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General introduction

General introduction: Background, objectives, and thesis outline.

Access to safe water is vital for life. Securing a reliable supply to meet the daily needs of
the population, along with agricultural and industrial demands, remains one of the most
significant challenges today [1]. Protecting clean water resources from any threat of pollution
and ensuring their rational use is a shared responsibility of individuals and authorities
worldwide. However, as the United Nations has highlighted in recent years, more than 80% of
wastewater produced by human activities is released into water bodies without undergoing any

form of treatment [2].

The global annual production of synthetic dyes is estimated at approximately 7 x 10° tons,
with over 10,000 tons used by the textile industry [3,4]. Additionally, this sector consumes
around 100 to 150 liters of water to produce just one kilogram of fabric [5]. As a result, the
textile industry generates around 17-20% of all industrial effluents [6], with nearly 80%
discharged untreated into the environment [7]. Given these figures, textile effluents are regarded
as one of the primary sources of dye pollution in the hydrosphere. From a physicochemical
perspective, this type of wastewater is distinguished by elevated levels of biochemical oxygen
demand, chemical oxygen demand, total suspended solids, total suspended solids, toxic metals,
emulsifiers, color, pH variations, and elevated temperatures [8,9]. Their discharge into aquatic
environments poses serious environmental hazards, imparting undesirable color and odor to
receiving water bodies, reducing dissolved oxygen levels, blocking sunlight penetration, and
limiting photosynthetic activity. This deterioration of water’s physicochemical properties can
cause severe imbalances in aquatic ecosystems [10]. Furthermore, the carcinogenic, genotoxic,
and mutagenic effects of dyes on aquatic organisms, as well as their potential risks to human
health, are well documented [11]. For these reasons, the management and control of such liquid
waste require special attention, both in terms of enforcing environmental regulations and
monitoring pollution, and in advancing technological solutions for effective remediation.

Numerous methods have been introduced for treating dye-containing effluents, including
ion-exchange resin [12], coagulation-flocculation [13], electrochemical [14], adsorption [15],
biodegradation [16], ozonation [17], photocatalysis [18], fenton oxidation [19], and membrane
separation [20]. However, these techniques have their own limitations, such as inefficacy for
all dyes, high sludge production, high energy consumption, contaminant transfer,
environmental constraints, short technology lifespan, slow kinetics, by-product formation, and
economic undesirability [21,22]. Among all these techniques, adsorption may be the most

suitable solution, as it offers several advantages compared to its few shortcomings. The major
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benefits of this process include its simplicity, eco-friendliness, ability to treat effluents with
high pollutant loads, effectiveness in removing various types of organic and inorganic
contaminants, high process stability, low cost, and the possibility of reusing the adsorbent after
regeneration [23]. The main limitation of this method is that, during effluent treatment,
pollutants are transferred from the liquid phase to the solid phase without being degraded.
Photocatalysis is a treatment technology known for its ability to degrade organic pollutants.
However, its main drawback is that its application is limited to effluents with low contaminant
concentrations, and the degradation reactions proceed with relatively slow kinetics [18]. A
hybrid process coupling adsorption and photocatalysis in a single unit operation, working
synergistically, may be one of the most effective solutions for purifying dye effluents. The key
of this hybrid process lies in a composite material, designed with a high-performance adsorbent
that acts as a support for a suitable semiconductor deposited on its surface. Using this innovative
technology, we can achieve multiple objectives simultaneously when treating textile effluents:
(i) the concurrent removal of organic pollutants (dyes) and mineral contaminants such as toxic
metals, (i) the photodegradation of dye molecules, (iii) a reduced risk of photocatalyst
poisoning, as intermediate products of photocatalytic reactions can attach to the adsorbent
surface, (iv) enhanced photocatalytic performance by increasing the contact area between the
catalyst and the liquid phase, and (v) improved adsorption capacity, as dye molecules adsorbed
on the composite surface are continuously degraded by photocatalytic sites, shifting the
adsorption-desorption equilibrium in favor of further dye adsorption.

Against this background, this thesis aims to develop a versatile and sustainable composite
using a simple method, designed to function simultaneously and efficiently as both an adsorbent
and a photocatalyst for the effective removal of dyes.

In light of a comprehensive literature review on effective adsorbents for dyes removal
from aqueous media, zeolites have been recognized as the most promising candidates for this
purpose due to their high ion exchange capacity and excellent adsorption performance. This
family of aluminosilicate minerals features a microporous structure, well-defined crystallinity,
and a large specific surface area. Additionally, zeolites are cost-effective, environmentally
friendly, and abundantly available in exploitable deposits [24-30]. On the other hand, among
the various types of photocatalysts, TiO2 is one of the most effective for degrading organic
substances, particularly dye molecules, from aqueous solutions [31]. Moreover, it is less toxic,
more corrosion-resistant, and more cost-effective than other photocatalysts [32].

In addition to the favorable properties of zeolites as adsorbents for dye removal mentioned

above, incorporating zeolites as a support for TiO2 can yield a composite with photocatalytic

2
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performance far superior to that of unsupported TiO2 nanoparticles. As is well known, zeolites
exhibit amphoteric characteristics, with the framework's aluminum ions and charge-balancing
cations acting as Lewis acids, while the framework's oxygens—especially those adjacent to
aluminum-—serve as Lewis bases [33]. Consequently, the zeolitic matrix can play a crucial role
in regulating photo-induced charge transfer reactions. Furthermore, the strong electric field
within the zeolite framework significantly contributes to delaying the back electron transfer
reaction, which is responsible for the low quantum efficiency observed in most photocatalytic
processes [34].

Considering all these factors, this thesis presents a composite of TiO2 nanoparticles
supported on an LTA-type zeolite, designed as a versatile adsorbent/photocatalyst for removing
dye model molecules from agueous solutions.

After the general introduction, this thesis is structured into two sections and six chapters,
including three full-length articles.
» Section I. Literature review
o Chapter I. Dyes and textile effluents
e Chapter Il. Liquid-phase adsorption
e Chapter Ill. Adsorption-photocatalysis synergy for dye removal
» Section Il. Investigation of the adsorption performance of zeolite and its synergistic
effect with the TiO> photocatalyst for textile dye removal
o Chapter IV. Zeolite waste characterization and use as low-cost, ecofriendly, and
sustainable material for Malachite Green and Methylene Blue dyes removal: Box-
Behnken design, kinetics, and thermodynamics
e Chapter V. Adsorption performance of zeolite for the removal of Congo Red dye:
Factorial design experiments, kinetic, and equilibrium
e Chapter VI. Synthesis of a TiO./zeolite composite: Evaluation of adsorption-
photodegradation synergy for the removal of Malachite Green

Finally, a general conclusion.



Section I. Literature review
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Chapter I. Dyes and textile effluents

1. Introduction

Most dye substances contain chromophores and auxochromes in their structures.
Chromophores are responsible for imparting color, while auxochromes enhance the dye’s color.
The term "auxochrome’ originates from the Greek words 'auxo’ and ‘chrome,’ meaning ‘enhance’
and 'color,' respectively. Chromophores are the key chemical units in dye molecules that absorb
and reflect specific wavelengths of light when exposed to the visible spectrum [35,36].

Dyes can be divided into two main categories according to their origin: natural and
synthetic. Natural dyes are extracted either from plants such as indigofera, Jack fruits, heather,
turmeric, saffron, and others [37] or animal sources such as cochineal, kermes, lac insect, etc.
[38]. In contrast, synthetic dyes are unsaturated polyaromatic compounds produced through
chemical synthesis. Before the mid-19th century, only natural dyes were available. The
development of synthetic dyes was driven by the increasing demand for colors that were
intense, long-lasting, and could be produced quickly and cost-effectively. Currently, more than
700,000 tons of synthetic dyes are produced each year, covering about 10,000 structurally
distinct colors [4]. This category of dyes finds extensive application in the textile, printing,
tanning, and paper industries. Additionally, some are employed in the cosmetics and
pharmaceutical industries, as well as in food processing [39]. These compounds include azo,
direct, acid, basic, reactive, disperse, mordant, and sulfide dyes (Fig 1.1) [40].

Currently, the textile sector utilizes both natural fibers such as wool, cotton, and silk, and
synthetic fibers, including polyamides, polyolefins, acrylics, and polyesters [41]. For colouring
various materials made from different fibers, an average of 50-90 g of dyestuff and
approximately 100-150 liters of water is required to color just 1 kg of fabric [5]. Textile
manufacturing is a complex process comprising several stages to produce a variety of fabric
materials, including sizing, desizing, scouring, bleaching, mercerization, dyeing and printing,
and finishing [42]. Each stage of the process involves the use of a wide variety of chemicals,
including strong acids and alkalis, chlorinated inorganic compounds, sodium hypochlorite,
organic substances such as dyes, bleaching agents, finishing chemicals, starches, thickeners,
surfactants, wetting and dispersing agents, and metal salts [43]. On the other hand, regarding
environmental impact, the textile industry is estimated to consume more water than any other
industry globally, with practically all discharged wastewater being heavily polluted. According
to previous research, more than 10,000 tons of dyes are used worldwide each year to produce
40 million tons of textiles, leading to the discharge of 3,600 tons of highly concentrated dye
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waste into natural water sources [3]. Moreover, other studies indicate that the textile industry
accounts for approximately 17-20% of all industrial effluents [6] ], with nearly 80% of these
effluents being released untreated into the environment [7]. In light of these and other data,
textile effluents are considered to be the primary sources of dye pollution in the hydrosphere.
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Fig 1.1. Different categories of dyes and their suitability for diverse industrial applications [40].
2. Textile dye classification

Dyes are typically classified into various categories. In the textile industry, the most
commonly used types include basic, acid, direct, disperse, mordant, reactive, vat, sulfur, and
azoic dyes. Among these, acid, direct, and reactive dyes represent the three primary
subcategories of anionic dyes [44]. Disperse dyes do not ionize in agueous medium and are
therefore referred to as nonionic dyes. The major basic dyes are categorized into two major
groups: azo basic and reactive dyes due to nitrogen, which has free electron pair interact with

the p-orbital system delocalized [45].
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» Acid dyes: These compounds contain sulfonic acid functional groups, which enhance
their solubility in water.

= Basic dyes: These are also water-soluble, positively charged compounds that exhibit a
high affinity for substrates in low-concentration acidic dye baths.

= Direct dyes: These are typically salts of azo dyes and anionic substance. They exhibit
high solubility in water and can be used directly in alkaline dye baths without the need
for a mordant. This allows them to be immediately applied to cellulosic fibers without
requiring additional elements such as copper or chromium.

Table 1.1 illustrates the classification of various dyes according to their charge and chemical

nature.

Table 1.1. Dyes categorized according to their nature and ionic charge [45].

Dye class Applications Examples
Cationic Silk,  cotton,  wool, tannin | Methylene Blue, Crystal
mordanted, ink, and medicine Violet, Malachite Green, and
Safranin
Acid Nylon, wool, modified polyesters, | Acid Red18 and Acid Red88
polyacrylonitrile, ink, medicine
Anionic Direct Leather, nylon, paper, rayon and | Copper Blue2R, Brilliant
cotton Blue, and Congo Red
Reactive | Cotton, nylon, wool, and other | Reactive Black5 and Reactive
cellulosic Orangel6
Disperse Acrylic fibers, nylon, polyester, | Disperse  Orange37 and
cellulose, and cellulose acetate Disperse Redl
Vat Rayon, wool, and cotton Vat Rangel, Vat Violetl3,
and Vat Red10
Sulfur Leather, paper, cotton and rayon, | Sulfur Brilliant Green and
wood, and silk Sulfur Blackl
Solvent Oils, plastics, gasoline, lubricants | Solvent Redl, Solvent Red24,
and waxes and solvent Red111
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3. Typical properties of textile wastewater

Untreated wastewater discharged by textile industries typically contains a complex
mixture of synthetic dyes, toxic metals, and various organic and inorganic contaminants. These
effluents are characterized by high levels of color, biochemical oxygen demand, chemical
oxygen demand, total suspended solids, total dissolved solids, toxic metals (such as Cr, Cd, Cu,
Pb, and Zn), emulsifiers, as well as variations in pH and temperature [8,35]. The typical
properties of textile effluents, as reported in various references, are summarized in Table 1.2,
As can be seen, these characteristics exhibit variability across different literature sources. As
noted by Yaseen & Scholz (2019) [8], defining typical textile wastewater is challenging, as its
characteristics largely depend on the type of fibers used and the specific unit processes involved

in production.

4. Environmental and human health effects of textile effluents

The discharge of untreated textile wastewater into aquatic ecosystems negatively impacts

aquatic flora and fauna and poses risks to human health. These severe ecological effects include
undesirable color and odor in the receiving water body, reduced dissolved oxygen levels,
blocked sunlight penetration, and inhibited photosynthetic reactions, ultimately leading to
severe ecosystem disruption [53]. Fish and other aquatic organisms are significant sources of
protein; however, their consumption may lead to health issues such as convulsions, fever, and
arterial hypertension due to the accumulation of dyes in their tissues [54]. Suspended solids in
textile effluent can block the flow of water through fish gills, impairing gas exchange and
potentially leading to reduced growth rates or death [40]. The high concentrations of mineral
salts and the presence of toxic metals, even at ppm levels, in textile effluents are harmful to soil
quality. As a result, plant growth is negatively affected, limiting seed germination and inhibiting
seedling development [55]. Microalgae play a crucial role in aquatic ecosystems as primary
producers, providing both economic and ecological benefits. However, dye contamination
impairs their growth and disturbs the trophic transfer of energy and nutrients throughout the
aquatic food chain [56].
Textile dyes, known for their high toxicity and potential carcinogenicity, have been linked to a
variety of diseases in both humans and animals. These dyes can lead to conditions ranging from
dermatitis to issues with the immune and nervous systems [57]. The substitution of enzymatic
cofactors, which renders the enzymes inactive, may be the underlying cause of these health
problems [58].



Table 1.2. Typical composition and properties of textile effluents.

Sources

Eswaramoorthi | Kalra et al. Hussein Ghalyetal. | Elangoet | AbuBakaret | Biduetal.
Parameters et al. [46] [47] [48] [49] al. [50] al. [51] [52]
Temperature (°C) 35-45 35-45 33-45 35-45 30 30.13-32.7 28.9-52.8
pH 6-10 6-10 5.5-10.5 6-10 8.66 6.27-8.80 7.5-12.3
Coulour (pt-Co) 50-2500 50-2500 5200 69-205 231-4,090
BOD (mg/L) 300-500 100-4000 100-4000 80-6000 970 7.1-85 125-550
COD (mg/L) 1000-1500 150-10,000 | 150-10,000 | 150-12,000 3080 55-294 480-3,750
TDS (mg/L) 8000-12,000 | 1800-6000 | 1500-6000 | 2900-3100 242,220 1250-3610 | 2,680-10,160
TSS (mg/L) 200-400 100-5000 100-5000 15-8000 7116 17-140 65-2,435
Turbidity (NTU) 81.5 5.89-26.6 9.4-450.0
Chlorides (mg/L) 3000-6000 1000-6000 | 200-6000 42,487
Sulphates (mg/L) 600-1000 500-700 | 600-1000
Zinc (mg/L) <10 3-6 <10 0.488-2.220
Copper (mg/L) <10 2-6 <10 0.059-0.174
Chromium (mg/L) 2-5
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Other studies have shown that textile dyes can interfere with the function of human serum
albumin by binding to it, leading to conformational changes or even precipitation [59].
Moreover, toxic metals commonly found in these effluents, can damage various organs by
generating reactive oxygen species (ROS) through the NADPH oxidase pathway. The
overproduction of ROS contributes to oxidative stress, which in turn leads to endothelial
dysfunction [11].

5. Various technologies and approaches used for treating textile effluents

Given the previous discussions regarding the typical effluents produced by the textile
industry and their impact on both the environment and human health, these liquid wastes
demand careful management and control. This involves enforcing environmental regulations to
monitor pollution and developing technological solutions for their remediation. To address this,
various methods have been proposed for treating dye-containing effluents, including ion-
exchange resin [12], coagulation-flocculation [13], electrochemical [14], adsorption [15],
biodegradation [16], ozonation [17], photocatalysis [18], fenton oxidation [19], and membrane
separation [20]. However, these techniques have their limitations, including being unsuitable
for all types of dyes, generating high sludge production, requiring high energy consumption,
transfer contaminants, facing issues related to environmental conditions, having a short
lifespan, exhibiting slow kinetics, producing by-products, and being economically undesirable
[21,22]. Among all these techniques, adsorption may offer the most viable solution, as it
presents several advantages that outweigh its few drawbacks. The main benefits of this process
include its simplicity, eco-friendliness, ability to treat effluents with high pollutant loads,
effectiveness in removing various organic and inorganic contaminants, high process stability,
low cost, and the potential for multiple reuses of the adsorbent after regeneration [23]. The main
limitation of this method is that, during effluent treatment, pollutants are transferred from the
liqguid phase to the solid phase without undergoing degradation. On the other side,
photocatalysis is recognized as a treatment technology effective in degrading organic
pollutants. However, its major drawback is that it is primarily applicable to effluents with low
concentrations of contaminants, and the degradation reactions occur at relatively slow Kinetics.
A hybrid process combining adsorption and photocatalysis, working synergistically within a
single unit operation, may represent one of the most promising solutions for purifying dye
effluents. The core of this hybrid process is a composite material, consisting of a powerful
adsorbent that serves as a support for a suitable semiconductor deposited on its surface. Using

this innovative technology, several goals can be achieved concurrently in the treatment of this
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type of effluents: (i) simultaneous removal of organic pollutants (dyes) and mineral
contaminants, such as toxic metals, (ii) photodegradation of dye molecules, (iii) minimize the
risk of photocatalyst-poisoning, as intermediate products of photocatalytic reactions can attach
to the adsorbent's surface, (iv) enhanced photocatalyst performance by increasing its contact
surface with the liquid phase, and (v) improved adsorption capacity of the composite for dyes
compared to pure adsorption, as dye molecules adsorbed on the composite surface can be
continuously destroyed by the catalyst sites, shifting the adsorption-desorption equilibrium in
favor of greater dye adsorption.

In this context, the present thesis aims to develop a versatile and sustainable composite
using a simple method, designed to function simultaneously and efficiently as both an adsorbent
and a photocatalyst for effective dye removal. Zeolites have proven to be among the most
promising candidates for this purpose due to their high ion-exchange capacity and exceptional
adsorption performance. Additionally, this family of aluminosilicate minerals possesses a
microporous structure with well-defined crystallinity and a large specific surface area.
Moreover, they are cost-effective, environmentally sustainable, and obtained from abundant,
readily accessible natural deposits [24—30]. On the other hand, among the various types of
photocatalysts, TiO- is regarded as one of the most effective for removing organic pollutants,
particularly dye molecules, from aqueous solutions [31]. Additionally, itis less toxic, corrosion-
resistant, and more cost-effective compared to other photocatalysts [32].

In addition to the suitable properties of zeolites as adsorbent, incorporating zeolites as a support
for TiO2 can result in a composite with significantly improved photocatalytic performance
compared to unsupported TiO2 nanoparticles.

For all these reasons, this thesis aims to develop a composite material consisting of TiO>
nanoparticles supported by an LTA-type zeolite, which can function as a versatile adsorbent

and photocatalyst for dye removal from agqueous solutions.
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Chapter I1. Liquid-phase adsorption

1. Introduction

The adsorption phenomenon is one of the oldest techniques for removing contaminants from
gas and liquid phases, based on interaction between adsorbate species and the active adsorption
sites of the adsorbent surface [60]. However, adsorption continues to be a widely used
technology for wastewater depollution, owing to its excellent removal efficiency and the
absence of by-product formation in the treated solution.

This chapter explores adsorption theory, emphasizing the primary kinetic and isothermal
models relevant to the process. It offers a detailed methodology for the accurate calculation of
thermodynamic parameters for liquid-phase adsorption, utilizing various equilibrium constants
associated with adsorption isotherms. In addition, it offers a summary of recent research on
various adsorbents, with a particular focus on zeolite, used in water treatment, especially for

dye removal.
2. Adsorption process
2.1.  General

The adsorption phenomenon involves the removal of contaminants from the system’s
bulk phase by attaching them to the surface’s active sites of an adsorbent. Adsorption processes
are generally classified into physisorption, which is driven by weak van der Waals forces, and
chemisorption, where covalent bonding occurs. Furthermore, adsorption can also take place via
electrostatic attraction [61]. On the other hand, physisorption is characterized by relatively low
enthalpy changes, typically ranging between 20 and 40 kJ/mol, and causes minimal disruption
to the electronic structures of the species involved. In contrast, chemisorption is highly
exothermic, with enthalpy changes typically ranging between 180 and 240 kJ/mol. It also
induces significant changes in the electronic structures of both the contaminant molecules and
the solid surface [62]. The release of adsorbed compounds from the adsorbent surface, triggered
by external constraints, is known as desorption.

In batch adsorption studies, the quantities of adsorbate adsorbed onto the adsorbent
surface at equilibrium, ge (Mg/g), and at a given time t, g: (mg/g), are commonly determined
using mass balance equations, as shown below [15].

(CO - Ce) |4

o=""—"= @
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here, Co (mg/L), Ce (mg/L), and C; (mg/L) represent the adsorbate concentrations at the initial
time, at equilibrium, and at a given time t, respectively; m (g) is the mass of the adsorbent, and

V (L) is the volume of the solution. Thus, the m/V ratio is referred to as the adsorbent dose.
2.2.  Factors Influencing dyes adsorption

In addition to the intrinsic properties of the adsorbate and adsorbent, dye adsorption is
significantly influenced by several operational factors, such as solution pH, adsorbent dose,
adsorbate concentration, contact time, temperature, and agitation speed, among others [63].
These factors undoubtedly govern the adsorption Kinetics and the efficiency of dye molecule
interactions with the active sites on the adsorbent. As a result, researchers highlight the
importance of optimizing and controlling these environmental parameters to design and develop

scalable dye removal processes for industrial applications.

2.2.1. Impact of solution pH

The solution’s pH is a key factor in most dye adsorption methods [10], as it directly affects
the ionization state of the dye species and the electrical charge on the adsorbent, ultimately
influencing both the adsorption rate and capacity. Under acidic conditions, the adsorbent
surface tends to acquire a positive charge, which decreases the adsorption of cationic dyes while
enhancing the uptake of anionic dyes. Conversely, under alkaline conditions, the adsorbent
surface acquires a negative charge, increasing the attraction and adsorption of cationic dyes.
However, in such conditions, electrostatic repulsion limits the uptake of anionic dyes [64]. On
the other hand, when the solution pH is below the pHpzc (point of zero charge of the adsorbent),
the adsorbent surface carries a positive charge, whereas at pH values higher than pHpzc, it
becomes negatively charged [65]. This parameter is critical in determining the adsorption

behavior of ionic species in aqueous solutions [15].
2.2.2. Impact of initial concentration

The concentration of dye molecules in the solution has a significant impact on the
adsorption process. Generally, the initial dye concentration serves as a key driving force,
facilitating the transfer of adsorbate species from the bulk solution to the adsorbent surface. As

the initial concentration increases, the driving force for adsorption becomes stronger. However,
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at higher dye concentrations, increased molecular competition may limit access to the available

surface sites [66].
2.2.3. Impact of adsorbent dose

The amount of adsorbent is a critical parameter that affects adsorption performance.
Generally, the dye removal percentage increases with higher adsorbent dosages, as a result of
the greater availability of active adsorption sites. Evaluating the impact of the adsorbent
quantity is essential to determine the minimum amount required for effective dye removal,

ensuring the process remains economically feasible and cost-efficient [67].
2.2.4. Impact of temperature

Another important parameter that influences physicochemical processes is temperature. An
increase in dye adsorption at higher temperatures indicates a temperature-dependent
(endothermic) removal process, likely due to the enhanced mobility of guest molecules.
Conversely, a decrease in removal efficiency at elevated temperatures, characteristic of an
exothermic process, suggests that the interaction between adsorbate species and the adsorbent

surface weakens as the temperature increases, resulting in reduced adsorption efficiency [45].
2.3.  Adsorption kinetics

Contact time generally plays a crucial role in determining (i) the true adsorption
equilibrium, (i) the adsorption rate, and (iii) the activation energy of the adsorption process.
The equilibrium time and adsorption rate are strongly influenced by the properties of the
adsorbent , the nature of the adsorbate, and, in particular, experimental conditions (such as
temperature, pH, agitation speed, concentrations of adsorbate and adsorbent, solution ionic
strength, adsorbent granulometry, etc) [68].

Kinetic studies are crucial in adsorption research as they offer valuable insights into the
uptake mechanism. Identifying the most suitable kinetic model is the primary approach for
predicting the optimal adsorption Kinetics.

Under nonequilibrium conditions, adsorption kinetics data are commonly interpreted using
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models, with one often
considered to be more suitable than the other based on better goodness-of-fit criteria. PFO

equation, also referred as the Lagergren model, is usually written as:
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dq;

dr =k (9e — q¢) 3)

where ki (mint) is the PFO rate constant.
The PFO rate equation aligns well with the concept of a linear driving force [69]. By integrating
Equation (3) under the boundary conditions (q: =0 et t = 0 and q: = gt at t = t), the following

nonlinear expression is obtained:

qe=q (1 —e™fat) 4)

Originally proposed by Blanchard et al. [70], the PSO rate equation has also been extensively
utilized for analyzing adsorption kinetics data [71]. Its corresponding kinetic model is expressed

as:

dq
— = ka2(@e — ) (5)

By applying the same boundary conditions mentioned earlier, the resulting equation is as

follows:

k;, th

- 1+ kyq,.t (6)

q:

where ka2 (g/mg min) denotes the PSO rate constant.
The initial adsorption rate ho [(mg/g)/min] can be obtained when t tends toward zero [72] as
shown in Equation (7):

hy = kzqg (7)

The potential influence of intraparticle diffusion resistance on the adsorption process can be

evaluated using the intraparticle diffusion (IPD) model, as described in Equation (8) [73].
qr = kig t** +C ©))

kia (mg/g min®®) is the IPD rate constant and C (mg/g) is a constant that reflects the boundary
layer thickness. Higher values of C indicate a stronger influence of boundary layer resistance

on the adsorption process [74].
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2.4.  Adsorption isotherms

The literature commonly describes two standard methods for deriving adsorption isotherms in

batch adsorption studies. The first method involves determining the adsorption isotherm at

different initial adsorbate concentrations while keeping experimental conditions constant, such

as contact time, adsorbent dose, temperature, agitation speed, etc. The second method evaluates

the adsorption isotherm by varying the adsorbent dose while maintaining all other experimental

conditions constant [68].

An adsorption isotherm illustrates the relationship between the quantity of adsorbate retained

by the adsorbent (ge) and the equilibrium concentration of the adsorbate in the bulk solution

(Ce) at a constant temperature. Parameters derived from adsorption isotherms provide valuable

insights into solid surface characteristics, the mode of adsorbent—adsorbate interactions, and the

most probable adsorption mechanisms. Several equations describe adsorption equilibrium, with

the Langmuir equation being the most widely used and extensively studied. Other models,

including the Freundlich and Temkin isotherms, have also been widely examined in the

literature.

The theoretical Langmuir equation, introduced by Langmuir in 1918 and initially applied to gas

adsorption on solid surfaces, was derived based on the following assumptions [75]:

I. Adsorption is reversible;

ii. The adsorbent surface contains a fixed number of accessible sites, all of which possess
equal adsorption energy;

iii. Adsorption at a site is limited to a single adsorbate molecule, preventing any further
adsorption at that site;

Iv. Adsorbate species do not interact with each other.

The Langmuir isotherm model is expressed in Eqg. 9.

_ Umax KL Ce

- 9
=71 K.C, ©)

where K¢ (L/mg) and gmax (Mg/g) represent the Langmuir constant and the maximum adsorption
capacity, respectively, assuming monolayer adsorption on the adsorbent surface.
The separation factor (Rc; dimensionless), as defined by Webber and Chakravorti [76], is given

by the following expression [74]:
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1
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The value of R. provides insight into the nature of adsorption, as outlined below:

favorable (0 < R. < 1), unfavorable (R. > 1), linear (R. = 1), or irreversible (R = 0).

The Freundlich isotherm [77] is an empirical model that accommodates multilayer
adsorption and accounts for the non-uniform distribution of adsorption energies and affinities
on heterogeneous surfaces [78]. It remains widely used today in the analysis of heterogeneous

systems and is expressed as:
9o = KpC.'" (1)

here Kg [(mg/g)/(mg/L)Y"] is the Freundlich constant, and 1/n [dimensionless; 0 < n < 10] is the
intensity parameter, reflecting the heterogeneity of the adsorbent surface or the adsorption
driving force. When n exceeds 10, the adsorption isotherm resembles a rectangular isotherm,

approaching an irreversible adsorption behavior [79].

The Temkin isotherm equation is frequently employed to characterize adsorption
equilibrium. Originally proposed by Temkin and Pyzhev, this model is based on the assumption
that the heat of adsorption, which is influenced by temperature, decreases linearly with

increasing coverage of the adsorbent surface [69]. The characteristic equation of this isotherm

is as follows:
RT
Qe =3~ In(a; C,) (12)
t

where R is the universal gas constant, T denotes the absolute temperature, b; is a constant related

to the heat of adsorption, and a; is the Temkin isotherm constant.
2.5.  Adsorption thermodynamics

Investigating the thermodynamics of adsorption is essential for evaluating the nature of
the adsorption mechanism, whether physical or chemical. Thermodynamic parameters can be
determined in accordance with the fundamental laws of thermodynamics by applying the

expressions outlined blow [75]:
AG® = —R T InK, (13)
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After rearranging, Eqg. 13 becomes:

_AG?
Ko = e RT (14)

The relationship between AH?, AS?, and AG? is given as:
AG® = AH® — T AS® (15)

The van't Hoff equation, a widely recognized relationship, is derived by substituting Eq. 13 into

Eq. 15.

Ink, = — 4 (16)

From Equation (13), the Gibbs free energy change (AG°) can be directly calculated, while from
Equation (16), the plot of In Kc versus 1/T allows the determination of the enthalpy change
(AH°) and entropy change (AS°) from the slope and intercept, respectively.

In accordance with the guidelines of the International Union of Pure and Applied Chemistry
(IUPAC) [80], the standard units for T, R, and AG® are K, J/ (mol K), and J/mol, respectively.
Therefore, the equilibrium constant K¢ in Equation (13) and (14) must be dimensionless. These
thermodynamic estimates provide insights into the nature and mechanism of adsorption
(physisorption or chemisorption). A positive AH? value indicates an endothermic adsorption
process, while a negative AH® signifies an exothermic process. A low AS® value typically
indicates minimal entropy change during adsorption, whereas a positive AS® suggest greater
randomness at the solid-liquid interface [81].

It is crucial to note that the accurate estimation of AG°, AH°, and 4S° depends on the precise
determination of K¢ (dimensionless). According to prominent literature, these thermodynamic
parameters can be accurately calculated from Kc values derived from adsorption isotherm
constants (e.g., K, Kr, etc.). However, several factors need to be carefully considered to ensure
the accuracy of the calculation method, which can be summarized as follows: (i) Kc must be
dimensionless; (ii) all temperatures involved in the calculations must be reported in kelvin; (iii)
the determination coefficient (R?) of the Equation (16) should be high; (iv) in adsorption
equilibrium studies, the adsorbate concentration range must be explicitly specified as either
high or low [75].

In this section, we provide a detailed discussion on the derivation of K¢ from isotherm models,

specifically the Langmuir and Freundlich models, due to their extensive use in the literature.
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2.5.1. Relationship between the Langmuir constant and the equilibrium constant

In his insightful article, Liu [81] poses a fundamental but rarely addressed question in
adsorption research: Is it reasonable to use Langmuir's constant to calculate 4G° using Equation
(13)? To explore this, he presents an analysis based on the principles of chemical equilibrium
and physical chemistry.

According to Langmuir [82], the adsorption process can be represented by the following

scheme:
S+Ao SA (17)

here, S denotes free solute species, A represents vacant active sites on the adsorbent surface,

and SA corresponds to the occupied active sites. Based on Eq. 17, the equilibrium constant (Kc)

is defined as:

sy
K- = 18
e (18)

where asa, as, and aa represent the activities of the occupied sites, the solute in solution, and
the vacant sites on the adsorbent, respectively.
It is reasonable to assume that asa and aa are equal. Therefore, Equation (18) becomes:
K. = Be (19)

¢« (1 - ee) Qe
here, 0. denotes the fraction of the adsorbent surface covered at equilibrium, and a. represents
the equilibrium activity of the adsorbate in the bulk solution. In chemical terms, the activity of
a substance is expressed as a function of its molar concentration (Ce) using the following
relation:

Ce

Qe = Yadsorbate CO— (20)

adsorbate

In equation 20, yadsorbate (dimensionless) and CP%gsorbate (MOI/L) represent the activity coefficient
of the adsorbate and its standard concentration, respectively.

Substituting Equation 20 into Equation 19 yields:

— He Cc(l)dsorbate (21)
(1 - ge) Yadsorbate Ce

K¢
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In adsorption studies, 6. is defined as:

9, = L (22)

Qmax

Inserting Eq. 22 into the Langmuir isotherm equation (Eq. 9) yields

_ K, C, 23
¢ 1+4K,.C, (23)
from which, K. can be derived as:
K, = Be (24)
L (1 - 93) Ce

The comparison of Eg. (21) and Eq. (24) shows that

KC — KL Cc(z)dsorbate (25)

Yadsorbate

Although yadsorbate 1S typically calculated using the Debey-Huckel law, it is assumed to be unity
for neutral adsorbates or those with weak charges (e.g., organic compounds), as well as for
charged adsorbates (e.g., multivalent ions) in dilute solutions [81]. On the other hand, in nearly
all studies on solid-liquid adsorption, the concentration of Clagsorbate is commonly chosen as 1
mol/L [83,84]. Therefore, Kc will be directly equal to K. of Langmuir model if K. is expressed
in units of L/mol (Eqg. (25)). However, in the literature, K. is commonly expressed in unit of
L/myg, as the units used in adsorption isotherms are ge (mg/g) versus Ce (Mmg/L). In some studies,
K is also expressed in L/mmol when ge (mmol/g) versus Ce (mmol/L) is used.

To ensure accurate thermodynamic parameter calculation, Tran et al. [85] recommended the
following conversions to derive the correct value of Kc from K. (expressed in various

commonly used unites), as shown below:

CO
Ke = K, X 103 X M,, x —24%0r0ate {q.(mg/g) and C, in (mg/L)} (26)
Yadsorbate
CO
K. = K, x 103 x —2dsorbate {g.(mmol/g) and C, in (mmol/L)} (27)
Yadsorbate
CO
K, = K, x —2dsorbate {g.(mol/kg) and C, in (mol/L)} (28)
Yadsorbate
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where My, is the molar weight of the adsorbate molecule in g/mol.
2.5.2. Relationship between the Freundlich constant and the equilibrium constant

The accurate value of Kc can be derived from the Freundlich constant Kg as follows
[75]:

(29)

Ky p (26>(1%)

¢ ~71000\ p

here Kr is expressed in [(mg/g)/(mg/L)¥"], and p represents the density of pure water, assumed
to be 1.0 g¢/mL.

When Kk is expressed in [(mmol/g)/(mmol/L)¥"], the conversion between the two unit systems
of Kr can obtained using the following relationship [79]:

1

— K, (mmoz) / (WZOI)H m, (1) (30)

g

1

/G

The exponent 1/n remain unaffected regardless of the units used to express substrate

K

concentration and adsorption capacity in the isotherm.

2.6.  Various adsorbents for dye removal
2.6.1. Activated carbon

Of the many adsorbents materials suggested, activated carbon remains the most
commonly used for wastewater depollution [86,87]. Due to its high adsorption capacity across
a wide range of dyes compounds, it is a more favorable option compared to other costly
treatment technologies [86]. However, activated carbon has several limitations, including a
higher cost compared to other adsorbents, difficulty in regeneration, lack of selectivity, and
limited effectiveness towards certain categories of dyes [87]. These drawbacks have prompted
researchers to explore alternative low-cost adsorbents, with some of the most notable examples

discussed below.

2.6.2. Low-cost adsorbents for efficient dye removal

Cost is a key factor in comparing adsorbent materials. An adsorbent is typically
considered ‘low-cost’ if it requires minimal processing, is naturally abundant, or is sourced

from industrial waste or by-products with little to no remaining economic value. A variety of
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waste materials from industrial and agricultural sources, as well as natural substances and
biosorbents, offer promising low-cost alternatives. Many of these materials have been studied

and recommended for use in dye removal applications.

2.6.2.1. Industrial by-products

In the literature [88-91], fly ash, metal hydroxide sludge, red mud, biosolids, and waste
slurry are considered low-cost industrial by-products with potential for use as adsorbents in dye

removal.
2.6.2.2. Agricultural solid wastes

Numerous studies have demonstrated the effectiveness of various agricultural solid waste
as adsorbent for removing both organic and inorganic contaminants, including dyes. The use of
these materials for dye removal, as well as the adsorption capacities of different agriculture by-

products, has been extensively investigated in the literature [67,87].

2.6.2.3.Biosorbents and microbial biomass

Biosorption refers to the capacity of biomass to remove pollutants from wastewater. This
process involves a range of biosorbents, including bacteria, yeast, fungi, mold, and algae. The
adsorption capability is influenced by several mechanisms, including ion exchange, surface
adsorption, coordination complexation, microprecipitation, etc [92,93]. Biosorption has been
widely explored for the removal of dye components from dilute aqueous solutions using
inactive or dead biomass [94-97]. Although biosorption offer promising solutions for treating
dye effluents, they have several limitations. The sorption process is typically slow, highly
dependent on pH, and difficult to implement in column treatments due to clogging issues.

2.6.2.4.1norganic materials for dye removal

2.6.2.4.1. Clay minerals

Natural clay minerals have been used as adsorbents for many years due to their
abundance, high adsorption capacity, and ion-exchange potential. Additionally, their layered
structure makes them ideal host materials for adsorbates [86]. Although, clay minerals exhibit
a strong affinity for both anionic and cationic dyes [98-101], the adsorption process is primarily
governed by ion-exchange, making the adsorption capacity highly dependent on the solution’s
pH [87].

21



Chapter Il

2.6.2.4.2. Zeolites

The study of zeolite chemistry dates back to 1756, when Axel Fredrik Cronstedt discovered the
mineral stilbite (NaCa2AlsSi13036.14H20). He coined the term ‘zeolite’—derived from the
Greek words zeo (to boil) and lithos (stone)—to describe this group of minerals, referring to
their characteristic behavior as ‘boiling stones’ [102].

Zeolites are minerals classified as aluminosilicates with a well-defined crystalline
structure. Their primary components are aluminum (Al), silicon (Si), and oxygen (O), arranged
in tetrahedral configurations of SiO4 and AlO4, which define the different types of zeolites. In
these structures, the central aluminum or silicon atom forms covalent bonds with four oxygen
atoms, and the formula TO4 is commonly used to represent the central atom [T] and its
surrounding oxygen atoms [O] [103]. Figure 11.1 illustrates examples of the structural units
along with the pore or cage size for three zeolitic frameworks: zeolite A, sodalite, and faujasite.
Additionally, Figure 11.2 provides a detailed depiction of the framework structure of zeolite A
(LTA). Each type of zeolite is classified based on the number of rings (R) and their arrangement.
The structures of zeolites A, sodalite, and faujasite are composed of 4R and 6R primary building
units (PBUs), which consist of rings containing four and six tetrahedral TO4 units, respectively.
In the structural models, the T elements within the framework are positioned at the intersections
of the edges, while the oxygen atoms occupy the midpoints of those edges [103]. As of July
2014, The Structure Commission of the International Zeolite Association (1ZA-SC) had
assigned codes to 2018 zeolite frameworks [104,105].

Zeolites are classified into two main types: natural and synthetic. Natural zeolites form
over millions of years from volcanic ash or marine salts. In contrast, synthetic zeolites are
produced through hydrothermal treatment at temperatures ranging from 90 to 250°C under
alkaline conditions [107]. Zeolite minerals are classified into three categories according to their
Si/Al molar ratio: (i) high-silica zeolites with a Si/Al greater than 5, (ii) intermediate-silica
zeolites with a Si/Al between 2 and 5, and (iii) low-silica zeolites with a Si/Al less than 2
[107,108]. Siliceous zeolites, with a higher silicon content, act as organophilic, non-polar
adsorbents, whereas aluminous zeolites, which contain more aluminum, function as highly
effective desiccants [109].

Zeolites possess various cavity structures that contribute to their highly porous nature.
Their three-dimensional framework carries a negative charge, generated by Al-tetrahedra
[AlO4]", which is balanced by extraframework cations such as Na*, K*, Ca*?, or Mg*2. These
cations can be readily exchangeable with other cations from the surrounding medium [10,15].
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-

Fig 11.2. Framework structure of zeolite A (LTA): Al and/or Si atoms indicated in yellow,

oxygen atoms shown in red [106].
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Zeolites are highly effective adsorbents due to their exceptional physicochemical and
adsorptive properties, including uniform nanosized pores and channels, high surface area,
superior ion-exchange capacity, selectivity, eco-friendliness, and excellent thermal and
chemical stability. These attributes stem directly from their distinctive structural characteristics
[110,111]. Furthermore, Shamsudin et al. [112] provided a summary of the cost per kilogram
of commonly used adsorbent materials (Table 11.1), confirming that zeolites are among the most
cost-effective options. Recent years have seen extensive studies on zeolites, focusing on their
effectiveness in removing various contaminants, including phenols, heavy metal ions, and dyes.
Numerous studies have investigated their adsorption properties, highlighting their potential for

environmental applications [113-124].

Table 11.1. Cost of different sorbents [112].

Adsorbent material | Cost (US$/kg)

Activated carbon 20-22
Chitosan 15.43
Chitin 5-20
Calcium carbonate 145

Zinc Oxide 0.23-0.28

Zeolites 0.03-0.07

Bentonite 0.005-0.46
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Chapter I11. Adsorption-photocatalysis synergy for dye removal
1. Introduction

The term photocatalysis originates from Greek, combining the prefix photo- meaning
"light", and catalysis, derived from katalyo, meaning to "break apart” or to "decompose” [125].
Photocatalysis is a process in which light activates a material, enabling it to accelerate chemical
reactions without itself undergoing any permanent chemical transformation. The primary
difference between traditional thermal catalysts and photosensitive catalysts lies in their
activation mechanisms: thermal catalysts are activated by heat, whereas photosensitive catalysts
are activated by light (photons) [126,127]. Photocatalytic reactions can take place in either
homogeneous or heterogeneous systems; however, greater attention is given to heterogeneous
photocatalysis due to their broad range of applications, from environmental remediation to
energy production [128]. In heterogeneous catalysis, a solid semiconductor photocatalyst
interacts with reactant molecules or ions present in the liquid or gaseous phase. Among the most
widely used semiconductors, titanium dioxide (T102)-based materials are distinguished by their
exceptional photodegradation performance. Their popularity is attributed to their high quantum
efficiency, resistance to photocorrosion, excellent physical and chemical stability, water
insolubility, low cost, and environmentally friendly nature. TiO, has a bandgap energy of
approximately 3.2 eV, requiring UV light with a wavelength of 385 nm or shorter to achieve
photoexcitation [129]. The photocatalytic process involves several key steps: transport of
pollutants to the catalyst surface, surface adsorption, chemical reactions within the adsorbed
phase, desorption of reaction products, and their subsequent transfer to the gas and/or liquid
phase [129]. Photocatalysis is a rapidly emerging technology that offers innovative solutions to
industrial challenges, particularly in the degradation of contaminants in aqueous media, on solid
surfaces, and within gaseous effluents. A diverse array of materials has been employed in the
synthesis of active photocatalysts, including zeolites, clays, metal-organic frameworks,
polymers, carbon-based materials, metal nanoparticles (NPs), and various other hybrid or

composite structures [129].

2. Bibliometric analysis

Bibliometric analysis constitutes a fundamental methodological approach for investigating
scholarly activity within the field of information science and for identifying emerging trends in
research topics. The findings of a bibliometric study can help researchers make informed
decisions about potential research areas, identify prospective academic collaborators, and select
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the most suitable institutions for pursuing academic degrees or research partnerships.
Bibliometric analysis can be performed using tools such as VOSviewer, Gephi, SCIMAT,
CiteSpace, HistCite, and R [130-132]. In this section, a bibliometric analysis was conducted
using VOSviewer (version 1.6.20) to analyze data retrieved from the Scopus database, focusing
on research related to the adsorption and photodegradation of zeolite materials. VOSviewer is
a specialized software tool developed for constructing and visualizing bibliometric networks,
representing entities such as journals, authors, or individual publications. These networks are
created based on various relationships, including citation links, co-citation, bibliographic
coupling, co-authorship, or the co-occurrence derived from the key terms found in the literature
[133]. The Scopus database used in this study was queried using the following keyword search:
[TITLE-ABS-KEY (zeolite OR zeolites) AND TITLE-ABS-KEY (adsorption OR desorption)
AND TITLE-ABS-KEY (photocatalysis OR photodegradation)]. The research covered the
period from 1992 to 2024, with data collection carried out on December 26, 2024. In total, 475
documents from global sources were extracted, analyzed, and mapped. This collection includes
15 book chapters, 52 reviews, 378 articles, 3 conference reviews, 25 conference papers, 1
editorial, and 1 retracted paper. As illustrated in Figure I11.1, the number of publications grew
slowly during the initial period (1992-2000), with no more than two documents published per
year. From 2001 to 2019, the publication count fluctuated between 4 and 31 papers per year.
However, a progressive increase was observed from 2020 to 2024, peaking at 58 publications
in 2023. Table 111.1 presents a clear overview of the global distribution of publication output,
offering insights into trends in international scientific research activity. Several countries
including China, Japan, India, the United States, Iran, South Korea, Mexico, Canada, France,
and Spain have made significant contributions to research on the adsorption and
photodegradation of zeolite materials. This highlights the global interest in the adsorption and
photodegradation of zeolite materials as a major area of research. Additionally, 475 results were
analyzed to identify co-occurring keywords, with a minimum threshold of five co- occurrences
required for inclusion in Fig I11.2. In the visualization, different research domains are
represented by clusters of distinct colors. The size of each circle represents the frequency of
keyword co-occurrences, where larger circles denote higher frequencies and stronger
relationships. The distance between two circles illustrates the relationship between the
corresponding keywords. The analysis reveals that most studies have focused on TiO2-based
photocatalysts, with aromatic compounds and antibiotics being the primary pollutants of
interest. In conclusion, adsorption and photodegradation related to zeolite materials are strongly

interconnected keywords.
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Fig 111.1. Publication trend analysis of adsorption and photodegradation of zeolite materials.

Table 111.1. The top ten countries ranked by research publication output.

Country Publication count
China 149
India 58
Japan 49

United States 31
Iran 22
South Korea 19
Mexico 18
Canada 17
France 17
Spain 16
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Fig 111.2. Network visualization of keyword co-occurrence.

3. Photocatalysis

Photocatalysis refers to chemical reactions driven by light in the presence of a
semiconductor. This material, which absorbs light and facilitates these reactions, is called a
photocatalyst. Upon exposure to light, the photocatalyst generates an electron-hole pair, which
initiates the photocatalytic process. Photocatalytic reactions can be divided into two types
depending on the physical states of the reactants. When the semiconductor and reactants are in
the same phase, the process is referred to as homogeneous photocatalysis. Conversely, when
the photocatalyst and reactants exist in different phases, the reaction is called heterogeneous
photocatalysis [134]. Based on the band gap (Eg), defined as the energy difference between the
valence band (Vg) and the conduction band (Cg), materials are categorized into three main
classes: (i) metals or conductors with Eq less than 1.0 eV, (ii) semiconductors with Eg ranging
from 1.5t0 3.0 eV, and (iii) insulators with E4 greater than 5.0 eV (Fig 111.3).

Upon irradiation with light of appropriate wavelength and sufficient energy, a
photocatalyst absorbs a photon, promoting an excited electron (e) from the valence band to the
conduction band and leaving behind a hole (h*) in the valence band. Consequently, an electron-
hole (e/h*) pair is generated. In this excited state, the electron contributes to the reduction of an

electron acceptor, while the hole promotes the oxidation of electron donor molecules. The
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importance of the photocatalysis process lies in its unique ability to simultaneously create both
oxidative and reductive environments.

The behavior of the excited electron and hole is determined by the alignment of the
semiconductor’s conduction and valence band positions with the redox potentials of the target
molecule. Consequently, the interaction between the semiconductor and the substrate can

proceed through four distinct pathways [134].
I. The substrate undergoes reduction when its redox level is lower than the conduction

band of the photocatalyst.
ii. Oxidation of the substrate occurs when its redox level is higher than the valence

band of the photocatalyst.

ii. Simultaneous reduction and oxidation of the substrate can occur when its redox level
fall between the conduction and valence band of the photocatalyst.

iv. Neither oxidation nor reduction can occur when the substrate’s redox level is

positioned above the conduction band and below the valence band of the

photocatalyst.
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Fig 111.3. Various types of materials [134].
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Fig 111.4. The possible reaction outcomes include: Reduction (A), Oxidation (B), Redox
reaction (C), and No reaction (D) [134].
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3.1. Photocatalysis in water treatment

Heterogeneous photocatalysis using metal oxides facilitates the degradation or
mineralization of pollutants in water through reactions with active oxygen species generated on
the surface of photoactivated catalysts. Both organic and inorganic pollutants present in water
solution, whether dissolved or suspended, can also directly interact with the electron-hole
(Fig 111.4). Photocatalytic reactions in water solutions may lead to partial or complete
mineralization of organic substances, water detoxification, metal deposition, hydrogen transfer,

dehydrogenation, and other related processes [135].
3.2.  The immobilization of photocatalysts

TiO2 is one of the most widely used photocatalysts in water treatment reactors.
Historically, extensive research has been conducted on slurry systems containing fine powdered
TiO2 suspensions. However, the post-treatment removal of suspended titania particles remains
a time-consuming and expensive process [18,136]. Immobilizing titania on a carrier offers the
advantage of easier recovery. Practically, photocatalysts have been deposited onto a wide
variety of surfaces, including silica gel, glass, polymers, ceramics, zeolites, metals, clays,
activated carbon, fibers, cellulose, magnetic particles, alumina, and others [137]. When zeolites
are used as a support for TiO2, they form a composite that exhibits significantly improved
photocatalytic performance compared to unsupported TiO2 nanoparticles. This enhancement is
attributed to the increased active surface area of the supported catalyst and the amphoteric
properties of zeolites. The aluminum ions within the framework and the charge-balancing
cations function as Lewis acids, while the oxygen atoms, particularly those adjacent to
aluminum, act Lewis bases [33]. Consequently, the zeolitic matrix plays a crucial role in
regulating photo-induced charge transfer reactions [138]. Moreover, the strong electric field
within the zeolite framework can notably impede the back electron transfer reaction, a key
factor limiting quantum efficiency in many photocatalytic reactions [34]. Fig 111.5 [18] presents
SEM micrographs of both the pure zeolite and the TiO.-supported zeolite materials.

From a practical perspective, an ideal support for photocatalyst must meet several key criteria
[137]:
I. It should ensure strong adhesion between the photocatalyst and the support.
ii. It should retain high photocatalytic activity of the material after the loading
operation.

iii. It should possess a high specific surface area.
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iv. It should demonstrate a strong adsorption affinity for the contaminants.

(a) (b)

Fig 111.5. SEM micrographs images of zeolite (LTA) (a) and TiO2-supported zeolite (10%
wt.%) (b) [18].

3.3.  Photocatalytic reactors for wastewater treatment

Photocatalytic reactors used in wastewater treatment are generally categorized into two main
types based on the physical state of the photocatalyst: (i) slurry reactors, in which fine
photocatalyst particles are suspended in the liquid phase, and (ii) immobilized systems, where
the photocatalyst is fixed onto an inert support [139]. The light source in a photocatalytic reactor
can be positioned either internally or externally, with sunlight commonly used as an external
irradiation source. A major difference between slurry-type and immobilized photocatalytic
reactors is the requirement for post-treatment: slurry reactors necessitate a separation step to
recover the photocatalyst particles, while immobilized systems facilitate continuous operation
without the need for such step.
3.4. Impact of process conditions on photocatalytic activity
3.4.1. Photocatalyst dose

The amount of photocatalyst employed in a photocatalytic wastewater treatment system
directly influences the reaction rate. In heterogeneous photocatalysis, the photodegradation rate
generally increases with increasing catalyst dosage. Therefore, identifying the optimal catalyst
dose is essential to avoid excessive material use and to maximize photon absorption efficiency
[140]. When the photocatalyst dose exceeds the saturation threshold, light absorption efficiency
typically decreases. This reduction is mainly due to light scattering effect, which limits the
exposure of active photocatalyst surfaces to irradiation and consequently lowers the overall
photocatalytic efficiency [141]. When the photocatalyst dose exceeds the saturation threshold,
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light absorption efficiency typically decreases. This reduction is mainly due to light scattering
effect, which limits the exposure of active photocatalyst surfaces to irradiation and
consequently lowers the overall photocatalytic efficiency [141]. As shown in Fig. 111.6(a), the
reaction rate (r) increases proportionally with the photocatalyst mass (m) until it reaches a
plateau, indicating that the photocatalytic system has absorbed the maximum number of
available photons. Numerous studies have investigated the effect of titania dosage on the
efficiency of the photocatalytic process [18,140,142—-146]. However, direct comparisons among
these findings are difficult due to variations in reactor geometry, radiation flux, light intensity,
and the wavelengths used. It has been observed that the optimal catalyst loading for effective
photodegradation differs across studies and is largely influenced by the dimensions of the

photoreactor.

3.4.2. Wavelength

The variation in reaction rate with respect to wavelength aligns with the photocatalyst’s
absorption spectrum and is directly related to its bandgap energy (Fig 111.6(b)) [135]. In the case
of TiOy, effective photonic activation of commercial Degussa P-25, which contains
approximately 70-80% anatase and 20-30% rutile, requires light with a wavelength shorter than
380 nm [147]. On the other hand, rutile TiO2 has a bandgap of approximately 3.02 eV, whereas
anatase TiO possesses a slightly higher bandgap of about 3.2 eV [140]. Ultraviolet (UV)
irradiation is classified into three categories based on wavelength: (i) UV-A, ranging from 315
to 400 nm, (ii) UV-B, spanning 280 to 315 nm, and (iii) UV-C, covering 100 to 280 nm [148].

I'A r‘

(b)
(a) ﬁ

Eg

Eg L

Moptimum

Fig 111.6. Influence of (a) catalyst mass (m) and (b) wavelength (1) on the photocatalysis rate
(r) [137].
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3.4.3. Solution pH

The performance of photocatalytic wastewater treatment is significantly affected by the
medium’s pH, which impacts the surface charge of photocatalyst particles, their tendency to
aggregate, and the alignment of conduction and valence band energy levels [141]. In acidic
environments, the functional groups on the photocatalyst surface are prone to protonation,
whereas in alkaline conditions, they tend to undergo deprotonation. The point of zero charge,
abbreviated as pHpzc is the pH at which the photocatalyst surface carries no net electrical
charge. Its value varies depending on the specific photocatalytic material. When the operating
pH is below the pHpzc, the photocatalyst surface becomes positively charged, enhancing
electrostatic attraction toward negatively charged pollutants. Conversely, at pH levels above
the pHpzc, the surface acquires a negative charge, favoring the adsorption of positively charged
contaminants [149]. Electrostatic interactions between the photocatalyst surface and charged
organic substances can significantly enhance their adsorption [149].

Equations 31 and 32 represent the protonation and deprotonation reactions occurring on the

TiO2 surface as a function of the solution’s pH [141].
in the case that pH < pHpzc:TiOH + Hg, < TiOH; (31)

and at pH > pHpyc:TiOH + OHgq < TiO™ + H,0 (32)
3.4.4. Dissolved oxygen

In photocatalytic reactions, dissolved oxygen plays an essential role by capturing excited
conduction-band electrons, effectively acting as an electron scavenger and minimizing electron-
hole recombination [141]. Oxidation and reduction reactions occur at separate sites on the
photocatalyst surface, ensuring that oxygen molecules do not interfere with the adsorption of
target compounds [150]. Additionally, dissolved oxygen facilitates the generation of reactive
oxygen species, stabilizes radical intermediates, and enhances both mineralization and direct
photocatalytic processes.

3.4.5. Temperature

Elevating the reaction temperature improves photocatalytic activity. However,
temperatures above 80°C typically lead to increased charge carrier recombination and reduced
adsorption of organic substances on the catalyst surface. Conversely, temperatures below 80°C

enhance the sorption of organic species. Nevertheless, further decreasing the temperature to
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0°C raises the activation energy, thereby slowing the reaction rate. As a result, the optimal
temperature range for the photodegradation of organic compounds is indicated to be between
20°C and 80°C [136,140,141,150].

3.4.6. Pollutants and their concentrations

Elevated pollutant concentrations in water may saturate the photocatalyst surface, which
diminishes photocatalytic efficiency and can ultimately lead to catalyst deactivation [151].
Organic molecules that exhibit strong binding to the photocatalyst surface are more prone to
direct oxidation. Consequently, the photodegradation of aromatic compounds is heavily
influenced by the characteristics of their substituent groups. Organic substances with electron-
withdrawing groups, such as nitrobenzene and benzoic acid, generally exhibit stronger
adsorption onto the photocatalyst surface, rendering them more susceptible to direct oxidation
than those bearing electron-donating groups [152].

3.4.7. Luminosity

Light intensity is a key parameter influencing the photodegradation of organic compounds.
Fujishima et al. [153] noted that the initiation of titania photocatalytic reaction rates is not
significantly affected by light intensity. Even at a low intensity, such as 1 mW/cm?, the surface
reaction can be effectively induced. Overall, the apparent rate constant for photodegradation
tends to rise with increasing UV irradiation, as the greater photon influx boosts interaction with
the photocatalyst and promotes the generation of hydroxyl radicals [154]. At low illumination
intensities (0-20 mW/cm?), the degradation rate follows first-order kinetics with respect to light
intensity. As the intensity increases to moderate levels, the reaction rate becomes proportional
to the square root of the intensity, mainly due to the competing effects of charge carrier (electro-
hole pair) separation and recombination [155]. At very high illumination intensities, however,

the reaction rate becomes independent of light intensity [156].
3.5.  TiOz photocatalysis mechanism

Heterogeneous photocatalysis using UV/TiOz systems is a widely adopted technique for air and
wastewater purification. The process is initiated when a photoexcited electron (e°) is promoted
from the filled valence band (Vg) to the empty conduction band (Cg) of the semiconductor
photocatalyst. This excitation takes place when the energy of the absorbed photon (hv) equals
or exceeds the bandgap energy (Eg) of the semiconductor—typically around 3.0 eV for rutile
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and 3.2 eV for anatase phases of titania [141]. This transition leaves behind a hole (h*) in the
valence band, resulting in the formation of an electron-hole pair (e/h*), as shown in Fig I111.7
and described in step 1 of Table 111.2. The photodegradation of the pollutant (P) in water
solution using a titania photocatalyst under UV light has been comprehensively outlined
through a sequence of oxidative-reductive chain reactions (steps 2-10, Table 111.2)
[140,141,157,158]. During steps 2-8, photogenerated electrons and holes are separated and
become trapped at the reductive and oxidative sites on the titania surface, initiating a chain of
reactions that produce reactive species such as OH*, O2™, and H202. The pollutant (P) is then
degraded either through direct oxidation by the highly reactive photogenerated hole (step 9) or
via interactions with these reactive species (step 10), ultimately forming CO2 and H20 as final
products. The overall photodegradation reaction of pollutant P under UV-irradiated TiO2 can
be summarized in step 11 (Table 111.2).

-

Energy level

Degradation
by-products

H,0

Fig 111.7. Mechanism of photo-induced (e/h*) pair generation in a TiO2 photocatalyst particle
in the presence of a contaminant (P) in water [141].
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Table 111.2. Photodegradation mechanism [157].

TiOy 3 Ti0} (€5p + ibg) o e o oo eeees oo e oo (1)
hig + Hy0 — HY 4+ OH" oo oo oo e e e e e (2)
€ T 02 = 057 i s s s e e e e (3)
05 4+ Hy0 — HOS + OH ™ oo voeooscee e e v e e e (4)
057+ HO; + HY — 0y + Hy0y e v et v e e e e e e (B)
H* 4+ 2e;5+ 05 — HyOp e cee ev e e et e e et e e e e we (6)
2H,0 + 2hify — 2H,0, + 2HT oo e v e v e e e o (7)
HyOp + €55 = OH™ + OH" oo eoeoee oo e eee e e e 0 (8)
his + P - intermediate products - CO, + H,0 ... ......(9)
OH® + P = intermediate products - CO, + H,0 ... .....(10)
Pt 0y 0 0, 4 HyO oo (11)

3.6. Photodegradation Kinetics and modelling

Kinetic studies on the photodegradation rates of water pollutants are essential for scaling
up the process. The proper application of kinetic models to interpret experimental data enables
the design and optimization of photoreactor systems with sufficient processing capacity and

minimal unilluminated reactor volume [141].
3.6.1. Langmuir-Hinshelwood (L-H) model

Since the L-H model depends on surface area, the reaction rate generally increases with
longer illumination times as the concentration of target molecules in solution decreases and
more active surface sites become available [141]. Initially designed to quantitatively describe
gas-solid kinetic reactions [159], the L-H model was later adapted for application in solid-liquid

systems [160]. This equation is given as [161-165]:

dC.  kKC,
dt  1+KC,

r=- (33)

In this expression, k [mg/(min L)] is the true rate constant, accounting for various parameters
such as catalyst mass, effective photon flux, oxygen availability, and more, while K (L/mg)
represents the adsorption constant, and C: (mg/L) denotes the contaminant concentration at

irradiation time t (min). Integration of this equation results in the following expression:
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C
In (C—‘t’) +K(Cy— C) = kKt (34)

where Co (mg/L) represents the initial concentration of the organic pollutant.
From Eq. (33), the reaction order varies between 0 and 1, with two limiting cases to consider.
For concentrated solutions, where the term KxCq is much greater than 1, the reaction rate

follows zero-order kinetics, and Eq. (34) simplifies to:
Co—C; =kt (35)

In the case of highly diluted solutions, the term KxC; becomes much less than 1, allowing the
denominator of Eq. (33) to be neglected. Under these conditions, the reaction approximates

apparent first-order kinetics, allowing Eq. (32) to be simplified as follows:

C
In (—) = —kKt=—kgppt  (36)
Co
where kap (mint) is the apparent rate constant for a first-order reaction, defined as the product
of k and K.

3.7. Synergistic interaction of adsorption and photodegradation in removing organic

pollutants from water

The schematic mechanism shown in Eq. (37) illustrates the key steps involved the
removal of organic pollutants (OP) through a combined adsorption-photodegradation process.
Zeolite-supported photocatalyst materials (ZSPM) feature a large specific surface area, a porous
matrix, and a well-defined crystalline structure derived from the zeolite adsorbent, along with
a high density of functional groups. These characteristics facilitate the exposure of additional
active sites and improve adsorption performance through mechanisms including hydrogen
bonding, electrostatic interactions, and pore filling between the surface of the zeolite-based
photocatalyst and organic pollutant molecules. The adsorption process promotes the transfer of
organic pollutants from the liquid to the solid phase, enhancing surface reactions at the interface
of the zeolitic materials. Simultaneously, the photodegradation process generates reactive free
radicals that effectively oxidize the adsorbed pollutants on the surface of the impregnated
photocatalyst, breaking them down into smaller molecules such as CO2 and H20, and thereby
regenerating the occupied active sites [166]. As a result, the adsorption-desorption equilibrium

shifts toward the adsorption reaction, significantly enhancing the adsorption capacity [18]. In
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conclusion, the adsorption and photodegradation processes exhibit a synergistic interaction,

enhancing the overall efficiency of organic pollutant removal.

adsorption Photodegradation
OP —— 0P —-ZSPM CO, + H,0 (37)

desorption

3.7.1. Modified Elovich kinetic model for simulating the combined adsorption-

photodegradation process

Recently, several studies have explored the kinetics of pollutant removal in the liquid phase
through a combined adsorption-photodegradation process [18,167-173]. The findings of these
studies revealed that the modified Elovich kinetic model, evaluated under various operating
conditions and for different pollutants, exhibited high accuracy in simulating kinetic data. The
heterogeneous model (modified Elovich) is controlled by multiple processes, most notably

adsorption and photodegradation. The overall removal rate in this model is expressed as:
r=—dC,/dt = k,Cye FCo=Co) (38)

where ke (min-t) denotes the rate constant of the modified Elovich model, and B is a constant
inversely related to the removal capacity. An increase in 3 corresponds to a decrease in the

removal rate over time.
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Chapter 1V: Zeolite Waste Characterization and Use as Low-Cost, Ecofiendly, and
Sustainable Material for Malachite Green and Methylene Blue Dyes Removal: Box-

Behnken Design, Kinetics, and Thermodynamics

The findings of this study have been published in the journal “Applied sciences”
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Introduction

In this chapter, the adsorption performance of zeolite for cationic dyes was investigated,
using Malachite Green and Methylene Blue as model molecules. Adopting the "treating waste
with waste™ approach, LTA-type zeolite waste, generated by the natural gas dehydration units
at the TFT complex (Sonatrach), was employed after undergoing an appropriate regeneration
treatment and is referred to here as 4AZW. The main conclusions of this study are as follows:
After thorough characterization, the 4AZW material exhibited minimal loss in its crystalline
structure, which provides a significant advantage. However, a key limitation of this adsorbent
is its relatively low maximum adsorption capacity, which is 9.95 mg/g for Methylene Blue and
45.64 mg/g for Malachite Green.
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Chapter IV

Chapter 1V: Zeolite Waste Characterization and Use as Low-Cost, Ecofiendly, and
Sustainable Material for Malachite Green and Methylene Blue Dyes Removal: Box-

Behnken Design, Kinetics, and Thermodynamics

Abstract: This study investigated the potential of 4A zeolite, named 4AZW in this work,
generated by natural gas dehydration units as solid waste after several treatment cycles, as a
low-cost adsorbent to separately remove two cationic dyes, methylene blue (MB) and malachite
green (MG), from an aqueous solution within a batch process. The adsorbent material was
characterized by N2 gas adsorption—desorption, X-ray fluorescence spectrometry, X-ray
diffraction, FT-IR spectroscopy, and the determination of its cation exchange capacity and point
of zero charge. The influence of key operating parameters, such as the pH, adsorbent dosage,
ionic strength, contact time, initial dye concentration, and temperature, was investigated. Three
independent variables acting on MB adsorption performance were selected from the Box—
Behnken design (BBD) and for process modeling and optimization. An analysis of variance
(ANOVA), an F-test, and p-values were used to analyze the main and interaction effects. The
experimental data were satisfyingly fitted with quadratic regression with adjusted R? = 0.9961.
The pseudo-second-order kinetic model described the adsorption of the dyes on 4AZW. The
equilibrium data were well-fitted by the Langmuir model for each adsorption system (MB-
4AAZW and MG-4AZW) with maximum adsorption capacity (gmax) values of 9.95 and 45.64
mg/g, respectively, at 25°C. Thermodynamics studies showed that both adsorption systems are

spontaneous and endothermic.

Keywords: 4A zeolite reuse; dye removal; adsorption kinetics; isotherms; response surface
methodology

1. Introduction

Fossil fuels have always been the primary source of the global energy supply. Algeria has
an important energy potential: It holds the tenth largest gas reserve in the world and the third
largest oil reserves in Africa [1]. Among all fossil fuel energy sources, natural gas (NG) is the
cleanest and is a safe source when transported, stored, and used [2]. The chemical composition
of the crude NG found in oil and gas reservoirs is composed of methane (as a major component),
and in smaller quantities, ethane, propane, and butane, among other gaseous hydrocarbons. It
also contains undesirable compounds such as water vapor, carbon dioxide, nitrogen, and
hydrogen sulfide [3,4]. In industrial use, natural gas is subjected to different cleaning processes
to meet product quality standards. Two main standards can be distinguished: Liquid natural gas
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(LNG) and pipeline gas [5]. The water vapor contained in NG must be removed from the gas
stream for the following reasons: Reducing the heating value of the produced gas, condensation
of the water in the pipelines, and the risk of corrosion [2].

Extensive literature is available on common gas dehydration systems including glycol
absorption, zeolite adsorption, and refrigeration-based systems [6]. Among these processes,
adsorption on zeolite, especially the Temperature Swing Adsorption (TSA) system, is the most
frequently used industrially for technical and energetic considerations [7]. The simplest
configuration for the application of a TSA system to obtain a continuous flow of produced gas
is the fixed double-bed system, with one operating in adsorption mode and the second in
desorption mode (regeneration) [5]. Due to the higher capacity of water adsorption and
selectivity, as well as its regeneration potential for several cycles of adsorption, the 4A zeolite
adsorbent is widely used for the fine drying of NG in the TSA system [5,7].

Zeolites [8] are crystalline microporous aluminosilicates with a three-dimensional
framework structure bearing AlO4 and SiO4 tetrahedra. These are linked to each other by
sharing all of the oxygen to form interconnected cages and channels [9] with the characteristics
of high ion exchange capacity and excellent selectivity (size, charge, and shape) and porosity
on the surface [10]. Zeolites present a high potential for the purification of gases, especially
those containing moisture [11]. 4A zeolite belongs to the LTA-type, with a pore size of 0.4 nm
and a Si/Al ratio of approximately 1. This low Si/Al ratio, owing to the high aluminum content,
makes the material highly hydrophilic [12]. The dehydration unit in the gas plant TFT of the
Sonatrach company in Algeria generates important amounts of 4A zeolites after using the
material in several adsorption and regeneration cycles, which reduces its adsorptive capacity
with respect to the desired product quality during the dehydration operation. Under such a
situation, the adsorbent is treated as solid waste to be disposed of in the technical landfill center
near the plant site. The reuse of this adsorbent in wastewater treatment can be a possible way
to valorize it by increasing its lifetime before it is considered waste. Several studies have applied
natural and synthetic zeolites [13-18], as well as other eco-friendly materials [19], in waste
water treatment.

In the present paper, batch experiments were carried out to separately remove methylene
blue (MB) or malachite green (MG), two very popular and toxic cationic dyes [20,21], by the
adsorption technique using 4A zeolite solid waste from the gas dehydration unit of TFT plant
(Sonatrach company). This adsorbent material is named '4A zeolite waste’' (4AZW) here. The
characterization of the 4AZW sample was performed by BET surface area analysis, X-ray

diffraction, and FT-IR analysis. The influence of temperature, pH, amount of adsorbent, contact
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time, and initial MB or MG concentrations on the removal rate of those dyes were studied under
shaken conditions. Different classical kinetic models were used to interpret the adsorption of
each dye on 4AZW. Experimental equilibrium data were fitted with Freundlich and Langmuir
isotherm equations to determine the best-fitting model. Additionally, in this work, it has been
established that pH, the initial concentration, and the amount of adsorbent interacted and
ultimately affected MB removal efficiency by the response surface methodology (RSM). This
approach is a statistical application on the basis of fitting empirical models to a set of data
obtained from several experiments: It is considered one of the most multivariate techniques
used in process optimization [22,23]. By collectively optimizing all the affecting parameters,
RSM can eliminate the limitations of single factor-at-a-time experiments [24,25]. This global
investigation allowed for the study of new kinds of Zeolites.

This study on the investigation of the potential of 4AZW for the removal of two basic
cationic dyes, MB and MG, from aqueous solutions under batch experimental conditions shows
that wastewater treatment with this kind of zeolite constitutes an economical and efficient way
to eliminate aqueous pollutants, which clearly meets the main aims of the UN Sustainable
Development Goals (UN SDGSs).

2. Materials and Methods
2.1. Materials

The 4AZW used in this study was obtained from the gas dehydration unit of the TFT plant
(Sonatrach company, Algeria). This material was received as a binder-containing zeolite in the
form of cylindrical pellets. After crushing, 100 g of the raw sample with a particle size lower
than 100 um was dried at 110°C for two hours and then dispersed in 1 L of deionized water and
mixed for 24 h to eliminate all water-soluble impurities. After solid-liquid separation by
filtration under a vacuum with Whatman® paper filter grade 40 (particle retention 8 pum), the
obtained residue was calcined at 450°C for 2 h to eliminate all the organic compounds possibly
retained during its initial use in the dehydration of the gas and finally kept in a desiccator until
tested.

Two cationic dyes were selected for this study: Methylene blue (MB) and Malachite green
(MG), obtained from Biochem Chemopharma (France). The maximum absorbance
wavelengths of MB (664 nm) and MG (620 nm) were determined with a double beam UV-vis
spectrometer (Specord 200 plus).
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2.2. Characterization of 4AZW

The physicochemical properties of the solid material were determined using standard
analytical techniques. To obtain the specific surface area and pore structure of the material, the
Nitrogen adsorption-desorption isotherms at 77 K were measured with an automated gas
adsorption analyzer ASAP2000 (Micromeritics, Norcross, GA) with £5% accuracy. The total
contents of chemical components were determined by X-ray fluorescence spectrometry (XRF)
using a Philips PW-2400 X-ray spectrophotometer with Rh and Au excitation tubes. The X-ray
diffraction (XRD) analysis of the samples was carried out via a powder X-ray diffractometer
(Bruker AXS) in the angular range of 2-60° in steps of 20 with a scan rate of 0.025 °/s. For
Fourier-Transform Infrared spectroscopy (FT-IR, Bruker ALPHA), the spectrum was recorded
in the 400-4000 cm™* range.

The pH of 4AZW was measured as follows: A 1:2 (w:v) 4AZW: distilled water
suspension was shaken for 24 h at 30°C, then filtered, and the pH of the filtrate was determined
by a pH-meter [26]. The cation exchange capacity (CEC) of 4AZW was determined by the
BaCl-triethanolamine procedure [27]. To determine the point of zero charge (pHpzc) of the
material, the 'drift method’ was applied [28]: 0.2 g of adsorbent was added to 40 mL of the 0.1
mol/L NacCl solution at different initial pH values (pH;) in the range of 3 to 12, and agitated for
24 h at room temperature; the final pH (pHs) values of solutions were then measured, and ApH

is plotted vs. pHi.
2.3. Adsorption Methodology

Batch adsorption experiments on the 4AZW adsorbent were conducted with either MB
or MG aqueous solutions. A stock solution of MB or MG (1000 mg/L) was prepared by
dissolving an accurately weighed quantity (1.0 g) of solid dye in 1 L of deionized water; the
solutions for adsorption tests were diluted from the stock solution to the desired concentration.

One hundred milliliters of the dye solution at various concentrations were placed in 250
mL PE flasks with 0.1 g of the adsorbent and shaken (Labwit ZWY-304) at a speed of 200 rpm.
The experiments were carried out at different pH (from 3 to 12) and temperature (from 25 to
50°C) values. The initial pH of the solution was adjusted to the desired value by using either
HCI or NaOH solutions (0.1 mol/L). Kinetics of adsorption was determined by analyzing the
dye uptake at different time intervals. From the Kinetic experiments, a time contact equal to 110
min was fixed for all following isotherm experiments in order to reach a steady-state or pseudo-

equilibrium. Solid and solution were separated using a 0.22 um cellulose acetate membrane
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filter, then the concentration of MB or MG in the supernatant was determined by a double-beam
UV/vis spectrophotometer (SPECORD 200 plus). Kinetics of adsorption was determined by
analyzing the dye uptake at different time intervals.

Each experiment was carried out in triplicate and all calculations were conducted with
their average values; the maximum difference between the three values was less than 3% of the
mean. The adsorbed amount of MB or MG at equilibrium was calculated by the straightforward

equation:

(CO - Ce)- |4

qe = ———*— ™

where ge (mg/g) is the equilibrium adsorption capacity of dye adsorbed per gram of 4AZW, Co
and Ce are the initial and equilibrium concentrations (mg/L) of MB or MG, respectively, V (L)
is the volume of the dye solution, and m (g) is the weight of 4AZW. A linear calibration curve
was prepared with MB (R? = 0.997) and GM (R? = 0.999) for UV/vis quantification.

The adsorption yield (% removal from aqueous solution) of the dye is calculated as:

C,—C.).100
Yield (%)=( 4 Ce) (2
0

2.4. Experimental Design

To better understand the effect of important parameters such as pH, the initial
concentration, and the amount of adsorbent, a Box-Behnken design was applied to the removal
of MB, here selected as a dye model. In order to obtain the most important independent and
influential variables with the minimum number of runs, the response surface methodology
(RSM) proceeds by a two-in-one technique, i.e., both mathematical and statistical techniques
are used together to obtain a relationship between a response, here defined by the yield removal
(Yield (%)) as the dependent variable, and a number of independent variables defined by Xj,
Xa, ..., Xn. Usually, RSM is combined with factorial design methods such as the Box-Behnken
design (BBD), i.e., a second-order multivariate design based on a three-level incomplete
factorial design with no axial points [29].

In our case, fifteen experiments were performed with three replicates at the center point
to estimate the pure error. Minitab® 17 software was used to apply the BBD model.
Experimental data were fitted to a quadratic model using a second-order polynomial model as

follows:
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n n n-—1 n
Yield (%) = B, + Z/;i X+ Z Bii. X2 + Z Z B XiX; +e 3)
i=1 i=1

i=1 j=i+1

where n, Po, Bi, Xi and X, Bii, Bij, and € represent the number of variables, a constant term, the
coefficients of the linear parameters, the variables, the coefficients of the quadratic parameters,
the coefficients of the interaction parameters, and the residual associated with the experiments,
respectively. A total of 15 experiments were needed to estimate the removal of MB on 4AZW.

The predicted values for the yield removal of MB were then obtained by applying the
quadratic model. The accuracy and fitness of the model were evaluated by an analysis of
variance (ANOVA): Various descriptive statistic parameters were used such as the p-value, an
F-test, degrees of freedom (df), the determination coefficient (R?), and the adjusted
determination coefficient (R%g) [30,31]. Moreover, 3D-surface plots also allowed us to

describe the effect on the desired response of interaction between two-by-two factors [32].

3. Results and Discussion
3.1. Characterization of Material

The physicochemical properties of the 4AZW sample are presented in Table 1V.1. XRF
measurement showed that the main chemical components of the 4AZW are SiO, Al,O3, NaO,
Fe203, Ca0, and K;0. The XRD pattern of our sample (Figure 1V.1) corresponds well with the
crystalline peaks of pure 4A zeolite. The diffraction peaks at 7.18°, 10.17°, 12.46°, 16.11°,
21.66°, 23.99°, 26.10°, 27.11°, 29.94°, 32.54°, and 34.17° are associated with (200), (220),
(222), (420), (442), (622), (640), (642), (820), (840), and (664) crystal planes of 4A zeolite,
respectively [10,33], indicating that the 4AZW has not undergone a serious loss in its crystalline

structure.
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Table 1V.1. Physicochemical properties of 4AZW.

Typical parameters Value
SiO2 (%) 55.39 £ 0.88
Al203 (%) 27.18 £ 0.64
Na20 (%) 4.49 +£0.52
K20 (%) 1.03+0.12
CaO (%) 3.34£041
Chemical composition P20s(%) 0.79 +0.08
Fe203 (%) 4.47 +£0.49
TiO2 (%) 0.32+0.04
MgO (%) 2.99+0.31
Sget (M?/g) 35.5+0.3
CEC (meqg/100 g) 120+ 6
pH (1:2 w:v slurry) 11+0.1
pHpzc 105+0.1
20,000
10,000
oy = 5 Y r+~Lw-.L'J~.f LLEL bt s,
0

10 20 3 40

20 (degree)

Fig. IV.1. XRD pattern of 4AZW.

Chapter IV

As shown in Table IV.1, the cation exchange capacity is 120 meg/100 g. The synthesized

material exhibits strong basicity (pH = 11 for the suspension slurry) suggesting the presence of

negative charges on the solid surface in an aqueous solution; this is also confirmed by the value

of pHpzc = 10.5 (see below). The BET/N: specific surface area was 35.5 m?/g.

From FT-IR spectroscopy (Figure 1V.2), the broad band at 3441cm™ and the sharp

absorption bond at 1660 cm™ correspond to the stretching and bending vibration bands of H-

O-H derived from H2O present in 4AZW [34]. In addition, there are four distinct absorption
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bands at 994, 787, 684, and 464 cm™, which are assigned to the asymmetric stretching
vibrations of bridge bonds T-O-(T) where (T=Si or Al), symmetric stretching vibrations of
bridge bonds Si-O-Si, symmetric stretching vibrations of bridge bonds Si-O-Al, and the
bending vibrations O-Si-O, respectively [35].

1660.45

% Transmittance

3440.99
994.17

T T T T T T
4000 3000 2000 1000

Wavenumber (cm™)

Fig. IV.2. FT-IR spectra of 4AZW.

3.2. Effect of Initial Dye Concentration

Contact time data allow us to select the optimum shaking time to achieve a steady-state
of pseudo-equilibrium of the process. The corresponding data for the removal of MB and MG
are shown in Figure 1V.3, hence the plateau becomes evident.

The ge values of both MB and MG sharply increased from 10 min to 50 min and balanced
beyond 70 min contact time. This can be related to the number of initially vacant surface sites
at the beginning. Over time, repulsive forces between the cationic dye molecules adsorbed on
the surface of 4AZW and the solution phase make the remaining vacant surface sites more
difficult to be occupied; thus, the adsorption slows down and finally levels off. As can be
considered obvious, increasing the initial concentration will provide more driving force to
overcome the mass transfer resistance between the solid and liquid phases, then the ge values

increase [36].
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Fig 1V.3. Effect of contact time and initial concentration of dyes: (a) MB; (b) MG on the
adsorption capacity of 4AZW (S/L =1 g/L, T = 25 + 1°C and unadjusted pH).

3.3. Effect of the Adsorbent Dose

The effect of the mass of adsorbent (0.25 to 3.0 g/L) on the adsorption capacity and the
percentage of dye removal showed (Figure IV. 4) that the removal of each dye increased when
the adsorbent amount increased, which could be attributed to the greater availability of
adsorption sites; after reaching a plateau, one can observe the steady-state of the (pseudo)
equilibrium, likely because of the saturation of the available adsorption sites as already reported
in several papers [37,38]. For the following investigations, equilibrium was attained with a

selected adsorbent dosage of 1 g/L.
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Fig 1V.4. Effect of adsorbent dosage on the percentage of removal and amount of dyes
adsorbed on 4AZW: (a) MB; (b) MG (Co (MB) = 8 mg/L, Co (MG) = 41 mg/L, contact time
70 min, T = 25 £ 1°C and unadjusted pH).

On the other hand, the increase in the adsorbent mass led to a decrease in the amount of

dye uptake per gram of adsorbent (qge). This dropin adsorption capacity is likely due to sites

remaining unsaturated during adsorption [39,40] and particle aggregation [41].

3.4. Effect of lonic Strength

As can be observed from Figure IV.5, the co-existence of sodium cations and dye

molecules in the solution decreases the adsorption yield. Furthermore, the increase in the ionic

strength is unfavorable to the adsorption efficiency. Because the ionic strength of the solution

controls either electrostatic or non-electrostatic interactions between the adsorbate and the
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adsorbent surface [42], the electrostatic attraction mechanism for our cationic dyes can be
suppressed with the addition of Na* ions at a high concentration, due to the competition for the

active sites on the adsorbent surface, leading to electrostatic repulsion [43].
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Fig I1'V.5. Effect of NaCl concentration on the adsorption percentage of MB and MG (Co (MB)
=8 mg/L, Co(MG) =41 mg/L, S/L =1 g/L, contact time 70 min, T =25 + 1°C and unadjusted

pH).
3.5. Effect of Solution pH

The pHpzc value of 4AZW is 10.5 (Figure 1V.6). Then, at pH < pHpzc, the surface of the
adsorbent is predominantly positive; while when the solution pH > pHpzc, the adsorbent surface
is predominantly negative [44]. The effect of the initial solution’s pH (in the range of 3 to 12)
on the removal of each dye, at initial concentrations of MB and MG of 11.5 mg/L and 45 mg/L,

respectively, at 25°C, is shown in Figure IV.7.
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Fig IV.7. Effect of pH on the removal of MB and MG by 4AZWfrom aqueous solution.
(Co(MB) = 11.5 mg/L, Co (MG) =45 mg/L, S/L =1 g/L, contact time 70 min, T =25 + 1°C).

Generally, for a cationic dye, at a lower pH, the percentage of dye removal will decrease,
but it will increase at higher pH values [45]. Although methylene blue has no determinable pKa
between pH 0 and 14, it is in the form MB™ in this aqueous pH range, but several species can
be formed according to the redox status of the solution [46]; for malachite green, however, pKa
= 6.90 [47]. Then, for MB or MG cations, the protonated form is the predominant species in
solutions at pH < pKa, and above this pH value, the dye becomes ever more de-protonated.

The highest adsorption capacities were obtained in the pH range of 5 to 10 for MB with

a maximum adsorption efficiency of 99% at pH = 8.5. For MG, a relatively high adsorption
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capacity can be kept at pH = 5 to 11 with maximum adsorption of 99.5% at pH = 8
(Figure 1V.7). Similar observations have also been reported by other researchers [48-53].

However, a definitive explanation of this point cannot be established on the basis of pH
values only, because pH can be influenced, separately or together, by the surface charge of the
adsorbent, the degree of ionization of the adsorbate, and the extent of dissociation of functional
groups at the adsorbent active sites [44,54]. Lower sorption of dyes obtained at very acidic pH
values can be explained through the behavior of the zeolite in acidic and basic mediums, as
reported elsewhere [55].

First, zeolite in an acidic medium can easily exchange its M* metal cation with protons

according to the following reaction:

[Z-OM]n + H*(a)S [Z-OH]n + M (ag) (4)

where Z is the Silicon or Aluminum atom at the solid surface and within the zeolite structure.
This ion-exchange reaction leads to an increase in the solution pH as observed in Figure IV.7.
If the initial H* concentration is high, proton adsorption at the neutral surface of the zeolite will

take place:

[Z-OH]n + H a9S [ZOH2']a %)

The protonation of the zeolite surface (Equation (5)) diminishes the possible dye
adsorption due to electrostatic repulsive forces that may occur between the zeolite surface and
the cationic dye. On the other hand, in an alkaline medium, hydroxyl ions can de-protonate the

surface as follows:

[Z-OH]n + OH e S[ZO" ]n + H20 (6)

Under such conditions, the attraction forces between the negatively charged zeolite
surface and the positively charged MB and MG species favor the adsorption. Similar results
have been obtained with other inorganic pollutants such as heavy metals in wastewater by using
zeolite nano-particles impregnated in polysulfone membranes [14].

3.6. Kinetics Studies

Kinetics models are important before any further investigation intothe mechanism of
adsorption; the most popular are [56,57] the Lagergren’s pseudo-first-order and the pseudo-

second-order rate equations.
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The pseudo-first-order equation is:

dq
d—tt = k1. (qe — q0) (7)

where gt (mg/g) is the adsorption capacity at time t (min), ki is the rate constant of pseudo-first-
order adsorption (mint), and ge (mg/g) is the equilibrium adsorption capacity. Integrating
Equation (7) for boundary conditions (t =0, gt = 0 and t = t, gt = qt) leads to the nonlinear

equation:
qr = qe. (1 —e7F1f) (8)
The rate equation for pseudo-second-order kinetics was given as [58]:

dq
d—tt = k. (qe — q0)? 9

Integrating Equation (9), using the boundary conditions at t = 0, gt = 0 and with the amount of
dye adsorbed being qg: for any time t, and after rearranging the corresponding rate law, one

obtains:

k,.q%.t

_ 10
&=k, gt (10)

where kz (g/mg.min) is the pseudo-second-order rate constant.

The parameters obtained for the pseudo-second-order model are given in Table IV.2. At
different dye concentrations, the pseudo-first-order model could not describe the entire range
of adsorption time (detailed data not shown) and is limited only to the initial time range, as also
described by others [57]. However, the pseudo-second-order data treatment presents higher
determination coefficient (R?) values and lower values for error analysis parameters.
Furthermore, the corresponding de(cay values are in better agreement with experimental data
Qe(exp)- These results suggested that the pseudo-second-order model can be used to represent our
adsorption data kinetics. For each dye, the ko value decreases when its concentration increases,
and this might be related to higher competition for the adsorption sites when the dye

concentration is high [59].

72



Chapter IV

Table 1V.2. Parameters for second-order kinetic model for removal of MB and MG dyes by

4AZW at 25°C using nonlinearized model.

Parameters MB MG

Co(mglL) 5 15 20 25 10 20 35 50

(?;(578) 4.898 8.680 9.501 9.713 9478 19.564 34.420 42.900

Qeccay 4903+ 8.688+ 9560+ 9.731+ 9503+ 19.633+ 34.480+ 43.480 +
(mg/qg) 0.011 0.091 0.140 0.117 0.135 0.153 0.547 0.646

ka2 0198+ 0.054+ 0.034+ 0.030+ 0.072+ 0.054+ 0.015+ 0.007
(9/mg.min) 0.009 0.007 0.002 0.002 0.022 0.013 0.004 0.001

R? 0.999 0.989 0.989 0.991 0.991 0.997 0.990 0.992
ARE (%) 0.10 0.09 0.62 0.18 0.26 0.35 0.17 1.35
SD 0.031 0.226 0.246 0.215 0.263 0.307 0.977 0.985

The relative error (ARE) function is a measure of the differences between the

experimental amount of adsorbed dye and the value predicted by the model:

n

100 —
ARE (%) = . Z |Qe(exqp)( q)e(cal)l (11)
e(exp

i=1

where n is the number of experiments (here n = 3). The values of ARE (%) for the second-order

kinetic model are presented in Table IV.2.
3.7. Adsorption Isotherms

At higher initial dye concentrations, the mass transfer resistance between the solid surface
and the solution can be more easily overcome. With an increasing concentration of dye, empty
active centers at the adsorbent surface are rapidly filled. Thus, as the initial concentration
increased, the adsorption capacity increased [60].

For the optimization of an adsorption process, it is important to establish the most
appropriate correlation for the equilibrium curve. Two widely known isotherm models, namely
the Langmuir and Freundlich models [56,61], were used in this study to describe the adsorption
process of MB and MG onto 4AZW.

The Langmuir model assumes that only one solute species will occupy one active site on

the homogeneous surface of the adsorbent, and the corresponding nonlinear equation is:
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_ Ky Ce. Qmax

_ 12
e=11k.c, (12)

where Ce is the equilibrium concentration of the adsorbate (mg/L), Co is the initial concentration
of the adsorbate (mg/L), and gmax (mg/g) and K¢ (L/mg) are the maximum adsorption capacity
and a constant related to the energy of adsorption, respectively. One can also introduce a
separation factor:

1

R =—
L7 1+4k,.¢,

(13)

This is a useful dimensionless constant: The isotherm is either unfavorable (R.> 1), linear
(RL = 1), favorable (0 < RL< 1), or irreversible (RL = 0) [56]. For the adsorption of MB and
MG onto 4AZW, all the R values are in the range of 0.008 to 0.043 and 0.015 to 0.064,
respectively. Then, the adsorption process is favorable.

The Freundlich isotherm is an empirical model assuming a process on heterogeneous
adsorption surfaces, and is not restricted to monolayer formation. The corresponding nonlinear
equation is:

1

where Ke (mg/g)/(mg/L)Y" and n (dimensionless) are constants representing the adsorption
capacity and the adsorption intensity, respectively.

The Langmuir and Freundlich models were compared for our experimental results
(Figure 1V.8). On the basis of R? determination coefficients values, the Langmuir model gave
high values for both dyes (0.993 and 0.994), while those obtained by the Freundlich model were
lower (0.949 and 0.985, see Table IV.3). The Langmuir maximum adsorption capacity (qmax)
for MB and MG onto 4AZW at 25°C is determined as 9.95 mg/g (0.031 mmol/g) and 45.64
mg/g (0.125 mmol/g), respectively (Table 1V.3).
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Fig 1VV.8. The Langmuir adsorption isotherms models for MB and MG adsorption on 4AZW
(S/L=1g/L, T=25=1°C and unadjusted pH), as a nonlinear expression.

Table 1V.3. Parameters of Langmuir isotherm for removal of MB and MG onto 4AZW at 25°C.

Dye Langmuir Freundlich
Omax (Mg/g) KL (L/mg) R? SD “ n R? SD
(mg/g)/(mg/L)*"
MB 9.95+0.16 445+0.54 0.993 0.241 7.08+ 096  6.29+0.87 0.949 1.026

MG 45.64+1.17 434+0.20 0.994 0.315 2848 +0.93  3.67+0.47 0.985 0.594

3.8. Data Analysis by Response Surface Methodology

The optimization of the adsorption of MB on the 4AZW process needs 27 (that is: (3)%)
experiences, but it can be reduced to 15 by using a BBD. The experimental design matrix and
the predicted values obtained by BBD are compared to experimental data in Table 1V.4, and
the analysis of variance (ANOVA) allowed us to check the quality of the model (Table 1V.5).
The relationship between the experimental response (Yield (%)) and the uncoded forms of the

three variables is:

Yield(%) = 69.88 — 2.340X, + 1406X, — 6.50X; + 0.0395X2 — 2605X2
+0.562X2 — 33.64X,.X, — 0.1523X,. X5 + 19.7X,. X (15)
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Table 1V.4. The uncoded Box—Behnken design matrix of experiments for MB removal.

Run Initial Dye Concentration Amount of pH Yield (%)
(X1) (mg/L) Adsorbent (X2) () (Xs3) Observed Predicted Residual
1 14 0.0250 4.0 42.46 43.00  -0.54125
2 8 0.0425 4.0 79.79 78.71 1.07375
3 8 0.0600 6.5 93.76 93.69 0.07000
4 8 0.0425 9.0 80.17 80.78  -0.61125
5 20 0.0425 4.0 40.05 39.44 0.61125
6 20 0.0250 6.5 20.34 20.41  -0.07000
7 14 0.0600 4.0 69.57 70.71 -1.14375
8 14 0.0425 6.5 53.15 52.89 0.25667
9 14 0.0250 9.0 39.92 38.77 1.14375
10 20 0.0425 9.0 31.29 32.36  -1.07375
11 14 0.0425 6.5 52.02 52.89  -0.87333
12 14 0.0425 6.5 53.51 52.89 0.61667
13 20 0.0600 6.5 43.31 42.77 0.53250
14 14 0.0600 9.0 70.47 69.93 0.54125
15 8 0.0250 6.5 56.66 57.19  -0.53250
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Table 1VV.5. ANOVA for the fit of the experimental results to response surface model.

Factor DF Sum of Squares Mean Square  F-Value p-Value
Model 9 5719.41 635.49 395.15 < 0.0001

Xi1- Initial
1 3845.21 3845.21 2390.96 <0.0001

concentration

Xo-m 1 1732.54 1732.54 1077.30 < 0.0001
X3-pH 1 12.55 12.55 7.80 0.038
X1? 1 7.47 7.47 4.64 0.084
X22 1 2.35 2.35 1.46 0.281
X3? 1 45.48 45.48 28.28 0.003
X1X2 1 4991 49.91 31.04 0.003
X1X3 1 20.88 20.88 12.99 0.015
X2X3 1 2.96 2.96 1.84 0.233
Residual 5 8.04 1.61
Lack-of-fit 3 6.83 2.28 3.77 0.217
Pure Error 2 1.21 0.60

Standard variation error S = 1.268; R? = 99.86%); RZdjusted = 99.61%; R%predicted = 98.04%.

The model Equation (15) indicates that the initial MB concentration (X1) had a significant
effect (p < 0.001, F = 2390) on the yield, followed by the amount of adsorbent m (X2) and the
solution pH (X3) with a low F = 7.8. The positive coefficients of X2, (X2.X3) and quadratic
terms (X12, X3?) indicated a direct effect on the removal yield of MB. In contrast, the negative
terms Xi, Xs, (X1.X2), (X1.X3) and the quadratic term (X2?) had an inverse effect on MB
adsorption. In addition, ANOVA results (Table 1V.5) showed that this regression model was
very significant with p < 0.0001 and F = 395.15. Moreover, regression analysis data indicated
that quadratic terms X12, X2?, and the interactive term X».X3 are not significant at all (p > 0.05).

From Table V.4, the agreement between the yield predicted by Equation (15) and the
corresponding experimental data is very strong: The values of the determination coefficient R?
=0.9986 and of its adjusted R2gj= 0.9961 indicate a good correlation between the observed and
predicted values of MB removal efficiency. Finally, one can conclude that this experimental
design is valid, because the error value is lesser than 5%.

Figure 1V.9 illustrates the 3-D response surface plots of the removal efficiency of MB as
a function of two independent variables: (a) The initial concentration Co and adsorbent dose m,

(b) the initial concentration Co and pH, and (c) the adsorbent dose m and pH.
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Fig 1V.9. 3-D response surface plots for MB removal efficiency (%) onto 4AZW: (a) Effect of
initial concentration/adsorbent dose; (b) effect of initial concentration/pH; (c) effect of

adsorbent dose/pH.

On the other hand, the optimum values of the variables X1, Xz, and Xz were obtained by
solving the model Equation (15) with Minitab® 17, to establish the values of variables
maximizing the removal yield. Figure 1V.10 shows the optimization diagram obtained with the
maximum desirability function (i.e., D = 1) for MB yield removal: In separate columns, the
response is related to each of the three factors: Red vertical lines indicate the current factor
settings, while the horizontal dotted lines show the response for the selected factor levels. In
our case, the simulation was adjusted to maximize the adsorption percentage. The statistical
sweet spot was determined for a maximal MB removal yield of 99.09% and a desirability of d
= 1.0, leading to: Co =8 mg/L, m=0.06 g, and pH = 9.
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Fig 1V.10. Diagrammatic optimization of MB removal parameters.

3.9. Thermodynamics Studies

To obtain complementary information on the feasibility of the process, standard
thermodynamic parameters were calculated for the adsorption of either MB or MG on 4AZW
at temperatures varying from 25 to 50°C: The Gibbs free energy change (AG®), enthalpy change
(AH®), and entropy change (AS®).

The Gibbs free energy of adsorption AG® is derived from:

AG® = —R.T.In(K?) (16)

where R = 8.314 J/mol.K is the universal gas constant, T is the absolute temperature (K), and
KL° is the (dimensionless) 'thermodynamic’ Langmuir constant for the adsorption process. This
value is calculated from K (L/mg) in the Langmuir model (Equation (12)), after changing all

concentrations to molar form and considering the standard state C° = 1 mol/L [61-63]:
K? = K, (L/mg) .1000 (mg/g) .M (g/mol) . C° (mol/L) @))

where M = 319.85 g/mol or M = 364.91 g/mol are the molar mass of MB or MG, respectively,
and the factor 1000 converts g to mg.
The enthalpy (AH®°) and entropy (AS°) parameters were estimated from the classical

thermodynamic relationships:

AS® AH 0) (28)

Kf:exp(?‘ﬁ

AG® = AH® — T.AS° (39)
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The non-linear plots (not shown) of the van't Hoff Equation (18) allowed us to calculate
AH® (kJ/mol) and AS° (J/mol.K). The values of AG® (kJ/mol) were again calculated from these
values of AH® and AS® (see Table IV.6).

Table 1V.6. Thermodynamic parameters for adsorption of MG and MB onto 4AZW.

KL"(x106)
. AG® AH® AS°®
Dye T(K) SD K (L/mg) (Dimensionl Ln K.
) (kJ/mol) (kd/mol)  (I/mol.K)
ess

298 0.241 445+0.54 142+0.20 14.16 +0.14 -35.14 + 0.37
303 0.287 5.24+0.68 1.67 +0.25 14.33 +£0.15 -36.04 + 0.40

MB 18.68 + 1.37 180.64 + 4.09
313 0.338 6.71+0.75 2.14+0.28 14.57 +£0.13 -37.85+ 0.37

323 0.359 7.96 £0.70 2.54 +£0.27 14.75+0.11 -39.65 + 0.31

298 0.315 4.34+0.20 1.58 +0.10 14.27 +£0.07 -35.41 £ 0.19
303 0.214 547 +0.37 1.99+0.17 1450 £0.09 -36.43 +0.24

MG 25.53 +1.12 204.53 + 3.28
313 0.384 7.20+0.28 2.62 +0.15 14.78 + 0.06 -38.48 + 0.18

323 0.299 9.84 +0.44 3.59 +0.23 15.09 +£0.06 -40.52 + 0.20

The negative values of AG® slightly increase as temperature increases from 298 to 323 K;
while they are negative at different temperatures, the adsorption process of MB and MG on
4AZW is favored and spontaneous. These values of AG® increased in the order 4AZW-MB <
4AZW-MG indicating that the adsorption was more spontaneous for the 4AZW-MG system
than for the 4AZW-MB one [62].

Furthermore, both AH® values are positive, the characteristic of an endothermic process;
for each dye, AH® < 40kJ/mol, suggesting that their adsorption is a physically driven process
[64]. With positive AS® for both dyes, there is an increase in the randomness of the system due
to the desorption of water molecules from the adsorbent surface; similar results have also been

reported by other research groups [51,65].

4. Conclusions

This study investigated the potential of 4AZW to remove two basic cationic dyes, MB
and MG, from aqueous solutions under batch experimental conditions. It was observed that
adsorption depends on the pH, adsorbent dose, contact time, and initial dye concentration. It is
interesting to note that the initial solution pH is one of the key parameters in the MB and MG
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adsorption performance; the presence of salt in the solution decreased the adsorption by
competitive inhibition.

According to kinetic data, the adsorption process could be defined by a pseudo-second-
order kinetic model. The Langmuir model aptly represented both systems (4AZW-MB and
4AZW-MG) giving maximum adsorption capacity (Qmax) values of 9.95 mg/g and 45.64 mg/g,
respectively, at 25°C. A thermodynamic study revealed that the adsorption was spontaneous,
endothermic, and physical in nature.

The analysis of our results performed by the Box—Behnken Design (BBD) for the
adsorption of MB on 4AZW allowed us to define the corresponding optimum conditions: More
than 99.09 % MB removal with pH = 9; 4AZW load = 0.06 g in 50 mL; initial MB concentration
=8 mg/L, and 70 min removal time at 25°C.

Thus, the large amounts of 4A zeolite generated as solid waste by the natural gas
dehydration units after several treatment cycles of the gas can be efficiently used as an
adsorbent for these cationic dyes, without any specific treatment. Although it is well known
that zeolite is not a renewable natural resource, its use as an adsorbent has both practical and

cost-effective advantages.
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Chapter V. Adsorption Performance of Zeolite for the Removal of Congo Red Dye:

Factorial Design Experiments, Kinetic, and Equilibrium Studies

The findings of this study have been published in the journal “Separations”
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Introduction

In this chapter, Congo Red was selected as the model molecule to examine the adsorption
behavior of LTA-type zeolite toward anionic dyes. A virgin commercial zeolite of this type was
utilized with the objective of enhancing the adsorption capacity of these materials. The main
conclusions of this study are as follows: (i) the adsorption process occurs at a relatively fast
rate, and (ii) the adsorbent exhibits excellent performance in Congo Red removal, achieving up
to 98.7% dye removal even at low doses of 0.1 g/L, with an exceptionally high maximum

adsorption capacity of up to 666.5 mg/g.
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Chapter V. Adsorption Performance of Zeolite for the Removal of Congo Red Dye:

Factorial Design Experiments, Kinetic, and Equilibrium Studies

Abstract: In the present research, zeolite is used for the removal of toxic Congo red dye from
water solution. The effects of different operating conditions such as hydrogen potential (pH),
contact time (time), zeolite dose (D), initial dye concentration (Co), and ionic strength (1) are
investigated for Congo red adsorption under batch mode. It was found that the adsorption
process was greatly affected by the initial pH of the dye solution. The removal efficiency
decreased from 97.68 to 5.22 % when the pH varied from 3 to 5; thus, acidic conditions clearly
improve Congo red adsorption on zeolite. At pH 3, an increase in Co and | and decrease in D
resulted in an increase in the adsorption capacity de. The effects of these three parameters and
their interactions were also investigated using the 23 full factorial design experiments approach
where ge was chosen as the response. The results obtained from this method followed by the
analysis of variance and the Student’s t-test show that, the influence of these parameters on dye
adsorption process are in the order I < Co < D. The kinetic studies revealed that adsorption
follows a pseudo-second-order kinetic model. The adsorption isotherms experimental data were
analyzed using the Langmuir, Freundlich, and Temkin isotherms models. The Freundlich
isotherm was the best-fit model to the experimental data. The fitting of kinetics and isotherm

models was evaluated by using non-linear modeling, R, MSE, and RMSE.

Keywords: Congo red dye; adsorption; batch mode; zeolite; Kinetics; isotherm; full factorial

design experiments
1. Introduction

Considerable volumes of waste effluents containing synthetic dyes are generated by
several industries such as textiles, paper, printing, cosmetics, plastics, leather, etc. [1]. Their
release into the hydrosphere poses significant environmental risks, giving undesirable color to
the receiving water media and inhibiting sunlight penetration, thus limiting photosynthetic
activity and increasing the organic matter charge in water, thereby creating a severe imbalance
in aquatic ecosystems [2]. In addition, synthetic dyes also have adverse effects on human health
due to their mutagenic and carcinogenic nature [3]. Therefore, it is essential to treat these
effluents at their point of origin prior to release them into the mainstream.

Currently, several conventional and advanced treatment processes have been proposed in
the literature and some of them have been industrially implemented for the treatment of this
type of effluent, such as biodegradation [4,5], coagulation-flocculation [6-9], electro-
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coagulation [10], membrane filtration [11,12], ion-exchange resin [13,14], Fenton oxidation
[15], ozonation [16], photocatalysis [17], and adsorption [18]. Nonetheless, certain approaches
have limitations in terms of bacterial growth inhibition, sludge production, not being
appropriate for all dyes, short life of the applied technique, high operating cost, slow kinetics,
and byproduct formation [19]. Over the past decade or so, research efforts have focused on dye
removal adsorption technology [20]. This technique has several benefits owing to its simplicity,
low cost, great efficacy, and ability to manage relatively large flow rates while generating high-
quality effluent [2].

Activated carbon is the favored adsorbent in air [21-23] and wastewater treatment because
of its large specific surface area and adsorption capacity; however, its poor selectivity,
regeneration difficulties with a loss of adsorption capacity and high cost have prompted many
researchers to test and develop new adsorbents with an improved cost ratio and for specific
effluents [24]. In this regard, Crini in 2006 [25] identified in a seminal review a broad range of
conventional and non-conventional adsorbents evaluated on some dyestuffs and their
adsorption capacities. This effort has been extended by other authors to make this list more
exhaustive [26]. Among low-cost adsorbent materials, zeolites are superior to activated carbon
owing to their microporous solid state, well-defined crystalline structure, ion-exchange
capacity, high specific surface area, selectivity, and, most importantly, their availability in large
mineable deposits at relatively low costs [27-29].

In this study, the removal of Congo red (CR) from aqueous solution by zeolite was
investigated. Initially, experimental and modeling methods were used to assess the adsorption
behavior of CR on zeolites. To study the adsorption of CR, both kinetic and isotherm adsorption
models were examined, and nonlinear fitting was employed. Furthermore, it was demonstrated
in this study how adsorbent dosage (D), initial dye concentration Co, and ionic strength (1)
interacted and ultimately influenced CR adsorption capacity. A 23 full factorial design
experiments approach was used to study the removal of CR. Finally, within the parameters’

range of variation, a linear model yielding g = f (D, Co, I) was established.
2. Materials and Methods
2.1. Materials

Zeolite material was purchased from sigma Aldrich with commercial code 96096 and was
utilized just as supplied. Congo red, an anionic diazo direct dye (C.l. 22120, MW = 696.68
g/mol) was of analytical grade and purchased from Merck Company (Darmstadt, Germany).
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The chemical structure of this dye is shown in Figure V.1. The CR dye stock solution (1 g/l)
was prepared in deionized water and the required pH value of the aqueous dye solutions was
adjusted by using either 0.1 M HCI or NaOH solutions. These chemicals were purchased from
sigma Aldrich Chemical Company, Burlington, MA, USA.

NH, NH,
OO N:NN:N OO
(SO3,Na*) (SO5 Na*)

Fig V.1. Chemical structure of CR.
2.2. Analytical Measurements

CR concentrations in aqueous solution were measured using a UV-visible
spectrophotometer (BECKMAN DU® 520), due to the color change of CR as a function of
solution pH (Figures V.2 and V.3), three calibration curves at pH = 2, pH = 3, and pH = 5 with
respect to their Amax Were constructed. After the solid-liquid separation and prior to the dye
analysis, the samples are scanned in the visible spectrum region to determine which of the
calibration curves to employ. In contrast, it is relevant to note that the pH of fresh solutions of
the dye with initial concentrations such as those used in this work, is naturally around 8. A pH
meter (hanna instruments, Portugal) supplied with a combined glass electrode was used for pH

measurements. Separation of phases (solid/liquid) before dye analysis in aqueous solution was
performed by centrifugation (EBA-20 Model, Andreas Hettich GmbH& Co, KG, Tuttlingen,

Germany).

Fig V.2. CR colors solutions at different initial pHs, Co = 20 mg/L.
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Fig V.3. Amax (nm) values obtained at different initial dye solution pH, Co = 20 mg/L.

2.3. Adsorption Experiments

The aqueous CR solutions for adsorption tests were prepared by diluting the stock
solution in deionized water to the required concentrations. Batch adsorption experiments were
carried out in 100 mL conical flasks with glass stoppers placed in a C76 shaking water bath
(New Brunswick Scientific, Edison, NJ, USA) operating at 200 rpm. A volume of 50 mL of
dye solution with different initial concentrations were placed in the conical flasks and combined
with a known amount of adsorbent at a constant temperature of 25°C and a required pH value.
The effect of initial pH on the removal of CR was investigated over the range of 2 to 11. The
pH at equilibrium (pHeq or the final pH) was also measured in this stage, and for the experiments
conducted at an initial pH of 3 and with the initial dye concentrations and zeolite dosages used,
the final pH values are close to 5. The effect of the adsorbent dose (D) was studied throughout
a0.04 to 0.18 g/L range. To study the effect of the ionic strength on CR adsorption, experiments
were performed by using varied concentrations (0 to 9.1 mg/L) of sodium sulfate salt (Na;SOa).
Adsorption kinetics were investigated by measuring dye adsorption at various time intervals
using CR solutions at initial concentrations of 25 and 30 mg/L. Based on the kinetic
experiments, a time contact of 100 min was set for all subsequent isotherm tests to achieve a
steady-state or pseudo-equilibrium, and dye solutions with initial concentrations ranging from
8 to 40 mg/L were used for this purpose at 25°C. All assays were carried out in triplicate and
the average values were presented. The maximum difference between the three values was less
than 3% of the mean. The dye removal efficiency E (%), and the adsorption capacity q: (mg/g)

at the time t (min), were calculated using the following equations
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CO - Ct . 100
E (%) = % ey
0
Co — CO.V
Qe = % 2)

where Co, Ct, m, and V are the initial and the actual CR concentration (mg/L), the used
adsorbent dried amount (g), and the dye solution volume (L), respectively. At equilibrium (t =

teg), Ct and gt are named Ceq and Qeq, respectively.

2.4. The Factorial Design

Adsorbent dose (D), initial dye concentration (Co), and the ionic strength (1) were taken
as independent variables (factors) and adsorption capacity ge as a response. A full 22 factorial
design of experiments [30] was considered to evaluate the main effects and interactions in CR
adsorption process. Three factors to be investigated at two levels of 22 factorial design having
8 experiments with all possible combinations of variables were conducted in duplicate which
gives a total of 16 trials. Low (—1) and high (+1) levels of the factors are given in Table V.1.
The factorial design matrix and ge obtained are shown in Table V.2. To avoid systematic errors,
the order in which the experiments were conducted was randomized and the results were
analyzed with Minitab17® software. In the range of parameter variation, it is useful to develop
the response-factors relationship in terms of a mathematical model such as the response
function. The use of variance analysis and factorial design of experiments allowed to express
the adsorption capacity as a polynomial regression model. The codified model employed for

full 23 factorial designs was as follows:

Y=a,+a;D+a,Cy+azl+a;,DCy+asDI+aCol+asDCil+e  (3)
where Y, ao, and aj represent the model predicted response, the global mean, and the regression
coefficient corresponding to the main factor effects and interactions, respectively. The term ¢
is the random error component. In this model, the factors are in codes terms and can take values
from —1 or +1. To convert the real values of the parameter X to the coded values (or vice versa),
the following equations can be used [31]:

X — X,
AX

(4)

X =

where
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(®)

(6)

X is the dimensionless coded value, X is the real value of the factor, and X+1 and X-1 are the

maximum and minimum values of the factor X, in the range of variation studied. The effects,

regression coefficients, and the associated standard errors for CR adsorption are shown in

Table V.3.

Table V.1. Experimental parameters and their levels.

Factors Real Unit Low Level (-1) High Level (+1)
D g/L 0.02 0.1
Co mg/L 8.3 25.9
I mg NaxSO4/L 0 9.1
Table V.2. 22 full factorial design matrix of experiments.
Coded Experiments Matrix ge (Mg/Q)

Std Order Run Order D Co I Observed Predicted Residual
16 1 +1 +1 +1 238.5 239.93 -1.43
4 2 +1 +1 -1 230.8 232.34 -1.56
7 3 -1 +1 +1 1175.3 1170.34 5.00
10 4 +1 -1 -1 73.7 75.28 -1.56
1 5 -1 -1 -1 289.5 286.86 2.60
9 6 -1 -1 -1 284.3 286.86 -2.60
12 7 +1 +1 -1 233.9 232.34 1.56
6 8 +1 -1 +1 77.4 77.65 -0.29
5 9 -1 -1 +1 339.7 333.98 571
2 10 +1 -1 -1 76.8 75.28 1.56
8 11 +1 +1 +1 241.4 239.93 1.43
3 12 -1 +1 -1 1146.1  1148.08 -1.95
14 13 +1 -1 +1 77.9 77.65 0.29
13 14 -1 -1 +1 328.3 333.98 -5.71
15 15 -1 +1 +1 1165.3 1170.34 -5.00
11 16 -1 +1 -1 1150.0  1148.08 1.95
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Table V.3. Coded coefficients.

Term Effect (i) Coefficient (ai) Standard Error (SE)
Constant 445.56 1.08
D -578.51 -289.26 1.08
Co 504.23 252.12 1.08
I 19.83 9.92 1.08
D.Co -344.56 -172.28 1.08
D.l -14.86 -7.43 1.08
Co.l -491 -2.45 1.08
D.Co.l 7.52 3.76 1.08

2.5. Kinetics and Isotherm Studies

Adsorption behavior of CR was also investigated by the isotherm and kinetic studies at a
constant temperature of 25°C. The fitting of the considered models was evaluated by using
nonlinear modeling performed by OriginPro8® software, and same error functions were defined
to establish the fit of the model to the experimental data. These error functions are calculated
on the basis of three following functions: the sum of squared difference between the
experimentally obtained adsorption capacities (Yi) to their mean (Y); the sum of squared
deviation between the model-predicted capacities (Y;) to (Y); and finally, from the sum of the
squared residual between experimental (Yi) and predicted (Y;) capacities. The total sum of
squares (TSS) calculates the variation between data points and the mean. In least-squares fitting,
the TSS can be divided into two parts: the variation explained by regression (RSS) and that not
explained by regression (SSE). From (n) number of the adsorption experiments, TSS, RSS, and

SSE were computed as follows [32]:

TSS = Z(Yi RN

RSS = Z(?i )

SSE = > (¥~ %)’ ©)

i=1
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The ratio of RSS to TSS can be used as one measure of the quality of the regression

model. This quantity termed the coefficient of determination is computed as:

RSS SSE

RP=—=1-——
TSS TSS

(10)

From the above equation, we can see that when using a good fitting model, R? value
should be close to 1.

The value of SSE averaged with the degree of freedom (DF) can measure the mean square
error (MSE) which gives the variance of the random errors between the fitted model and the

observed data according to the following equation [33,34]:

MSE = >SE 11
= DF (11)
and

DF=n-p (12)

where n is the number of observed data Y; (i = 1 to n), and p is the number of parameters of the
model. It should be noted that the models being compared in this part of the study have the
same number of parameters. The last goodness of fit criteria is the root-MSE (root mean sum

of square error) which can be calculated as:

SSE
Small MSE and RMSE values, close to zero, and large R? value, close to 1, indicate better

agreement of experimental data with the model.
2.5.1. Adsorption Kinetics

During adsorption, investigations of the kinetics of the adsorption process give insight
into the reaction rate and the sorption mechanism including mass transfer, diffusion, and
reaction on the adsorbent surface [35]. They are also essential for determining the adsorbent-
adsorbate minimum contact time required to reach the steady-state or pseudo-equilibrium for
the system, which is of tremendous practical value to ultimately save time and energy. The most
popular kinetic models applied in aqueous-phase adsorption are the pseudo-first order (PFO),
pseudo-second-order (PSO), and the intraparticle diffusion (IPD) [36,37].
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The pseudo-first-order Kinetic rate equation (PFO) is expressed as follows:
Qe = qe(1 —e7") (14)

where g: and ge (mg/g) are the adsorption capacities at any contact time t (min) and at
equilibrium, respectively; and ki (min™?) is the rate constant of the PFO model.
The pseudo-second kinetic model (PSO) is:

kzqf,t

= 15
1+ Kk,qet (15)

dt
where k2 (9/mg min) is the pseudo-second order rate constant.
The intra-particle diffusion model (IPD) is presented as follows:

qe = kig t*° + G (16)

where kig (mg/g min) is the rate constant of the intra-particle diffusion model and Ci (mg/q) is
a constant associated with the thickness of the boundary layer, where a higher value of C;
corresponds to a greater effect on the limiting boundary layer.

The kinetic parameters of the different models tested can be obtained by solving the
nonlinear equations by iterative methods using the Gauss-Newton algorithm integrated in

Origin Pro8® (OriginLab Corp, USA) software with a judicious choice of the initial vectors.

2.5.2. Adsorption isotherm

The adsorption process continues until the adsorbate uptake amount on the adsorbent
surface and the residual amount in the solution reach a dynamic equilibrium. The connection
between these two values at a constant and defined temperature, known as the adsorption
isotherm, is fundamental in describing the interactive behavior of solutes and adsorbents and is
critical in the design of adsorption systems [38]. In this work, three extensively used adsorption
isotherm models were employed to characterize the CR adsorption process onto zeolite
[35,36,39].

The Langmuir isotherm assumes that the adsorbate molecules cover a monolayer on the
homogeneous surface of adsorbent, without interaction between adsorbed molecules owing to
constant enthalpies and sorption activation energy; the corresponding nonlinear equation is as

follows:
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_ KLceqmax

_ 17
Qe =T7K,.C, A7)

where Ce is the equilibrium concentration of the adsorbate (mg/L), Co the initial concentration
of the adsorbate (mg/L), and gmax (Mmg/g) and K. (L/mg) are the maximum adsorption capacity
and a constant related to the energy of adsorption, respectively. One can also introduce a
separation factor (RL):

1

T4+ KLG (18)

This is a useful dimensionless constant which can determine the operating conditions:
RL > 1, unfavorable adsorption; R = 1, linear adsorption; R. = 0, irreversible adsorption;
0 <Ry <1, favorable adsorption.

Freundlich’s adsorption isotherm is an empirical model that assumes a heterogeneous

adsorption surface with molecular interaction. The applicable nonlinear equation is as follows:
qe = KrCe (19)

where Kr (mg/g)/(mg/L)" is the Freundlich constant, which characterizes the strength of
adsorption and n (dimensionless; 0 < n < 1) is a Freundlich intensity parameter that reflects the
magnitude of the adsorption driving force or surface heterogeneity (the adsorption isotherm
becomes linear when n =1, favorable when n < 1, and unfavorable when n > 1).

Unlike the two previous isotherms, Temkin isotherm considers that the decrease in the
heat of adsorption of all molecules in the surface layer is linear with uniform distribution of

binding energies. The corresponding nonlinear equation is:
de = BrIn(ArCe) (20)

where At is an equilibrium binding constant and Br refers to a Temkin isotherm constant.

If Br < 8 kd mol?, the adsorption is physical in nature.

3. Results and Discussion
3.1. Effect of Contact Time and Initial Dye Concentration

To determine the optimal shaking time to reach pseudo-equilibrium in the process, the
adsorption of CR on zeolite as a function of time was performed with initial CR concentrations

of 25 and 30 mg/L at pH 3. The corresponding data are shown in Figure V.4, the q: value
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increased dramatically in the first six min where it attained 219.2 and 289.4 mg/g for the
corresponding initial concentrations of 25 and 30 mg/L, respectively; this demonstrates that the
adsorption rate was very fast in this time interval. This can be attributed to the abundant
availability of the sorptive active sites on the zeolite surface at the beginning. After this time
and as these sites are gradually occupied, adsorption slows and ultimately levels off, hence, the
plateau becomes evident. The pseudo-equilibrium steady state was reached at about 100 min of
contact time. As is evident, raising the initial concentration might provide the driving force
necessary to overcome the mass transfer resistances between the aqueous and solid phases,
resulting in an increase in the ge values [40]. Experiments involving CR adsorption on other
adsorbents, such as activated carbon [41], zeolitic imidazolate framework-67 [42], and reduced

graphene oxide [43], have previously demonstrated strong similarities.

O C0=25+2 mg,r‘l. O (0= 302 mg,r‘l.
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Fig V.4. Kinetic of CR adsorption on zeolite (pH=3,D=0.1g/L, T =25°C, ...... PSO model).

3.2. Effect of pH

The efficiency of dye adsorption processes is greatly influenced by the pH of the solution.
It affects the surface electrical charge of the adsorbent, the degree of ionization of adsorbate
molecules in aqueous solution, and the dissociation of different functional groups on the active
sites of the adsorbent, either independently or in conjunction [44]. In most cases, pH is termed
as the ‘master variable’. The effect of initial solution pH on CR removal is shown in
Figure V.5. It can be observed that the maximum adsorption of CR took place at relatively very
low initial solution pH (between pH 2 and 3). The removal efficiency E decreased significantly

from 96.5 to 5.2% as the initial solution pH was increased from 3 to 5. It can be also noticed
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that, in the initial pH range from 5 to 8, the dye uptake was very weak and the E values began
to rise after pH 9. This result can be explained by the following scenario:

CR is an anionic dye containing SO3 functional groups (see Figure V.1), its dissociation
in water gives its sulphonate groups (—SQOz3") that are negatively charged in aqueous solution as

it is shown in Equation (21).

Water
dye — (S03,Na*) — dye — SO3 () + Naz’aq) 21D

At an acidic initial pH, the active surface functional groups of zeolite which are mainly
the Silanol (Si-OH) and Aluminol groups (Al-OH) become protonated, as it is shown by the

consecutive reactions provided in Equations (22) and (23) [45].

120 - [
3 —0—E (%) =--@--pHeq [ =
= 100 - e

80 - @

60 4 - 6

40 - i

20 - i

0 0
A 12

Fig V.5. Effect of initial solution pH on CR removal efficiency (Co = 26.9 mg/L, D = 0.1 g/L,
T =25°C).

lon exchange reaction:
[S— OM]; + H{,q < [S — OH]z + M{q (22)

adsorption on neutral surface:

[S—OH], +Hjy e [S—OHS], (23)
Neutral surface Protonated surface
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where S is surface central metal (Si, Al) of zeolite, and M is the metal cation balancing the
charge of zeolitic framework. The adsorption of H*aq) on the zeolite surface caused an increase
in the solution pH as seen in this investigation and illustrated in Figure V.5.

Under such conditions, the ionic attraction between (—SO3~) and (SiOH2*, AIOH>") is the

possible adsorption mechanism of CR dye on the zeolite as it is shown in Equation (24).

[S—OH3l; +S0; —dyeuq < [S—OHFl; ......S03—dye (24)
Protonated surface Protonated surface

Similar results have been reported by several studies about adsorption of anionic dyes on

zeolite and clay materials [46,47].

3.3. Influence of Adsorbent Dose

In order to investigate the effect of zeolite dose on CR removal at pH 3, a series of
experiments were undertaken with different adsorbent doses at initial dye concentration of 25
mg/L. The results obtained are depicted in Figure V.6. Examination of this figure revealed that
adsorbed amount of CR decreased with increasing adsorbent dose, while the removal efficiency
E increased until the plateau is reached beyond the adsorbent dose of 0.1 g/L which corresponds
to the value of 98.7%. At these conditions, further additional amount of adsorbent has little
influence on the improvement of E. The highest value of ge obtained was 610.2 mg/g at
adsorbent dose of 0.04 g/L.

OE (%) ®qe(mg/g

~ 100 - 700 b
2 1 &b
-] §
L 500 <
98 o
° L 400
97 4
L 300
9% ° .
° " L 200
95 -T = 100
94 4 T T T . 0
0.04 0.07 0.1 0.13 0.16 0.19
D (g/L)

Fig V.6. Effect of zeolite dose on CR removal efficiency and the adsorption capacity (Co = 25
+2mg/L, pH =3, T=25°C).
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3.4. Effect of lonic Strength

Many electrolytes generated by the dissolution of sodium salts may occur in wastewater
because they are often utilized as a stimulator in the dyeing industry. As can be observed in
Figure V.7, ionic strength has a positive effect on CR molecules uptake by adsorbent material.
The adsorption capacity increased from 230 to 244.9 mg/g, as the concentration of Na,SO4 was
increased from 0 to 9.1 mg/L. The enhanced removal of CR dye with an increase in Na;SO4
concentration can be attributed to the increase in surface positive charge of the adsorbents [48].

These results are in good agreement with those reported by other authors on removal of CR by
reduced graphene oxide [43].

230 -

225 -

220

0.0
4.8
57
65 74

[Na,SO,] (mg/L)

8.3

Fig V.7. Effect of Na;SO4 concentration on the adsorption of CR (Co =25+ 2 mg/L, D = 0.1
g/L, pH =3, T = 25°C).

3.5. The Factorial Design

There are numerous significant issues with the conventional one-variable-at-a-time
technique, in which we change one variable at a time while keeping all other variables in the
experiment fixed. This type of experimentation requires substantial resources to obtain a limited
amount of information about the process. In addition, this method’s trials are often inaccurate,
inefficient, time-consuming, and may provide false optimal conditions for the process. An
experiment is known as a factorial experiment if the treatments include every possible
combination of several levels of factors. It displays the influence of process variable interactions

and enhances process optimization. The impact of a factor is the change in the average value of
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the response caused by a shift from a lower (-1) to a higher (+1) level of a factor. According to

the Yates algorithm, the effect @ can be calculated by the following expression [30,31].

wi — Z qTelexp _ Z Q:lexp (25)

+1 -1

where ;i is the effect of the factor i, ge exp the measured response, and n is the number of
experiments at each level (+1) or (-1). By replacing the response Y by g, and the coefficients

ai in Equation (3) with their values given in Table V.3, we obtain:

0o ("'8/g) = 445.56 — 289.26 D + 252.12 Co + 9.921 — 172.28 D.Co — 7.43 D.1
—2.45Cy.1+ 3.76 D.Cy. 1 (26)

According to the data reported in Table V.3, we can observe that the main effects of factors Co
and | have a positive sign for CR adsorption. This indicates that ge increases as these factors’
levels rise throughout the adsorption process. In contrast, the effect of D is negative and high
levels of this factor reduce ge values.

Statistical analysis of variance (ANOVA) was also performed to determine which process
parameters are statistically significant. Fisher F-test is a tool for assessing which process factors
have a significant impact on the value of CR adsorption capacity. The F-value for each process
parameters is simply a ratio of mean of the squared deviations to the mean of the squared error.
Usually, the larger the F-value, the greater the effect on ge value due to the change of the process
parameter. The results of variance analysis are given in Table V.4. From these data, one can
observe that the main effects of the three factors studied as well as 2-way and 3-way interactions
are statistically significant (p-values < 0.05) at 95% of confidence interval except Co-I
interaction which has a p-value > 5%. According to the greatest F-value, the adsorbent dosage
(D) has the most significant effect on CR adsorption compared to the other factors, the three
parameters effect are listed in the following order: effect (D) > effect (Co) >> effect (I).

Pareto charts were used to determine the relative significance of the main effects and their
interactions (Figure V.8). A Student’s t-test was employed to determine whether the calculated
effects were significantly different from zero and the values for each effect and interaction are
represented by horizontal columns in Pareto chart [49,50]. It was observed that for a 95%
confidence level and eight freedom degrees, the t-value is 2.306. The vertical line in the chart

indicates the minimum statistically significant effect magnitude for 95% confidence level.
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According to the results of the statistical study given below, Equation (26) giving the response

as a function of the terms that are statistically significant can be simplified to:

7e("'8/g) = 445.56 — 289.26 D + 252.12 Cy + 9.921 — 172.28 D.Co — 7.43 D.1

+3.76 D.Cq.1

(27)

Table V.4. Analysis of variance (ANOVA) for full factorial experimental design.

Source  Degrees of Freedom (DF) Sum of Squares (SS) Mean Square (MS) F-Value p-Value
D 1 1,338,717 1,338,717 71,317.01 0.000
Co 1 1,016,998 1,016,998 54,178.17 0.000

I 1 1573 1573 83.80 0.000
D.Co 1 474,895 474,895 25,298.92  0.000
D.l 1 883 883 47.04 0.000
Co.l 1 96 96 5.14 0.053
D.Co.l 1 226 226 12.05 0.008
Error 8 150 19
Total 15 2,833,538

S= 433259, R2 = 9999%, Rzajusted = 9999%, Rzpredicted =99.98%.

]

AC

BC

Factor Name
A D
B Co
C I
50 100 150 200 250 300
Standardized Effect

Fig V.8. Pareto chart of the standardized effects (response is ge (mg/g), a = 0.05).
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3.6. CR adsorption Kinetics and Isotherm Studies
3.6.1. Adsorption Kinetics

Table V.5 shows the parameters obtained for the adsorption kinetics models examined.
Based on the fitting criteria adopted, the IPD model is inadequate for representing the CR
adsorption kinetics on our material at the two dye initial concentrations. The PFO model, on
the other hand, does not describe the entire range of adsorption time and is only restricted to
the initial time range. The experimental data fit the PSO model very well. The values of R?,
MSE, and RMSE obtained are 0.98973, 2.19716, and 1.48228 for Co = 24 + 2 mg/L, and
0.99094, 1.01749, and 1.00871 for Co = 31 + 2 mg/L, respectively. On the other hand, the Qe,cal
values obtained are in agreement with geexp (See Table V.5). This trend was also observed in
other studies [42,46].

3.6.2. Adsorption Isotherm

The findings in Table V.6 indicate that the adsorption of CR onto zeolite at 25°C followed
the Freundlich model since R2, MSE, and RMSE values found are better than those obtained
for the Langmuir and Temkin isotherm models, thus, suggesting the heterogeneity of the zeolite
particles’ adsorption sites. According to Table V.6, the mean value of “n” obtained from the
Freundlich isotherm is equal to 0.61, which is lower than unity and indicating favorable
adsorption [36,51]. In addition, the value of Kr for Congo red adsorption is 126.31. These
findings suggest that zeolite has a high capacity for adsorbing anionic Congo red dye in

solution.

106



Chapter V

Table V.5. Parameters of kinetic models tested for CR removal on zeolite at 25°C using nonlinearized equations.

Model Co(Mg/L) Qeexp (MY/Q) Gercat (Mg/g) ki (Min™t) k2 (g/mg min) kig (mg/g min) Ci(mg/g) R? MSE RMSE
PFO 228.2+1.3 0.666 + 0.044 - - - 0.865 28.735 5.360
PSO 24+ 2 232.0 233.8+04 - 0.006 +2x 10 - - 0.989 2197 1.482
IPD - - - 2.948 £ 0.752 204.398 £5.736 0.474 112.370 10.600
PFO 305.8+1.4 0.694 +0.049 - - - 0.725 30.819 5.551
PSO 312 311.2 3109+0.3 - 0.007+2x10* - - 0.990 1.017 1.008
IPD - - - 2.668 £ 0.509 285.737 £3.672 0.646 39.711 6.301

Table V.6. Non-linear isotherm models fitting to experimental data (D = 0.1 g/L, pH = 3, T = 25°C).

Model gmax (Mg/g)  Ki(L/mg) Kg(mg/g)/(mg/L)" n Br At R? MSE RMSE
Langmuir 666.5+71.6 0.205 +0.039 - - - - 0.985 122.374 11.062
Freundlich - - 126.319 = 3.604 0.613 £0.020 - - 0.996 29.614 5441

Temkin - - - - 138.942 +13.031 2.160+£0.38 0.966 285.500 16.896
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4. Conclusions

The analysis of variance and the 23 full factorial design of experiments for batch
adsorption of Congo red dye using zeolite was studied. The effects of three factors, adsorbent
dose D (0.02-0.1 g/L), initial dye concentration Co (8.3-25.9 mg/L), and ionic strength
expressed in terms of Na»SOs salt solution 1 (0-9.1 mg/L) on adsorption capacity were
identified. The main effects of factors Co and I have a positive sign for CR adsorption, indicating
that ge increases as these factors’ levels rise throughout the adsorption process. In contrast, the
effect of D is negative, and high levels of this factor reduce ge values.

The statistical analysis confirmed that the one order polynomial equation gave a
reasonably good fit with an R? = 99.99% and adjusted R? = 99.99%. According to the
significance effect obtained in variance analysis and by means of Pareto charts, the adsorbent
dose was the most significant factor in this process followed by C and I.

For all examined concentrations, the adsorption rate conformed to pseudo-second-order
kinetics with a strong determination coefficient (R? ~ 0.99) and favorable MSE and RMSE
values. The Freundlich isotherm better described the adsorption process occurring in this study.
Moreover, it is shown that the planar shape of CR and the appropriate number of sulfonic groups
are essential for its successful adsorption under acidic conditions (pH = 3).

All of the findings show that zeolite, which is an eco-friendly material, may be used

efficiently to remove CR dye from aqueous solutions in a batch system.
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Chapter V1. Synthesis of a TiO2/zeolite composite: Evaluation of adsorption-

photodegradation synergy for the removal of Malachite Green

The findings of this study have been published in the journal “Nano-Structures & Nano-
Objects”
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and Lotfi Mouni. Synthesis of a TiO/zeolite composite: Evaluation of adsorption-
photodegradation synergy for the removal of Malachite Green. Nano-Structures & Nano-
Objects. 2024, 38, 101191

https://doi.org/10.1016/j.nan0s0.2024.101191
Introduction

In this part of the thesis, based on the high adsorptive properties demonstrated by the
LTA-type zeolite in Chapter V, this material was employed as a support for the TiO;
semiconductor. The goal was to synthesize a versatile and sustainable composite capable of
simultaneously functioning as both an adsorbent and photocatalyst for dye removal. This
composite (TiO2-Zeo) was synthesized using the solid-state dispersion method and thoroughly
characterized. Characterization findings, showed that, for TiO2-Zeo catalyst, the zeolitic matrix
preserved its initial structure without any alteration, while its gap energy of 3.23 eV was similar
to that of the starting TiO. material, showing that TiO2 nanoparticles were simply deposited on
the surface of the zeolite support. The main conclusions of this research are: (i) zeolite-
supported TiO2 phocatalysts proved to be more efficient than TiO, nanoparticles for the photo-
discoloration of Malachite Green solution, without being too sensitive to the pH of the medium,
(i) due to their high adsorption properties, the introduction of zeolite in the composite can
facilitate the migration and the preconcentration of dye molecules near the photoactive surface
sites of TiO2 to increase the photodegradation efficiency, and (iii) the adsorption and
photodegradation processes in the TiO>-Zeo photocatalyst exhibit a synergistic interaction,
significantly enhancing the overall efficiency of organic pollutant removal. Therefore, it

represents a promising photocatalyst for the abatement of organic pollution in water.

115


https://doi.org/10.1016/j.nanoso.2024.101191

Chapter VI

Chapter V1. Synthesis of a TiO2/zeolite composite: Evaluation of adsorption-

photodegradation synergy for the removal of Malachite Green

Abstract

Preparing by a simple method a versatile and sustainable material that can simultaneously
perform effectively as an adsorbent/photocatalyst is a real challenge in wastewater treatment
technology. In this work, a composite with 10% (wt%) TiO> nanoparticles supported on zeolite
(TiO2-Zeo) was synthesized by a facile-solid-state dispersion method, and characterized for
their physicochemical, phase structure, microstructure, and optical properties. Characterization
findings, showed that, for TiO2-Zeo catalyst, the zeolitic matrix preserved its initial structure
without any alteration, while its gap energy of 3.23 eV was similar to that of the starting TiO>
material, showing that TiO2 nanoparticles were simply deposited on the surface of the zeolite
support. TiO2-Zeo photocatalyst, as well as commercial TiO, nanoparticles, tested here as a
photocatalyst model in view of comparison, were used for the removal of Malachite Green dye
(MG) from aqueous solution. The adsorption and photodegradation potential of the catalysts
was evaluated under the same operating conditions. It was found that the adsorption Kinetics
for the two materials were relatively slow, and the pseudo-first-order model can describe
accurately the adsorption kinetics data. The equilibrium states were reached after 140 min and
150 min for MG/TiO2-Zeo and MG/TiO; systems. At 0.5 g.L* dose of TiO2-Zeo, the adsorption
capacity of MG at equilibrium, and the removal efficiency obtained with 25 mg.L* and 35
mg.L* were 41.2 mg.g* (82.3%), and 46.9 mg.g* (65.6%), respectively. Whereas, after 240
min UV irradiation, the obtained values in synergistic adsorption-photodegradation dye
removal were superior, namely 47.4 mg.g* (92.7%) and 63.6 mg.g* (90.2%), respectively. On
the other hand, within the range of operating conditions considered, the overall kinetic rate of
synergistic adsorption-photodegradation was also simulated using the modified Elovich
heterogeneous kinetic model in the two following scenarios: for strong and weak adsorption.
Based on the goodness-of-fit criteria values obtained with the two used catalysts, the model
appeared globally very consistent with kinetic data in both cases, with a perfect agreement in

the strong adsorption case.

Keywords: TiO/zeolite composite; TiO2 nanoparticles; Synergistic —adsorption-

photodegradation; Malachite Green removal; Kinetic modeling
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1. Introduction

Nowadays, the rapid development of the world's industrial sector has led to more and
more toxic contaminants in terms of quality and quantity, that are released in the natural water
cycle, posing a serious problem for the aquatic ecosystem and humanity [1-4]. Dyes, potentially
toxic metals and metalloids, pesticides, pharmaceutical compounds, organic solvents, and other
pollutants are commonly identified in factory effluents [5-7]. Various types of synthetic dyes
are manufactured in large quantities for the textile, paper, cosmetic and printing industries [8,9].
These industries are major consumers of water and are therefore considered to be the main
sources of dyes hydrosphere pollution [10]. Dye substances in waters poses a significant threat
to human health and aquatic ecosystems due to their recalcitrant, carcinogenicity, highly
poisonous, and non-bio-degradable nature [11,12]. Therefore, it is crucial to treat dye effluents
at their point of origin before discharging them into the mainstream. Since 1967, heterogeneous
photocatalysis has been promoted as a viable technique for degrading organic refractive
pollutants and for environmental remediation [13,14]. TiO2 is the most extensively employed
photocatalyst among the various types of semiconductors owing to its high photocatalytic
activity, corrosion resistance, low toxicity, and inexpensive cost [15]. It is one of the simplest
and most powerful catalysts for the removal of dyes and phenolic compounds from aqueous
media [14]. However, the primary disadvantages of introducing TiO2 nanoparticles into a slurry
system (suspended TiO> particles) are their propensity to agglomerate into large particles in
suspension, resulting in a decrease in the effective surface area and the catalytic efficiency, as
well as the difficulties encountered in its effective recovery by filtration for further reuse [16].
Hence, a number of research investigated in depth the immobilization of TiO2 nanoparticles on
a variety of supports in order to overcome these shortcomings, enhance durability, and
minimize treatment costs. Among others, activated carbon [17], glass beads [18], polymeric
material [19], oxidized CS-GLA layer [20], clay [21], alginate-Bentonite beads [22]), silica
nanofibers [23] and zeolite [24,25] might be mentioned.

Zeolite is an important kind of aluminosilicate porous material. It features uniform nano-
sized pores and channels, superior adsorptive properties, relatively low cost and an eco-friendly
nature [26,27]. Among the many application benefits of this mineral as photocatalysts support
is that the cages and channels in crystalline zeolite can be used as constrained systems for the
preparation of semiconductors (TiO2) with controlled particle size and shape as well as the
preconcentration of the substrate near the photoactive sites [28]. Zeolites are amphoteric in

nature. The aluminum ions in the framework and charge balancing cations function as electron
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acceptors (Lewis acids), while the oxygens in the framework, particularly Al (Si-O-Al oxygen),
act as electron donors (Lewis bases) [29]. As a result, zeolitic matrix may be useful in
controlling photo-induced charge transfer reactions [30]. Furthermore, the high electric field
present in the zeolitic matrix may significantly contribute to delaying the back electron transfer
reaction, which is the reason of poor quantum efficiency in most photocatalytic reactions [31].

In the photocatalysis process with TiO2-supported catalysts, the adsorption and
photodegradation synergy has been well recognized; nevertheless, regarding kinetics studies,
to our knowledge, the overall removal rate of the target molecule with this hybrid process has
not been previously investigated. When studying the photocatalysis removal kinetics of organic
pollutants using this kind of photocatalyst, most researchers have either ignored or excluded
adsorption kinetics, assuming that the adsorption-desorption process reached an equilibrium
state. However, at least from a theoretical point of view, adsorption-desorption equilibria cannot
be reached in photocatalytic reactions because the active species generated by photo-induced
carriers continuously destroy the adsorbed molecules [32].

In the light of the previous discussion on the appropriate properties of TiO2 as a
photocatalyst and zeolite as a carrier, the present work aimed to synthesize zeolite-supported
titania composite (TiO2-Zeo) through a facile and efficient method, namely a solid-state
dispersion method. To examine its physicochemical, phase structure, microstructure, and
optical properties, various analytical methods were employed including X-ray diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), and diffuse reflectance spectroscopy (DRS). On
the other hand, TiO2-Zeo composite, alongside TiO2 nanoparticles used as a photocatalyst
model in view of comparison, were investigated for the removal of Malachite Green (MG) dye
from aqueous solution in the same operating conditions. In addition, the kinetics of the
adsorption-photodegradation synergy, adsorption, and photodegradation were measured
independently to elucidate the interaction between adsorption and photodegradation, and the
respective contribution of each of them to the overall synergy. Another specific objective of
this study was to model the kinetics of MG removal by a synergistic process combining

adsorption and photodegradation.
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2. Materials and methods

2.1. Materials

Zeolite (Product Code 96096-100 G, Sigma-Aldrich, St. Louis, MO, USA) was utilized
as received. TiO2 powder and Malachite Green Oxalate (C.I. 42000) were purchased from
Biochem Chemopharma (Cosne-Cours-sur-Loire, France). All other chemicals used in this
work were of analytical grade and were obtained either from Sigma-Aldrich or Biochem
Chemopharma. The working MG solutions were prepared by diluting the stock solution (1 g.L-
1) to the desired concentrations in deionized water. The natural pH of these solutions
approximatively 4.0 and was not adjusted during experiments unless otherwise stated (effect of
pH). Batch reactor of 1.25 L of capacity equipped with a cooling jacket was used in adsorption
and photocatalytic experiments, and the UV light radiations was generated by 3 UV lamps
(model PL-S 9w/10/2P Hg - Philips, made in Poland).

2.2. Photocatalyst preparation

A photocatalyst, zeolite-supported TiO2 (TiO2-Zeo) was prepared by the solid-state
dispersion method that has been reported elsewhere [33] with a few modifications. First, in two
separate beakers, 3 g of zeolite was added to 45 mL of ethanol and in the second 0.3 g of TiO>
in 15 mL of ethanol. The two mixtures were agitated under ultrasonic (FALC Instruments, Italy)
action for 30 min. Then, the two suspensions were mixed together and magnetically stirred for
4 h at room temperature to obtain a homogeneous mixture. The solvent was evaporated, and the
obtained residue was dried at 110°C in an oven then calcined in a muffle furnace (Nabertherm,
Germany) at 400°C for 6 h. This photocatalyst was prepared in such a way that the loaded

amount of TiO2 in zeolite was 10% (wt%).

2.3. Characterization

Characterization of zeolite and supported titania photocatalysts were conducted via
different analytical techniques. The structure of the materials was investigated by X-ray
Diffractometer (Malvern Panalytical, Empyrean, UK) operating at 45 kV and 40 mA, with a Ni
filter and CuKo (A = 1.54 A) radiation. FT-IR spectroscopy was run with a Shimadzu
IRAffinity-1 model (Japan) using the pressed KBr pellets method. The morphology of zeolite
(Zeo) and zeolite-supported TiO2 (TiO.-Zeo) powders was characterized by using a Schottky
field emission scanning electron microscope JEOL JSM-7610FPlus (Tokyo, Japan). The

selected SEM parameters: beam energy, probe current and working distance, allowed us to
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reveal the nanometer-scale surface structures. For the elemental analysis, we used the EDS
(Energy Dispersive X-Ray Spectroscopy) system attached to the SEM: Bruker Quantax-200
(Berlin, Germany). The latter is composed by a silicon drift detector (SDD) XFlash-6/10 and
Esprit 2.1 Software. Diffuse reflectance spectroscopic studies were carried out using Analytik
Jena Specord 210 plus (Germany) equipped with an integrated sphere in a wavelength range

from 280 to 900 nm at room temperature.
2.4. Green Malachite removal, preliminary tests

The effect of initial pH on the photo-discoloration of the dye solution was examined over
a pH range from 4 to 10 under UV irradiation; the pHs at the end of the reaction (pHr) were also
measured. The initial pH was adjusted to the desired value by adding either HCI or NaOH
solutions (0.1 M). On the other hand, at the natural MG solution pH (around 4.0), the Malachite
Green removal effectiveness either by photolysis (with UV irradiation and without TiO,-Zeo),
adsorption (without UV and with TiO2-Zeo), and photocatalysis (with UV and TiO2-Zeo)
process were evaluated and compared. In this study, all experiments were performed in
duplicate, the results obtained were reproducible, and the maximum difference between the two

response values was less than 3% of the mean. The mean values were reported here.
2.5. Evaluation of adsorption and photocatalytic performance

In the dark, adsorption experiments were carried out at 25°C in the batch reactor described
above. One liter of dye solution of initial concentrations 25 mg.L* and 35 mg.L* was contacted
with known amounts of the synthetized catalyst powder (0.1 g and 0.5 g). The suspensions were
magnetically stirred at 500 rpm. Samples (5 mL) of the mixture were withdrawn at regular
intervals and centrifuged at 1459 g-force for 10 min before MG concentration measurement at
the absorbance of 618 nm using UV-vis spectrophotometer (Agilent Technologies Cary 60 UV—
vis, USA). TiO. nanoparticles were also used in this section of the study as a model
photocatalyst, and tested under the same operating conditions as those conducted for TiO2-Zeo.
The adsorption capacity q: (mg.g*) and the discoloration efficiency E (%) at any time t were
calculated using the equations Eqg. (S1, S2) in the Supporting Data file.

The photocatalytic experiments were conducted at 25°C in which 1 L of MG solutions
(25 mg.L! and 35 mg.L?') and the photocatalysts (0.1 g and 0.5 g) were contacted and
immediately stirred (500 rpm) and UV irradiated in the presence of bubbling oxygen to assure
oxygen saturation. During the UV irradiation, 5 mL of the mixture was taken out at given time

intervals and centrifuged for MG solution analysis. Here, the combined adsorption-
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photodegradation performances were evaluated and the overall MG removal kinetics rate was
examined.

For photocatalytic degradation of adsorbed MG on TiO2-Zeo and TiO> surfaces, after 3 h
dark adsorption, 5 mL solution was sampled at selected time intervals in the next 150 min under
UV irradiation. For all the experiments, the initial pH of the MG solutions was around 4 and
not adjusted.

The reusability of TiO2-Zeo photocatalyst was evaluated over 3 consecutive cycles of use.
After each cycle, the used catalyst was recovered after solid-liquid separation by filtration
through 0.22 um pore size membrane. The collected solid was then washed several times with
ethanol and deionized water, and finally dried in an oven, stored in the desiccator until its next

use.
3. Results and discussion
3.1. Photocatalyst characterization

Fig V1.1 shows the X-ray diffraction pattern of the synthesized zeolite-supported titania
catalyst (TiO2-Zeo), and for comparative purposes, the diffractogram of zeolite support (Zeo)
was also included. As shown in Fig VI.1, practically the titania loading has not affected the
zeolite crystallinity in the TiO2-Zeo matrix. The characteristic XRD peaks of titania phases
observed were preponderantly those attributed to anatase (ICSD: 063711) at 26 = 25.31° (101),
48.04° (200) and 55.07° (211). Importantly, no signal can be assigned to the rutile phase. On
the other hand, the peaks identified in the zeolite support were those specific to LTA-type
zeolite (ICSD: 024901). FT-IR spectra of the zeolite and TiO2-Zeo materials were investigated
in the wavenumber range of 400-4000 cm* and only the results in the range of 400-1800 cm-!
are shown in Fig V1.2. For the two samples, the absorption bands in the region from 1663 to
3700 cm* indicated the presence of water molecules or OH group in zeolite [34]. As illustrated
in Fig V1.2, all these materials showed characteristic vibrations assigned to the zeolitic
structure. The strongest wide vibration peak observed at 945-1120 cm, the absorption band
from 651 to 684 cm™ and from 449 to 482 cm can be attributed to the T-O (T= Si or Al)
asymmetrical stretching mode, to the symmetrical stretching and to (O-T-O) deformation mode
of the internal bonds of TO4 tetrahedra, respectively [35,36]. Moreover, peaks assigned to the
external bonds of the TO4 tetrahedra can also be noticed in the region from 515 to 592 cm*
which became relatively broader for TiO2-Zeo. These vibrations were assigned to those of

double rings consisting of four and six atoms [35]. The peak of low intensity that appeared only
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in the spectrum of TiO2-Zeo at 418 cm™ can be reasonably assigned to Ti-O-Ti bending
vibration [37]. Therefore, it is clear that TiO> nanoparticles were simply deposited on the

surface of the zeolite rather than the Ti being incorporated into the zeolitic framework.
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Fig VI1.1. XRD patterns of the TiO,-Zeo catalyst and zeolite.
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Fig VI1.2. FT-IR spectra of the TiO,-Zeo catalyst and zeolite.
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Fig VI.3 shows the SEM micrographs of the zeolite and zeolite-supported titania
materials. The micrographs of the two solids (Fig VI1.3(a) and (b)) showed micrometer-sized
zeolitic particles with a cubic morphology, which are typical of a LTA-type zeolite [38]. This
remark was well in agreement with that of the characteristics of zeolite XRD pattern. In
addition, the distribution of TiO2 nanometer-sized particles on the external surface of the zeolite
support was roughly uniform (Fig VI1.3(b)) which is advantageous for the photocatalytic
properties of the TiO>-Zeo material. The pure TiO, was composed of nanoparticles of different
sizes (Fig VI1.3(b)). The calcination stage during composite synthesis can have an effect on
particle growing. Although LTA-type zeolite in the composite was coated with 10% TiOg, the
shape of LTA-type zeolite was maintained intact in TiO2-Zeo. The EDS spectra of Zeo and
TiO2-Zeo given in Fig VI1.3(c)-(d) and the surface elemental composition in wt% of these
materials (Table VI.1) demonstrated that the TiO2 nanoparticles have been well

dispersed/attached on the external surface of the zeolite particles and the Ti content is 10.02%.
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Fig VI1.3. SEM micrographs and EDS images of zeolite (a), (c), and TiO2-Zeo catalyst (b), (d).
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Fig V1.4(a) displays UV-vis diffuse reflectance spectra of the zeolite, TiO, and zeolite-
supported TiO». As clearly shown in this illustration, there was a close spectral profile similarity
between TiO2 and TiO2-Zeo with a very slight shift of the TiO2-Zeo spectrum towards the short
wavelengths as has been shown by other researchers [34]. Also, one can notice that for A > 400
nm, practically most of radiation was reflected by TiO. and TiO2-Zeo materials. On the other
hand, for A <320 nm, the R (%) values were the lowest which means that the incident radiations
are almost completely absorbed and have sufficient energy for the electron/hole pair generation.
The band-gap energy for TiO, and TiO.-Zeo semiconductors were estimated using the
reflectance data given in Fig VI1.4(a). For this purpose, F(R), the Kubelka-Munk function was
used Eq. (1) [39].

(1-R)?

F(R) =—5¢

€y

where R is taken here as the measured absolute reflectance of the photocatalysts.

On the other side, the incident photon energy E can be calculated as (Eq. (2)):

1240.7 )
A (nm) @

E(eV) =

where A is the incident radiation wavelength (nm). The optical band gap energy value can be
calculated from the linear fitting by a straight line of (F(R) x E)¥2 vs. E (Fig V1.4(b)). The
obtained gap energies for the two materials were practically identical and equal to 3.23 eV (384
nm) which is the typical anatase gap energy [40]. This result is also consistent with those
discussed previously, showing that TiO2 nanoparticles are simply deposited on the surface of

zeolite microparticles.

Table VI.1

Surface elemental composition of Zeo and TiO,-Zeo materials (wWt%).
Elements ) Si Na Al Ti Total
Zeo 42.46 21.70 21.48 14.36 - 100 %
TiO,-Zeo 46.96 21.54 8.63 12.85 10.02 100 %

124



R (%6)

Chapter VI

100 9
84| = TiOp
80 74| 4 TiO2-Zeo
2 6
601 (a) S (O
X
& 4
404 &L 34
—TiOp 24
20 —Zeo 14
— Ti0g-Zeo 0]  r——eeneeenn
0 T T T T T

300 400 500 600 700 800 900 10 15 20 25 30 35 40
Wavelength (nm) E (eV)

Fig V1.4. Diffuse reflectance spectra of TiO, nanoparticles, zeolite and TiO,-Zeo catalyst.

3.2. Preliminary tests results

According to the results obtained from the investigation of the effect of the pH (Fig V1.5),
it can be seen that the photo-discoloration of the dye solution using TiO.-Zeo catalyst was not
strongly affected by the initial pH of the MG solution. The photo-discoloration efficiencies
obtained with 25 mg.L* of the initial concentration of the MG solution at the initial pH values
of 4, 7 and 10 were 86.4%, 97.9% and 91.6%, respectively. This finding can be explained
considering the intrinsic characteristics of the zeolitic support [41]. When the zeolite is
contacted with the aqueous solution at acidic pH, it can easily exchange its own Na* ions with
H3O" ions, resulting an increase in the final pH (pHs) of the mixture. On the other hand, at an
alkaline pH of the solution, the OH" ions can neutralize the neutral zeolite surface, leading to a
decrease in the final pH (see blue columns in Fig VI.5). Therefore, the zeolite material can act
as a moderator of the pH of the medium, offering another major advantage as a carrier for pH-
sensitive catalyst.

The one-on-one testing of the MG removal by photolysis, adsorption, and photocatalysis
gives the results shown in Fig VI1.6. According to this figure, without the catalyst, only about
3.7% of MG was degraded in the blank control after 240 min of illumination indicating
negligible self-photodegradation of MG; the dye is stable under UV irradiation. However, at
this time, about 86.4% of the dye was removed by TiO2-Zeo under light against 66.7% in the

dark, indicating that the MG photo-discoloration activity is mainly connected to adsorption
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ability on the TiO2-Zeo surface. As also reported by Luo et al. [42], the improvement of the
adsorption of the target molecule on the catalyst was very beneficial for the photocatalytic
degradation reaction due to the fact that photocatalytic reactions occur mainly on the catalyst
surface. Hypothetical schemes for dye elimination in the above-mentioned applications are

described in the Supplementary Information.

100 14
I E (%)
o5 I pH 12
10
90+
_ 8
S 851 r
L g &
801
4
751 )
70 Lo
7
pH

Fig V1.5. Effect of initial solution pH on MG photo-discoloration: Co = 25 mg.L™%, TiO.-Zeo photocatalyst dose =
0.1g.L%, t =240 min, T = 25°C and under UV irradiation.
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Fig V1.6. MG removal efficiency in photocatalysis, adsorption, and photolysis cases: Co = 25 mg.L%, TiO,-Zeo
dose =0.1g.L?%, pH =4, T =25°Catt =240 min.
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3.3. Adsorption studies

In agueous phase adsorption, the pseudo-first-order kinetic model (PFOM) is mostly used
by the authors to mathematically describe the intrinsic adsorption rate constant [43]. This model
can be described in differential form by the following adsorption rate equation:

Tads = _dCt/dt = kads(Ct - Ce) (3)

where rags is the adsorption rate and kags is the adsorption rate constant (mint). Co, Ct, and Ce
are the MG concentrations in the bulk solution at time 0, t, and equilibrium, respectively.

Origin 2019b® software was employed in this work to simulate nonlinear fittings of
experimental data to the integrated form of the corresponding kinetic models and for constants
calculation. The models' fit was assessed using R?, RMSE and Chi-Sqr as goodness-of-fit
criteria [44,45], the corresponding equations are shown in Supporting Information (Eg. (S9-
S11)). For the MG adsorption experiments under various operating conditions, the obtained
results are shown in Table V1.2 and Fig V1.7.

On the basis of R?, RMSE and Chi-Sgr values obtained, the pseudo-first-order model can
describe accurately the adsorption kinetics of MG on TiO2-Zeo and TiO2 (Table VI.2). On the
other side, according to the kags values obtained, it can be seen that MG adsorption kinetics on
the two solids tested were relatively slow. The equilibrium states were reached after 140 min
and 150 min for MG/TiO2-Zeo and MG/TiO2 systems, respectively. The adsorption process
could be divided into three steps for the two adsorbents [46,47]. In the first contact times, MG
uptake sharply increased, this can be related to the number of initially vacant surface sites at
the beginning. Over time, repulsive forces between the cationic dye molecules adsorbed and
the solution phase make the remaining vacant surface sites more difficult to be occupied; thus,
the adsorption slows down and finally levels off. As can be considered obvious, increasing the
initial concentration provides more driving force to overcome the mass transfer resistance
between the solid and liquid phases, then the ge values increase [48]. At initial pH of around 4,
MG uptake on the surface of TiO2-Zeo and TiO2 materials may be due to the interaction that
occurred between the protonated SOH,* site (S = Al, Si or Ti atom of the surface) and the

amines or aromatic groups of the MG molecules [41,49].
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Table VI.2
Pseudo-first-order kinetic constants for MG adsorption on TiO,-Zeo and TiO,: pH =4 and T = 25°C.
Parameters Co(mg.L) m(g) Kags (Mn™1) R? RMSE Chi-Sqr
adsorbents
TiO2-Zeo 25 0.1 1.95 x 102 0.986 6.100 37.209
25 0.5 2.14 x 10 0.989 1.329 1.766
35 0.1 1.56 x 10 0.989 6.933 48.067
35 0.5 1.56 x 102 0.976 2.422 5.864
TiO; 25 0.1 1.22 x 10 0.956 3.594 12.915
25 0.5 9.90 x 103 0.974 0.749 0.561
35 0.1 2.74 x 107 0.998 0.606 0.367
35 0.5 1.91 x 10?2 0.985 0.535 0.286
3 o Ti02 o Ti02-Zeo 1 *Ti02 o Ti02-Zeo
0.8 4 0.8 - MR e o o o o S W
_06 1 206
- <
~ 04 1 ~ 04 1
o0
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Fig VI.7. PFOM Kinetic model simulation to the adsorption experimental data (symbols) of MG on TiO,-Zeo and
TiOyin dark: Co = 25 mg.L™ (a) and 35 mg.L* (b) with 0.5 g.L"* samples dose at pH = 4 and T = 25°C.

3.4. MG removal by the combined adsorption-photodegradation process

Table VI.3 shows the MG removal yields E (%) and the correspondent adsorption

capacity g (mg.g*) obtained at the two initial dye concentrations (25 and 35 mg.L™?) for the two

catalysts tested at the dose of 0.1 and 0.5 g.L™, at pH close to 4, and after 240 min of solid

samples / dye solutions contact time, under light exposure or in the dark.

According to Table VI.3, with 0.1 g.L* samples dose and under UV irradiation, TiO2-

Zeo exhibited a high photo-discoloration activity of MG solutions even at relatively high initial

concentrations, removing 86.4% and 85.6% of the dye at initial concentrations of 25 and 35

mg.L?, respectively, compared to 74.7% and 69.1% with the suspended TiO2. According to the

findings of trials conducted in the dark, TiO.-Zeo demonstrated remarkable MG adsorption

capacity. These results can be explained by the fact that the synthesized catalyst TiO>-Zeo
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contains a significant amount of zeolite, which is known to be a powerful MG adsorbent even
for solutions at pH about 4 [50,51]. In contrast, the adsorption of MG on the surface of TiO;
nanoparticles was relatively poor. This result is consistent with the findings of the adsorption
kinetics investigation (Fig V1.7) and those of other authors [49]. At a relatively high dosage of
samples (0.5 g.L), the combined adsorption-photodegradation performance of both catalysts
towards the target molecule were substantial and comparable. In addition, the g240 values (for a
240 min contact time) of TiO2-Zeo and TiO- increased dramatically between adsorption (in the
dark) and the combined adsorption-photodegradation process experiments for all combinations
of operating conditions (Table V1.3). This indicates a significant photodegradation activity of
MG molecules by the TiO2 nanoparticles in TiO2-Zeo composite under these conditions,
showing that dye removal was not mainly due to adsorption but to the synergy between the two
processes, photodegradation and adsorption.

Table V1.3

Comparison of MG removal efficiency and the corresponding gz40 0Obtained by adsorption and combined process
with TiO,-Zeo and TiO; for a 240 min contact time: pH =4 and T = 25°C.

Samples Parameters Samples dose Co=25mg.L? Co=35mg.L?

(gL Inthe  Under Inthe  Under
dark UV light dark UV light

TiOs-Zeo  Easo (%) 0.1 66.7 86.4 62.0 85.6
0240 (Mg.g%) 165.6 201.9 211.9 279.8

TiO, Ez40 (%) 18.6 74.7 14.8 69.1
Q240 (Mg.g%) 48.0 186.8 53.1 236.3

TiO2-Zeo E240 (%) 0.5 82.3 92.7 65.6 90.2

0240 (Mg.g%) 41.2 47.4 46.9 63.6

TiO, Eza0 (%) 26.4 96.7 20.5 89.4

Qos0 (Mg.gh) 13.3 47.9 14.2 61.6

The modeling of MG photo-discoloration kinetics by the combined adsorption-
photodegradation process was undertaken and the commonly first-order and modified Elovich
kinetic models were used to simulate the overall removal rates of MG by the two photocatalysts
in question. The heterogeneous model (modified Elovich) is controlled by multiple processes
(i.e., adsorption and photodegradation) [32]. These models' governing equations can be

expressed as follows:
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e First-order kinetic model
r=—dC,/dt =k C, (4)
e Modified Elovich kinetic model
r=—dC,/dt = k,Cye PCo=C  (5)

where r is the overall photo-discoloration rate of MG; ki (mint), ke (mint) represent the rate
constants of the first-order, and the modified Elovich models, respectively; £ is a constant
inversely proportional to the removal capacity, since the more its value is high, the more the
MG removal rate decelerates with time. The integrated forms of Egs. (3, 4, 5) are given by Eqg.
(S12, S13, S14), respectively. The calculated parameters of Eqg. 4 and Eg. 5 are shown in
Table VI1.4.

Table V1.4

Optimal fitting parameters of first-order and modified-Elovich kinetics models for MG removal by synergistic
adsorption-photodegradation with 0.5 g.L* catalysts dose: pH = 4 and T = 25°C.

Kinetic models First-order Modified-Elovich

Parameters Co (mg.L?) ki (mnt) ke (MNn1) B R? RMSE Chi-Sqr

Materials

TiO2-Zeo 25 1.41x107 / / 0.992 0.582 0.339
25 / 2.18x102 0.10 0.999 0.199 0.039

TiO2 25 8.40x108 / / 0.959 1.308 1.712
25 / 5.84x103 5.93x1073 0.999 0.257 0.066

TiO2-Zeo 35 9.75x103 / / 0.978 1.135 1.287
35 / 1.58x102 7.81x10 0.998 0.328 0.107

TiO, 35 7.68x1073 / / 0.968 1.527 2.332
35 / 5.70x10° 8.22x10°% 0.994 0.663 0.440

According to Table V1.4 and based on the goodness-of-fit criteria, the modified Elovich

model fitted the kinetic data more accurately than the first-order model for both photocatalysts
evaluated under various experimental settings. It became clear that MG removal by the
photocatalysts was a synergistic process of adsorption and photodegradation, rather than a
simple adsorption or photodegradation mechanism. Currently, a number of studies have shown
that the modified Elovich model is very efficient to simulate the photocatalysis kinetics data
and elucidate this synergy [32,52-57].
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As also displayed in Table VI.4, at a dose of 0.5 g.L?%, ke values of TiOx-Zeo
(ke = 2.18x102 and 1.58x102 min't) were greater than those of TiO2 (ke = 5.84x102 and
5.70x107° min') at 25 mg.L* and 35 mg.L™?, respectively. The initial rate of MG removal by
TiO2-Zeo was 3.73 and 2.77 times higher than with TiO: at theses concentrations, respectively.
The relatively higher B value obtained at the concentration of 25 mg.L with TiO2-Zeo
(B = 0.1) compared to that with TiO, (B = 5.93x107®), did not significantly affect the MG
removal rate with TiO,-Zeo when compared to TiO> during the selected reaction time (Fig
VI1.8(a)). This can be explained by the significant disparity in their initial rates. For a
concentration of 35 mg.L, the obtained values of B were 7.81x102 with TiO2-Zeo versus
8.22x10-3with TiO; the reaction rates with the two catalysts became closer over the time until
becoming equal at t = 137 min (Fig V1.8(b)). Throughout the chosen reaction time, the overall
rate of dye removal at 0.5 g.L* of TiO,-Zeo was faster than with TiO2 (Fig V1.8).

Therefore, TiO,-Zeo material, specifically at 10% mass ratio (TiO2/Zeolite), is a
promising adsorbent/photocatalyst composite system for MG photo-discoloration due to its

facile synthesis and excellent removal efficiency with a relatively fast kinetics rate.
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* Ti02- yis
ér:d Ti02-Zeo - * Ti02-Zeo
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Fig V1.8. Modified-Elovich kinetic model simulation to the experimental data (symbols) of MG removal by
synergistic adsorption-photodegradation for the two photocatalysts (0.5 g.L?): Co = 25 mg.L* (a) and 35 mg.L"!
(b), pH=4and T = 25°C.

3.5. TiO2-Zeo reusability test

The reusability of TiO2-Zeo photocatalyst was examined through three consecutive cycles
of combined adsorption-photodegradation removal of MG. It was found that the experimental
data kinetics for each reuse cycle agreed very well with the modified Elovich model (Fig V1.9)
with a good value of R?, RMSE and Chi-Sqr (Table VI.52). On the other hand, the photo-

discoloration efficiencies (E) obtained at 25 mg.L* of MG solution and after 150 min of
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irradiation were 87.1%, 76.1%, and 64.0% for the first, second, and third removal of MG,
respectively against 71.7%, 65.9%, and 58.6% at 35 mg.L. From this, the TiO2-Zeo catalyst

provides stable properties during the photocatalytic process.
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Fig V1.9. Reusability of TiO,-Zeo with different initial concentration of MG: Co = 25 mg.L™ (a) and 35 mg.L*
(b), pH = 4, T = 25°C and photocatalyst dose = 0.5 g.L™.

3.6. Surface MG photodegradation

The change in MG concentration C; as a function of time was simulated with respect to
the models given Eqg. 4 and Eq. 5. The obtained results are summarized in Table VI1.5. Although
the values of the goodness-of-fit criteria obtained for the two models were very satisfactory,
they were on the whole relatively better for the first-order model (Table V1.5 and Fig VI.10).
In other words, this finding indicates that the MG surface degradation process was dominated
by the photodegradation step, which was slower compared to adsorption (ki < Kags) (see Table
V1.2 and Table VL.5). In this study, the performance of modified Elovich's model can also be
appreciated in the representation of the kinetics data in a very satisfactory way in the following
two extreme situations: when adsorption is strong, as in the case of the combined process, and
if adsorption is weak, as in the case of surface photodegradation where the ke values obtained

were close to those of ki (Table VI.5).
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Table V1.5
Optimal fitting parameters of first-order and Modified-Elovich kinetics models for MG removal by surface MG
photodegradation under UV irradiation with 0.5 g.L* catalysts dose: pH = 4 and T = 25°C.

Kinetics First-order Modified-Elovich
models
Parameters Co (mg.L) ki (mn?) ke (Mn™) B R? RMSE Chi-Sqr
Materials
TiO2-Zeo 25 451 %1078 / / 0.996 6.45x10° 4.16x 10°
25 / 435x10° 174 0.996 6.48x10° 4.20x10°
35 3.79x 108 / / 0.986 5.96x102 3.55x10°%
35 / 346 x10° 0.20 0.988 5.84x102 3.41x10°%
TiO; 25 4.32x10°8 / / 0.998 156x10! 243x107?
25 / 4.46 x 10°  6.64 x 1072 0.998 1.61x10! 261x1072
35 1.6 x 103 / 0.996 1.57x10! 2.45x107?
35 / 1.55x10°  2.11x10? 0.996 1.61x10! 258x1072
e _ 1o
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Fig VI1.10. Surface degradation kinetics of adsorbed MG by TiO2-Zeo and TiO, under UV irradiation: Co = 25
mg.L? (a) and 35 mg.L* (b) and with 0.5 g.L* catalysts dose (pH = 4 and T = 25°C).

4. Conclusions

In conclusion, zeolite-supported TiO> catalysts, prepared via the solid-state dispersion
method, is a simple way to produce active photocatalysts. Under UV irradiation, it showed to
be more efficient than simple adsorption (in the dark) or photochemical degradation for MG
solution discoloration, without being too sensitive to the pH of the medium. The optical
properties of the synthesized TiO,-Zeo catalyst and the commercial TiO, showed that LTA-
type zeolite used as an inert material did not affect the titania band gap. On the other hand, due
to its high adsorption properties, the introduction of zeolite can facilitate the migration and the
preconcentration of MG molecules near the photoactive surface sites to increase the
photodegradation efficiency. The TiO,-Zeo material showed high synergistic adsorption-

133




Chapter VI

photodegradation performances and hence is a promising photocatalyst for organic pollution

abatement in water.
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The adsorption capacity at any time was calculated by the straightforward equation:

(Co = Co).V

qe(mg.L™") = — (S1)

Whereas, the discoloration efficiency E (%) has been calculated as:

Co — Ct)-100
E (%) = % (52)
Co
where q is the adsorption capacity at a contact time t (min), Co (mg.L™) and C: (mg.L™) are the
initial MG concentrations and at time t, respectively, V (L) is the volume of the dye solution,

and m (g) is the dried weight of the solid.

Preliminary tests results

At initial pH of around 4, the active surface functional groups of zeolite which are mainly
the Silanol (Si-OH) and Aluminol groups (Al-OH) become protonated, as it is shown by the
consecutive reactions provided in Eq. (S3, S4) [1].
lon exchange reaction:

[S — ONal; + Hlygy < [S— OHl; + Najyy  (S3)

adsorption on neutral surface:

Neutral surface Protonated surface

where S is surface central metal (Si, Al) of zeolite, and Na* is the metal cation balancing the
electrical charge of LTA-type zeolite framework. On the other side, considering the amphoteric
character of TiOz in aqueous solution, at pH near 4, the surface hydroxyl groups (Ti-OH) in

TiO2-Zeo surface composite can also be easily protonated as follows [2]:

[ S —— N— —’
Neutral surface Protonated surface
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Therefore, the interaction that occurred between the protonated sites SiOH2*, AIOH,*,
and TiOH>" of the surface of TiO2-Zeo, and the amines or aromatic groups of the MG molecules
is the probable mechanism of dye uptake [3].

In the case of photocatalysis, the overall photodegradation reaction of MG by TiO.-Zeo
under UV irradiation can be simplified as shown in step 11 (Table VI.S1). MG
photodegradation reaction is initiated when a photoexcited electron transits from the filled
valence band to the empty conduction band of TiO> as the absorbed photon energy, hv, equals
or exceeds the band gap of the semiconductor [4]. Therefore, a strongly reducing electron (ecy
) and strongly oxidizing hole (hw*) pairs will be generated (Table VI.S1, step 1). The chain
reactions (step 2-8) are the separation and trapping of electrons and holes to reducing sites and
oxidizing sites on the surface of TiO2-Zeo, followed by generation of reactive species such as
OH-" radicals, O™ radicals, and H20 [5]. Finally, MG degradation can take place via direct
oxidation by the hole (step 9), since the hole is a strong oxidizing agent, and through radical
reactions (step 10), giving CO. and H20 as products [6].

Table VI.S1
Photodegradation mechanism [5].

hv=3.23 eV

Step 1 Ti0, ——— Ti0," (e;, + h})

Step 2 h}, +H,0 — OH*+ H*

Step 3 eq +0, — 0,°7

Step 4 0,°” + H,0 — OH™ + HO,"

Step 5 0,°” + HO," + H* — H,0, + 0,

Step 6 0, + 2e; + HY — H,0,

Step 7 2ht, + 2H,0 — 2H,0, + 2 H*

Step 8 H,0,+e; — OH™ +0H*

Step 9 h, + MG — intermediate products + CO, + H,0
Step 10 OH*® + MG — intermediate products — CO, + H,0
Step 11 MG + 0, 2272 0o, + H,0

In MG removal by photolysis, the following conventional mechanism of direct photolysis
can describe the dye decomposition reactions [7]:
H,0 + hv — OH*+ H*  (S6)
MG + OH® — products  (S7)
Initially, the water molecule is cleaved under UV irradiation and transformed into hydrogen
and hydroxyl radicals, then the dye molecules react with free radicals to produce the

decomposition products. The overall photolysis reaction of MG can be schematized as follows
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h
MG + 0, i produts (58)

R?, RMSE and Chi-Sgr formulas

The coefficient of determination (R?), root mean sum of square error (RMSE), and Chi-Sqgr as

goodness-of-fit criteria can be computed as:

?:1 (Yi,exp - Yi,Cal)2

R?=1- . (59)
lnzl(yi,exp - Ymean)
n 2
RMSE = i=1(Yi,exp - Yi,Cal) (510)
n—p

2
n Y: —Y:
Chi — Sqr = Z (Yiexp —~ Yicar) (511)
i=1 Yica

where n is the number of observed data Yiexp (i = 1 to i = n), and Ymean is their mean. Yical is the

predicted value by the model, and p is the number of parameters of the model.

Small RMSE and Chi-Sqr values, close to zero, and large R? value, close to 1, indicate better

agreement of experimental data with the model.
Integrated forms of differential models

The integrated form of the pseudo-first-order kinetic model (Eq. 3) for boundary

conditions (t=0, Ct =Coand t = t, C; = Cy) leads to the nonlinear equation:
C,=C,+ (Cy—C,).e Kaas 't (512)

The integrated form of the first-order kinetic model (Eq. 4) and the modified Elovich model
(Eq. 5) for the same boundary conditions gives Eq. (S13) and Eq. (S14), respectively.

C, = Cy. e Hat (513)

C,=Co— 1/ﬂ.1n(1 +B.k,.Co.t)  (S14)
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Table VI1.S2
Reusability of TiO,-Zeo and the best-fit parameters of modified-Elovich's kinetics model for each cycle: pH = 4,
T = 25°C and photocatalyst dose = 0.5 g.L .

Parameters Co(mg.LY) m(g) Cyclestime ke (mn'1) B R2 RMSE  Chi-Sqr
Material

25 0.5 1 2.18x10%2 0.1000 0.999 0.199 0.039

2 1.66x10% 0.1009 0.993 0.523 0.274

) 3 1.09%10%2 0.1061 0.986 0.607 0.369
TiO,-Zeo

35 0.5 1 1.58x10% 0.0781 0.998 0.328 0.107

2 1.16x10%2 0.0715 0.992 0.673 0.453

3 8.65x1073 0.0666 0.989 0.727 0.528
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General conclusion

Ensuring water quality remains a major challenge for humanity, given the complexity of
modern life and the growing diversity of pollution sources. Many countries have implemented
stricter water pollution control regulations, requiring compliance with rigorous new standards,
which has driven significant progress in the research and development of advanced water
treatment technologies.

Among the proposed solutions, several techniques have been considered, including adsorption
and heterogeneous photocatalysis, both of which are cost-effective methods with distinct
advantages and limitations. The first technique has the significant advantage of treating large
volumes of effluent with a high organic pollutant load; however, its limitation lies in merely
transferring pollutants from the liquid phase to a solid phase without actual degradation. In
contrast, the second technique effectively degrades organic pollutants but is limited to treating
effluents with relatively low pollutant concentrations.

The combination or coupling of adsorption and photocatalysis within a single unit operation
could be an ideal solution to overcome the limitations of each technique while maximizing the
advantages of the process.

The main objective of this study was to enhance the performance of adsorption and
photocatalytic processes through a hybrid system in which these processes operate
synergistically. The key to this hybrid process is the development of a versatile and sustainable
composite, designed to function simultaneously and efficiently as both an adsorbent and a
photocatalyst for the effective removal of textile dyes. To evaluate the effectiveness of the
newly developed composite, we investigated the removal and degradation of various model dye

pollutants in water.

In the first part of our work, we evaluated the adsorption performance of zeolite for the removal
of cationic dyes, specifically methylene blue (MB) and malachite green (MG). An LTA-type
zeolite from the TFT gas complex (Sonatrach), previously used in multiple natural gas
dehydration cycles and considered solid waste by the complex, was appropriately treated and
then employed as an adsorbent, referred to here as 4AZW. This approach aimed to valorize the
waste and implement the “treat waste with waste” strategy. After thorough characterization, the
4AZW material largely retained the crystalline structure of LT A-type zeolite, which provides a
significant advantage in this study. The initial pH of the solution is a crucial factor affecting

dye adsorption performance. For methylene blue, the highest adsorption capacities were
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observed within the pH range of 5 to 10, reaching a maximum efficiency of 99% at pH 8.5. In
the case of malachite green, a consistently high adsorption capacity was maintained between
pH 5 and 11, with a peak efficiency of 99.5% at pH 8. Notably, the near-total removal of both
dyes occurs at the same or very similar pH values, representing an additional advantage of this
adsorbent. However, a key limitation is its relatively low maximum adsorption capacity,
measured at 9.95 mg/g for MB and 45.64 mg/g for MG.

In the second part of the thesis, a virgin commercial LTA-type zeolite was utilized to explore
its superior adsorption properties. Congo Red was selected as the model molecule to examine
the adsorption behavior of LTA-type zeolite toward anionic dyes. The key findings of this study
are: (i) the adsorption process occurs at a relatively fast rate, and (ii) the adsorbent demonstrates
excellent performance in Congo Red removal, achieving up to 98.7% dye removal even at low
doses of 0.1 g/L, with an exceptionally high maximum adsorption capacity of 666.5 mg/g.

In the final part of this work, building on the high adsorption properties demonstrated by the
LTA-type zeolite in the second part, this material was used as a support for the TiO>
semiconductor. The goal was to synthesize a versatile and sustainable composite capable of
simultaneously functioning synergistically as both an adsorbent and photocatalyst for dye
removal. The TiO2-Zeo composite was synthesized using the solid-state dispersion method and
thoroughly characterized. The characterization results revealed that the zeolitic matrix retained
its original structure without any significant alteration. Additionally, the measured band gap
energy of 3.23 eV was comparable to that of the pristine TiO2, indicating that the TiO>
nanoparticles were merely deposited on the surface of the zeolite support. The main conclusions
drawn from this part are as follows: (i) zeolite-supported TiO, photocatalysts demonstrated
higher efficiency than TiO. nanoparticles alone in the photodecolorization of Malachite Green
solution, with minimal sensitivity to the pH of the medium; (ii) owing to their excellent
adsorption properties, the incorporation of zeolite into the composite promotes the migration
and preconcentration of dye molecules near the photoactive sites of TiO2, thereby enhancing
photodegradation efficiency; and (iii) the adsorption and photodegradation processes within the
TiO2-Zeo photocatalyst exhibit a synergistic interaction that significantly improves the overall
removal efficiency of organic pollutants. Consequently, this composite represents a promising

material for the treatment of organic contaminants in water.
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Abstract:

This study addresses the challenge of wastewater contamination by synthetic dyes, particularly
from the textile industry. A three-phase approach was undertaken to develop an efficient dye
removal system. In the first phase, an LTA-type zeolite repurposed from industrial waste
(4AZW) was evaluated for cationic dye adsorption, though its low adsorption capacity
remained a limitation. The second phase focused on a commercial LTA-type zeolite, which
demonstrated exceptional adsorption performance for anionic dyes, with a maximum capacity
of 666.5 mg/g. In the final phase, a zeolite-supported TiO> composite (TiO2-Zeo) was
synthesized to function synergistically as both an adsorbent and a photocatalyst. Key findings
revealed that TiO2-Zeo outperformed TiO2 nanoparticles alone in dye degradation, facilitated
dye molecule migration to photoactive sites, and enhanced overall pollutant removal through
combined adsorption and photodegradation. This composite presents a promising solution for
wastewater treatment and organic pollution abatement.

Résumé:

Cette ¢tude s’inscrit dans le cadre de la lutte contre la contamination des eaux usées par les
colorants synthétiques, notamment ceux émis par ’industrie textile. Une stratégie en trois
étapes a ¢t¢ mise en ceuvre afin de concevoir un systéme performant d’élimination des
colorants. Dans un premier temps, une zéolite de type LTA, valorisée a partir de déchets
industriels (4AZW), a été testée pour 1’adsorption de colorants cationiques, bien que sa faible
capacité d’adsorption ait constitué un facteur limitant. La deuxiéme phase a examiné les
performances d’une zéolite commerciale de type LTA, qui s’est distinguée par une excellente
capacité d’adsorption des colorants anioniques, atteignant un maximum de 666.5 mg/g. Enfin,
la troisi¢éme phase a consisté en la synthése d’un composite TiO2-Zeo, associant du TiO2 a une
matrice zéolitique, afin de combiner les propriétés d’adsorption et de photocatalyse. Les
résultats ont mis en évidence que ce composite surpassait les nanoparticules de TiO2 seules en
termes de dégradation des colorants, en facilitant la migration des molécules vers les sites
photoactifs et en renforcant 1’efficacité globale de 1’¢limination des polluants grace a I’action
synergique des mécanismes d’adsorption et de photodégradation. Ce matériau représente ainsi
une solution prometteuse pour le traitement des eaux usées et la réduction de la pollution
organique.

rpaila

C_u.u.\j\ Aclua e 4;.1\.\]\ el LA.\.uA Y GMQ\ALAA‘}“ EL\.\AYL\ Gﬁ:M\ u_).n.ah DLIA L_ULG\JSMAM\JJ” XYY dJ\.\.u
cLTA&j.\S\uAg_ul}a)“ ;\J\e.us.\e.i “;}Y\MAJA\@ &L\m?\tﬂ\)& dmab}#d&‘)ﬁ‘—‘ﬁwc@dﬁw‘
Laddiiall s 408 u\(..c ¢ sl E L A 3) 8 ¢ (AAZW) ) FiaaS axiiosall s dae liall Ol (e sy 935 slaal)
o Lt 2101 jedal Cun (L TA £ 5l (g s lad a0y (e Al s ) 38 5 G ) 138 IS 51 550N e
2l (e S ye a3 28 6 AY) Ala ) 8 Ll /ade 666.5 il 5 sl B ok i sl ¢ luall ) il
IS aaly o (B (P Shaas SiaeS JalSie JC Janid ¢ (TiO2-Z€0) <l (o pseaa (TIOZ) el
u\-uﬁ Jlan) Alee g LS g lua¥) Jlad b lnas 5 4, 5300 TiO, <l da e (358 Ti0-Z0 oo A ) il

e ‘LAL\SL}} L;’)"‘J\ d&;_ﬂ\} J‘JMY‘\LF‘:‘M d);wu\.uld\ ‘d\‘)\ 3eleS e Lae d:u}.a‘dbdl\ cﬁ\}d\j;_vu_.ual\

(& sanll &gl e aall g e liall Coyuall sl dallaad o) Mo (S all 138



