

removal from industrial eflluents

Physical
Chemical Advantages Disadvantages
methods
Coagulation
High sludge production handing
Floculation Simple economically feasible. '
and disposal problems.
Electrokinetic
coagulation
Slow process necessary to rate
Economically attractive publicly|an optical favorable environmen-
Biodegradation
acceptable treatment. tal, maintenance and nutrition re-
quirements.
Very expensive. Ineffective

Adsorption on ac-

tivate carbon

Good removal of wide variety of
dyes. The most effective ad-
sorbent, produce a high-quality

treated effluent.

against dispersing and vat dyes,
the regeneration is expensive and
results are loss of the adsorbent,

non-destructive process.

Membrane sepa-

ration

Remove all dye types, produces a

high quality treated effluent.

Concentrated sludge production,
high pressure, expensive, inca-

pable of treating large volumes.

Ion exchange

Regeneration, no absorbent loss,

rapid and effective process.

Economic contains, not effective

for disperse dyes.

Selective bio ad-

sorbents

Economically attractive, regener-
ation is not necessary, high selec-

tivity.

Require chemical modification,

non-destructive process.
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Low operating cost, good effi-

A slow process, performance de-

Biomass ciency and selectivity, no toxic ef-|pends on some external factors
fects on microorganism. (pH, salts).
Specific surface areas for adsorp-
Good adsorbent due to cellular
Peat tion areas lower than active car-
structure.
bon.
Good adsorption capacity for acid
Wood chips Require a long retention times.
dyes.
Side reaction, prevent commercial
Silica gel Effective for basic dyes removal.
applications.
Good. adsorption capacity for
Cucurbituril High cost.
various dyes.
Initiates and accelerates azo-bond
NaOCl Realize of aromatic amines.
cleavage.
Electrochemical |Break clean compounds are non-
High cost of electricity.
destruction hazardous.
High energy cost, chemical
Oxidation Rapid and efficient process.
reagents.

Advanced oxida-

tion process

No sludge production, little or
no consumption of chemicals, ef-

ficiency for recalcitrant dyes.

Economically unfeasible forma-
tion by-products, technical con-

straints.

Fenton reagents

Effective discoloration of both

soluble and insoluble dyes.

Sludge generation.

Applied a gaseous state, no alter-

Ozonation Short half-life (20 min).
ations of volume.

Photochemical  |No sluge generation. Formation of by-products.

Irradiation Effective oxidation at lab scale. |Requires a lot of adsorbed Os.
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Table 26: Previuos study on IPCA for organic contaminants degradation in waste water treat-

ment

Degradation
Catalyst | Adsorbents |Target compound Ref.
efficiency
. . - 88 % (4 h
TiO2 Zeolite Amoxicillin [66]
irradiation time)
TiO2 Zeolite Dichlorvos 89.96% [67]
99.5% (90 min
Zeolite Disperse orange
Ag-CdZnSO under UV [68]
matrix 30 dye
light irradiation)
Acetophenone,
TiO2 Zeolite phenol, and - [69]
chloroacetic acid
Zeolite 90% (180 min
TiO2 Phenol [70]
(ZSM-5) irradiation time)
100% (20 min
) Zeolite Brown-NG
Nano-TiO2 under UV [71]
(ZSM-5) (an azo-dye)
irradiation)
97% (210 min
Lanthanum |Zeolite
Methyl orange under UV [72]
loaded-TiO2|(ZSM-5)
irradiation)
Yytrium
Zeolite
jncorporated Methyl orange 97.3% [73]
(ZSM-5)
TiO2
30.57% (10 h
Oxytetracycline
TiO2 5 A Zeolite under UV [74]
(OTC)
light irradiation)
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N- doped _ _ Tetracycline 90.2% (300 min
10 Diatomite [75]
TiO2 hydrochloride irradiation time)
Carbon
TiO2
11 macroscopic Methylene blue 100% (120 min) [76]
nanotube
monoliths
12|Zn0O Clay Methylene blue 100% (180 min) [77]
Rhodamine-B 98% (RhB, 45 min)
‘ Graphene (RhB) and and
13|BiOBr [78]
oxide (GO) |methylene 95% (MB,30 min)
blue (MB) under visible light
Anions PO43 100% PO43 and
14|TiO2 Kaolin [79]
and NO3- 65% NO3-
100% (45 min
15|Zn0O Graphene Rhodamine B irradiation time [80]
under UV light)
98% (18 min
16|CeVO4 Graphene Methylene blue irradiation time [81]
under visible light)
Activated
17|TiO2 Indomethacin 70% [82]
carbon
MO: 95.4% (2 b
irradiation time
under visible light)
Activated Methyl orange
18|Ag/AgBr Phenol: 7.6 mg 83]
carbon (MO) and phenol
phenol per gram
of composite in3 h
of irradiation
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-cyclodextrin
' 87.5% (12 h
19/Cu0O/Cu20 |modified 2, 6-dichlorophenol [84]
irradiation time)
carbon fibers
80% (100 min
] Methyl orange
20|Zn02 Chitosan irradiation time  |[85]
(MO)
under UV light)
100% (100 min
) Methyl orange
21|TiO2 CNT irradiation time  |[86]
(MO)
under UV light)
Methylene blue
97.8% (7 h
(MB), rhodamine B
22|Ag-Zn0O Graphene irradiation [87]
and methyl orange
under sunlight)
(MO)
Inorganic arsenic
98% (15 h under
] Activated and
23|Ti02 sunlight [88]
alumina (AA)|organoarsenic
irradiation)
compounds
Modified 100% (75 min
24|Fe304 activated Methylene blue under UV hght [89]
carbon irradiation)
90% (4 h under
) visible light
25|C3N4 Si02 Methylene blue [90]
irradiation in
dynamic systems)
Separation was
Activated efficient with
26|CoFe204 Cr(VI) [91]
"carbon magnetically
separable Cr(VI)

73



School of Chemical Science and Engineering

YACHAY TECH

99.5% (90 min

Zeolitic Disperse orange
27|Ag-CdZnSO under UV light [68]
matrix 30 dye
irradiation)
92% (20 min
28| Ag-AgBr MMT Methylene blue under visible [92]

light irradiation)
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UV-Vis diffuse reflectance spectroscopy.
There are several models to explain the intensity of diffuse reflected radiation, the most ac-
cepted is that of Kubelka and Munk, Fuller and Griffiths, where they demonstrate the following

equation:

F(R) = (1 - Rj)/2Rs = o/s) (6)

Where Ry is the relationship between the reflectance of the sample and that of a reference
material (I/1y), « is the absorption coefficient and s the dispersion coefficient. If the dispersion
coefficient s is considered independent of the wavelength then the absorption coefficient is

proportional to the Kubelka-MunK function.

F(R)s =« (7)

Substituting « in equation (6) for the optical determination of band energy, equation (8) is

obtained where Ay is the photon energy in eV and Eg is the prohibited band energy.

alhv — E,)" /hv (8)
[F(R)W)V" = (hv — E) (9)

In this way, calculations were made for the determination of band energy of the sand samples.
For an energy absorption with a wavelength of 1022 nm the UV-Vis team reported an F(R)
value of 8.30 which was replaced in (9), for this equation it is known that the variable n takes
a value of 0.5 in the case of a direct transition allowed and 2 for an indirect transition allowed.
For an indirect transition of the black sand, the low band energy was determined considering
the speed of light acceleration as 3 * 10%m/s, radiation frequency v of 2.94 * 1014 and Plank
constant of 4.135 * 107'° you have the value of (hvF(R))%.

(hvF(R)? = ((4.135 % 107"°)  (2.94 * 10™)  (8.30))? (10)
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G.1 Adsorption isotherms

Adsorption is typically represented through isotherms, that is, the quantity of adsorbate on the
adsorbent as a function of its pressure (in case of gas) or concentration (in case of liquid) at
a constant temperature. Amount of adsorbate is almost continuously normalized by the mass
of the adsorbent to permit comparison of various material. Equilibrium studies on adsorption
process provide data on the capacity of the adsorbent [93].

The equilibrium state is characterized by a concentration of adsorbate (on the adsorbent as
a function of it) in the solid phase (¢.[mg/g]) which is in dynamic equilibrium with a solute
concentration in the liquid phase (C.lmg/L]). A wide range values of g, versus C. values
may be obtained by varying the amount of adsorbent (mg), the initial concentration of solute
(Co[mg/L)), and the volume of liquid [94]. The relationship between these ¢. and C. can
normally be fitted to one or more equilibrium isotherm models. There are many models to
describe the equilibrium behaviour for adsorption of contaminants from water [95].

Adsorption isotherms is a representation of the equilibrium adsorption capacity. g.[mg/g]
measured at at different concentration plotted as a function of the equilibrium concentration
(Celmg/L]) of solution studied.

The equilibrium experiment data can be analysed by different models like Langmuir, Fre-

undlich, Temkin, Dubinin-Radushkevich, The Harkins-Hura model, etc.

G.1.0.1 Langmuir Model

The Langmuir model [96] assumes uniform energies of adsorption of a solute from a liquid
solution onto a surface containing a definite number of identical sited as a mono-layer adsorption
and no transmigration of adsorbate in the plane of the surface [97].

Therefore, the Langmuir isotherm model was chosen for estimation of the maximum ad-
sorption capacity corresponding to complete monolayer coverage on the sorbent surface.

The Langmuir non-linear equation may be written as:

_Qm'Ka'Ce

. = 11
q 1+KL'CE ( )
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Where, @, is a constant reflect a complete monolayer (mg/g), K, is adsorption equilibrium
constant (L/mg) that is related to the apparent energy of sorption [98, 99].
¢ = amount of dye adsorbed at equilibrium (mg/g)
C. = equilibrium liquid-phase concentration (mg/L)

The Langmuir equation can be linearized as:

I { 1 } 1 n 1 (12)
ge Qm : KL Ce Qm
The essential characteristics of Langmuir isotherms can be expressed by dimensionless param-

eters known as separation factor, Ry, which is defined as:

1

Rj=—"
L1+ KL -G

(13)

Where; Cy[mg/L] is the initial concentration of dye. The value of R, thrown light on the nature
of adsorption to be either unfavourable (Ry > 1), linear (R, = 1), favourable (0 < R, < 1) or

irreversible (R, = 0).

G.1.0.2 Freundlich Model

The Freundlich model [100] is the earliest known equation describing the adsorption process
and can be written as:

ge = KpCM" (14)

Where, Kr is a constant indicative of the relative adsorption capacity of the adsorbent and 1/n
is a constant indicative of the intensity of the adsorption of dye onto the adsorbent or surface
heterogeneity, becoming more heterogeneous as its value gets closer to zero. The Freundlich
expression is an exponential equation and therefore, assumes that as the adsorbate concentra-
tion increases, the concentration of adsorbate on the adsorbent surface also increases. A value
for 1/n below one indicates a normal Langmuir isotherms while 1/n above one is indicative of

cooperative adsorption. The linear form of the Freundlich isotherm is shown as:

log ) = log(Ke) + ~ - 10g(C) (15)

To determine the maximum adsorption capacity, it is necessary to operate with constant initial

concentration Cy and variable weights of adsorbent, thus In(Q,,) is the extrapolate value of

7
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In(g.) for C, = Cy. According to [101]:
Qu =Kr-Cy" (16)

Where, Cj is the initial concentration of the solute in the balk solution (mg/L) and Q,, is
the Freundlich maximum adsorption capacity (mg/g). The Freunlich model assumes that
the adsorbent surface id heterogeneous and is not restricted to monolayer adsorption. The
possibility of multilayer adsorption and adsorption capacity of the adsorbent depends on the

concentration of the adsorbent in solution at equilibrium.

G.1.0.3 Temkin Model

The Temkin isotherm model [102] assumed that the heat of adsorption of all the molecules
in the layer decreases linearly with coverage due to adsorbent-adsorbent interaction, and that
the adsorption is characterized by a uniform distribution of the binding energies, up to some
maximum binding energy [103]. The Temkin isotherms has commonly been applied in the

following form equation [104, 105, 105]:

R-T

qe = In(Kr - C.) (17)

The Temkin isotherm can be simplified to the following equation.
ge = B - In(Kr) + 3 - In(Ce) (18)

Where, = (R-T)/bis the absolute temperature in Kelvin and R is the universal gas constant
8,314J/mol- K. (3 is a constant related to the heat of adsorption [106, 107]. K7 is the empirical
Temkin model proposes into account the effects of the interaction of the adsorbate and the
adsorbing species. The model assumes that the heat of adsorption of all of the molecules in
the layer would decrease linearly rather than logarithmically with coverage due to adsorbate-

adsorbent interactions.

G.1.0.4 Dubinin-Radushkevich (D-R) model

The Dubinin-Radushkevich (D-R) model [108, 109] estimates the porosity apparent free energy

and the characteristic of adsorption. The D-R isotherm does not assumes a homogeneous
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surface or constant sorption potential. The D-R model has commonly been applied in the

following equation:
e = Qm : 6.1'p<—K€2) (19)
With linear form:

In(ge) = In(Q,,) — Ké? (20)
Where, K is a constant related to the adsorption energy @),, the theoretical saturation capacity,
¢ is the Polanyi potential, calculated from equation:

€:R~T-ln(1+ci) (21)

e

The slope of the plot of In(q.) vs £? gives K (mol?/K - J?) and the intercept yields the adsorption
capacity, @, (mg/g). The mean free energy of adsorption (E) defined as the free energy change
when one mole of ion is transferred from infinity in solution to the surface of the solid, was

calculated from the K value using the following relation equation [110]:

(22)

G.2 Kinetic Study

Adsorption process are characterized by their kinetic and equilibrium behavior. The transport
of the adsorbate at the solid-solution interface (adsorbent) and the attachment of the adsorbate
surface determine the uptake rate of the adsorbate and thus the kinetics of the process [111].

The degree of purification that may be achieved, the approximate amount of adsorbent
requirement to reach that degree of purification and the sensitivity of the process to the con-
centration of the solute are predicted by the isotherms. Many mathematical models have been
studied in order to describe the kinetics of adsorption processes.The pseudo first order equation
and pseudo second order equation are the widely used models for the adsorption kinetics of
organic compounds [43].

A study of the kinetics of adsorption is desirable as it provides information about the
mechanism of adsorption, which is important for the efficiency of the process. In addition, the
design of an adsorption system for water treatment mat be influenced or even controlled by the

adsorption kinetics [112]. Several kinetic models for the liquid phase have been widely used to
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describe experimental data. These include pseudo first order, pseudo second order and mass

transfer /intra-particle diffusion model [113].

G.2.0.1 Pseudo First-Order Kinetic Model

The Lagergren first order model [114] is the earliest known and describing the adsorption rate
based on the adsorption capacity. It is generally expressed as equation:

dgs

i = ]ﬁ(qe - Qt) (23)

Where, ¢, and ¢; are the adsorption capacity at equilibrium and at time t, respectively (mg/g),
ki is the rate constant of pseudo first order adsorption (L/min).
This equation was integrated with the boundary conditions of t = Otot = tandq, = Otog; =

¢, and rearranged to linear equation:

log(qe — q;) = log(qe) — @ -t (24)

The values of log(q. — q;) were linearly correlated with time (t). The plot of log(ge — q;) vs t
should give a linear relationship from which &; and predicted g, can be determined from the
slop and intercept of the plot, respectively.

The variation in rate should be proportional to the first power of concentration for strict
surface adsorption. However, the relationship between initial solute concentration and rate of

adsorption will not be linear when pore diffusion limits adsorption process.

G.2.0.2 Pseudo Second Order Kinetic Model

The pseudo second order model given by Ho’s equation [115]:

dg 2
— =k 25
m 2(qe — Gt) (25)

Where, ky(g/mg-min) is the second order rate constant of adsorption. Integrating this equation

for the boundary conditions of t = Otot = tandq; = Otoq, = ¢q;, is simplified as can be rearranged
t 1 t

—) = + = 26

<qt) k2 ) qz Qe ( )
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The second order rate constant were used to calculate the initial sorption rate, h, given by
equation:

h = kaq? (27)

If the second order kinetics is applicable, them the plot of ¢/q; vs t/q. should show a linear
relationship. Values of ks and equilibrium adsorption capacity g. can be calculated from the
intercept and slope of the plots of ¢/q. vs t. This model is usually attributed to the process

that involves a mechanism of chemisorption. Estimate the load in equilibrium.

G.2.0.3 Elovich Kinetic Model

Elovich kinetic model equation is another rate equation based on the adsorption capacity, which
is generally expressed as the following equation [116, 117, 118]:

d

o= o ena(=5- ) (28)
Where, « is the initial adsorption rate (mg/g - min) and § is the adsorption constant (g/mg)
during any one experiment. It is simplified by assuming « - 8 - tt >> t and by applying the

boundary conditions ¢; = 0 at t =t equation becomes form as a linear equation:

1 1
= B “n(a- B) + B In(t) (29)

Plot of ¢; vs In(t) should yield a linear relationship with a slope of 1/5 and an interpretation
of 1/8 - In(a - 8). Thus, the constant can be obtained from the slope and the intercept of
the straight line. The Elovich equation used for general application to chemisorption. The
equation has been applied successfully to some chemisorption processes and has be found to
cover a wide range of slow adsorption rates. The same equation is often valid for systems in

which the adsorbing surface is heterogeneous.

G.2.0.4 The Intraparticle Diffusion Model (Weber-Morris)

The itraparticle diffusion [119, 120] model was used to identify the diffusion mechanism. Acord-
ing to this theory the adsorbate uptake ¢, varies almost proporsinally with the square root of
the contact time ¢!/2 rater that ¢.

The probability of intra particle diffusion is explored by using the following equation:

@ = kaip - Y24+ C (30)
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Where C is the intercept and kg4 is the intra particle diffusion rate constant. The values of ¢
correlated linearly with the values of t'/2 and the rate constant kg; ¢ directly evaluated from the
slop of the regression line. The values of intercept C' provide information about the thickness
of the boundary layer, the resistance to the external mass transfer increase as the intercept

ncrease.
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H Appendix 8.

Calibration curve

y= 12589 - 0.0105
2.

25

Absorbance
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n
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Concentration of Crystal Violet (CV)

Figure 24: Relation between amounts of CV adsorbed at equilibrium (qe) using different con-

centrations of SXQ-102 and SEM-205
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