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Abstract 
 

The insecure future of freshwater resources is undoubtedly a serious challenge for all living 
beings. Human activities generate harmful compounds or pollutants that should be treated 
before they are released into the aquatic ecosystems. The chaotic discharge of organic and 
inorganic compounds is considered a long-standing and aggravated global problem. 
Particularly, emerging contaminants, such as pharmaceutically active compounds (PhACs), 
personal care products, surfactants, various industrial additives, and endocrine-disrupting 
chemicals have proven to harm human health and ecological systems. Most of the current 
physical, chemical, and biological technologies used in wastewater treatment are prohibitively 
expensive they and face many operational challenges. Therefore, the development of economic, 
viable, and scalable techniques can profoundly secure access to safe and good drinking water 
quality.  
 
The advancement in the last two decades of wastewater purification methods including 
adsorption on non-conventional solids, advanced oxidation, and photodegradation is gaining 
massive attention. These technologies have many advantages, once compared to other treatment 
techniques, such as simplicity, cost feasibility, and the ease of operation including applying 
moderate operating conditions. 
 
The main aim of this doctoral thesis is to investigate the efficiency of novel in-house prepared 
materials to remove emerging contaminants from wastewaters such as ibuprofen, bromocresol 
green, alizarin red s, and methylene blue, and to compare them with classical commercial 
materials through adsorption and photodegradation. Both batch and semibatch operating modes 
were studied considering different operational parameters to investigate the kinetics. This work 
also includes experimental data validation through simulations for batch and semibatch 
systems. Advanced reactor modelling was carried out, describing the collected data in both 
scales with a rigorous approach, considering both physical and chemical phenomena appearing 
in the reaction network, i.e. discriminating between the mass transfer and reaction limiting 
steps. 
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Referat 
 
Den osäkra framtiden för sötvattenresurserna är utan tvekan en allvarlig utmaning för levande 
organismer. Människans aktiviteter genererar skadliga kemiska föreningar och föroreningar 
som borde destrueras innan de släpps ut i ekosystemet. Det kaotiska utsläppet av organiska och 
oorganiska föreningar är ett långvarit och förvärrat globalt problem. Speciellt nya föroreningar, 
såsom farmaceutiskt aktiva föreningar (PhAC), produkter för personligt vård, ytaktiva ämnen, 
diverse industriella komponenter och hormonstörande kemikalier har visat sig vara skadliga för 
människans hälsa och ekosystemet i helhet. De flesta av nuvarande kemiska, fysikaliska och 
biologiska teknologierna som används för att rena avloppsvatten är orimligt dyra och de är 
förknippade med många praktiska problem. Därför ska utvecklingen av ekonomiskt lönsamma 
och skalbara förfaranden garantera tillgången till säker och god dricksvattenkvalitet. 
 
Framsteg har tagits under de senaste två decennierna i metoder för rening av avloppsvatten, 
bl.a. adsorption av föroreningar på icke-konventionella fasta ämnen, avancerade 
oxidationsprocesser och fotokatalytisk nedbrytning har fått stor uppmärksamhet. Dessa 
teknologier har många fördelar jämfört med konventionella metoder, såsom enkelhet, rimliga 
kostnader och relativt enkla driftsbetingelser. 
 
Det huvudsakliga syftet med detta doktorsarbete var att undersöka effektiviteten av nya material 
som vi har preparerat i laboratorieskala för borttagning av föoreningar från avloppsvatten, bl.a. 
ibuprofen, grön bromkresol, alizarin och metylenblått samt att jämföra dem med klassiska 
kommersiella material för adsorption och fotokatalytisk nedbrytning. Både satsvisa och 
halvkontinuerlierliga reaktionsförfaranden studerades genom att variera experimentella 
parametrar för att kartlägga reaktionskinetiken. Experimentella resultat validerades med hjälp 
av simulering av satsvisa och halvkontinuerliga reaktorsystem. Avancerad reaktormodellering 
tillämpades för att beskriva experimentella data på ett rigoröst sätt, genom att beakta kemiska 
och fysikaliska fenomen som förekom i reaktionssystemen. På detta sätt kunde 
massöverföringseffekter och kinetiska effekter kartläggas i detalj. 
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Sommario 
 
Il futuro insicuro delle risorse di acqua dolce rappresenta senza dubbio una sfida seria per gli 
esseri viventi. Le attività umane generano composti nocivi o inquinanti che dovrebbero essere 
trattati prima di essere rilasciati nell’ecosistema. Lo scarico non regolamentato di composti 
organici e inorganici è considerato un problema globale di lunga data e aggravato. In 
particolare, i contaminanti emergenti, come i composti farmaceuticamente attivi (PhAC), i 
prodotti per la cura personale, i tensioattivi, vari additivi industriali e le sostanze chimiche che 
alterano il sistema endocrino hanno dimostrato di danneggiare la salute umana e i sistemi 
ecologici. La maggior parte delle attuali tecnologie fisiche, chimiche e biologiche utilizzate nel 
trattamento delle acque reflue sono proibitivamente costose e devono affrontare molte sfide 
operative. Pertanto, lo sviluppo di tecniche economiche, fattibili e scalabili può garantire 
profondamente l’accesso ad acqua potabile sicura e di buona qualità. 

Il progresso negli ultimi due decenni dei metodi di purificazione delle acque reflue, compreso 
l’adsorbimento su solidi non convenzionali, l’ossidazione avanzata e la fotodegradazione, sta 
guadagnando enorme attenzione. Queste tecnologie presentano molti vantaggi, rispetto ad altre 
tecniche di trattamento, come semplicità, fattibilità dei costi e facilità di funzionamento, inclusa 
l'applicazione di condizioni operative moderate. 

Lo scopo principale di questa tesi di dottorato è studiare l'efficienza di nuovi materiali preparati 
internamente per rimuovere contaminanti emergenti dalle acque reflue come ibuprofene, verde 
bromocresolo, rosso alizarina e blu di metilene, e confrontarli con i classici materiali 
commerciali attraverso un maggiore adsorbimento. e fotodegradazione. Entrambe le modalità 
batch e semibatch sono state studiate considerando diversi parametri operativi per studiare la 
cinetica della reazione chimica. Questo lavoro include anche la validazione dei dati sperimentali 
attraverso simulazioni per sistemi batch e semibatch. È stata effettuata una modellazione 
avanzata di reattori chimici, descrivendo i dati raccolti in entrambe le scale con un approccio 
rigoroso, considerando sia i fenomeni fisici che chimici che si verificano nella rete di reazione, 
ovvero distinguendo il trasferimento di massa e le fasi limitanti della reazione. 
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Chapter 1 — Introduction  
 

 

“Life is not easy for any of us. But what of that? We must have perseverance and above all confidence in 

ourselves. We must believe that we are gifted for something, and that this thing must be attained.”  

Marie Skłodowska Curie 
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1.1. Emerging contaminants in wastewater 

A wide range of compounds that are not frequently controlled or observed throughout 
wastewater treatment operations are referred to as “emerging contaminants (ECs)”, 
micropollutants (MPs), emerging pollutants (EPs), contaminants of emerging concern (CEC), 
or trace organic compounds (TrOCs) [1]. Pharmaceuticals, personal care items, insecticides, 
dyes, and industrial chemicals are some examples of these pollutants [2, 3]. Concerns about 
their occurrence in wastewater stem from their potential impacts on human health and 
ecosystems [4]. More than 700 emerging pollutants categorized into 20 classes were detected 
in the European aquatic environment in 2015 [5]. Figure 1.1 highlights the potential impacts of 
ECs on human health. 

 
Figure 1.1 Serious consequences for human's exposure to ECs [1]. 

Some of the ways that ECs enter the aquatic environment are shown in Figure 1.2; they include 
municipal, industrial wastewater treatment plants (WWTPs), hospitals, sewer overflows as well 
as leaks, landfill leachate, and surface runoff from agricultural or urban areas [2, 6]. The 
existence of ECs in wastewater pauses incalculable risks to abiotic and biotic components [6, 
7]. Many of these substances are made to be resistant to deterioration, which makes it 
challenging to remove them using standard wastewater treatment techniques [7]. Due to their 
persistence, they might eventually accumulate in water bodies, which could have long-term 
consequences on the environment. While the concentrations of these substances in treated 
wastewater are often low, in the range of parts per trillion (ppt or ng/L) to parts per billion (ppb 
or μg/L), the long-term exposure, particularly through the consumption of contaminated water 
or through food chain can cause many risks [1, 8]. These risks include: i) hormone disruption 
and reproductive disorders [9] ii) disrupting the aquatic ecosystems, leading to reduced 
biodiversity [10] iii) contributing to antibiotic resistance, making infections more challenging 
to treat [8, 11]. The persistence of these contaminants in the environment further exacerbates 
their risks. Addressing these issues requires monitoring programs, improved treatment 



  

 
 

3 
 

technologies, responsible disposal practices, and effective regulations to minimize their release 
and protect human health and ecosystems [7, 12]. However, many of these substances are not 
yet included or poorly regulated in the European directives on wastewater treatment (Directive 
2000/60/EC, Directive 2008/56/EC, and Directive 2013/39/EU) [1, 6, 13, 14]. Thus, they are 
randomly disposed into water bodies without monitoring.  

 

Figure 1.2 Sources and pathways of the occurrence of ECs [15]. 

Most of the current physical, chemical, and biological technologies used in wastewater 
treatment are prohibitively expensive and face many operational challenges [16]. Therefore, the 
development of economic, viable, and scalable techniques can profoundly secure access to safe 
and good drinking water quality. The advancement in the last two decades of emerging removal 
methods including adsorption on conventional and non-conventional solids, and advanced 
oxidation processes have garnered much attention. Efforts are underway to develop advanced 
and economically viable treatment technologies that can effectively remove emerging 
contaminants and to establish regulations and monitoring programs to safeguard the water 
quality and human health [14]. For instance, a literature assessment is shown in Figure 1.3 to 
provide a global overview of the state of the art over the years 2003 to 2023 as per Scopus 
search engine, with keywords used: removal of emerging contaminants in wastewater 
treatment. The figure shows that a significant increase in the number of publications is noticed 
in the last five years. Clearly, around 70% of the majority of the literature is through journal 
articles followed by around 20% as review articles. This manifests that finding new materials, 
solutions, and technologies for the aggravated problem is receiving considerable attention 
worldwide.  
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Figure 1.3 Number of publications on EC between 2003 and 2023 according to Scopus 
database. 

1.2. Ibuprofen 

Ibuprofen (IBU) [2-(4-isobutyl phenyl) propionic acid] is one of the most extensively used non-
steroidal anti-inflammatory drugs (NSAID) in the world [17]. It is a colorless, crystalline solid 
with a distinctive odor. The characteristics of IBU are represented in Table 1.1 and the chemical 
structure of IBU is shown in Figure 1.4. 

Table 1.1 Structure and physico-chemical properties of IBU. 

Property IBU 

CAS ID 15687-27-1 
Chemical formula C13H18O2 
Molecular weight (𝑔.𝑚𝑜𝑙!") 206.28 
Solubility in distilled water (at 25 ℃) (𝑚𝑔.m𝐿!") 21 
Melting point (℃) 75-79 
pKa (at 25 ℃) 4.91 
λmax (nm) 222 
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Figure 1.4 Chemical structure of IBU a) 2-D molecular structure b) 3-D ball and stick 
molecular structure. 

The occurrence of ibuprofen in water has become a growing concern due to its widespread use 
and incomplete removal during wastewater treatment processes [18]. The detection of IBU in 
surface water, groundwater, and even drinking water sources is increasing rapidly due to the 
booming industrialization and global population [19]. The presence of IBU is primarily 
attributed to the incomplete removal of IBU during sewage treatment, as conventional treatment 
methods are not specifically designed to target pharmaceutical compounds. Additionally, 
improper disposal of unused medications and the excretion of IBU by humans contribute to its 
entry into the aquatic environment. Studies have reported that the concentrations of IBU in 
water bodies can vary widely, ranging from trace levels such as 159 nanograms per liter in the 
Baltic Sea in 2017 [20, 21] to 5.3 micrograms per liter in the Vistula river in 2019 [22]. The 
occurrence of IBU in water raises concerns about its potential impact on aquatic organisms and 
the potential for human exposure through drinking water sources. The study of Moro et al. [23], 
revealed that structural and morphological alterations in microorganisms were detected with 
IBU of (1 mg/L). In this vein, drastic efforts are being made to develop more effective treatment 
technologies to remove pharmaceuticals like IBU from wastewater and to promote responsible 
disposal practices to minimize their release into the environment [17, 18]. 

1.3. Bromocresol green 

Bromocresol green (BCG) dye is a synthetic anionic dye of the triphenylmethane family. It is 
commonly used in various laboratory applications and as an indicator in analytical chemistry 
and as a tracking dye for DNA agarose gel electrophoresis [24]. In addition, it is also used in 
mammalian albumin measurement and the textile industry [25]. The characteristics of BCG are 
described in Table 1.2 and the chemical structure is shown in Figure 1.5.  
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Table 1.2 Structure and physico-chemical properties of BCG. 

Property BCG 

CAS ID 76-60-8 
Chemical formula C

21
H

13
Br

4
NaO

5
S 

Molecular weight (𝑔.𝑚𝑜𝑙!") 698.01 
Solubility in distilled water (at 25 ℃) (𝑚𝑔.m𝐿!") 40 
Melting point (℃) 230 
pKa (at 25 ℃) 4.7 
λmax (nm) 616 

 

Figure 1.5 Chemical structure of BCG a) 2-D molecular structure b) 3-D ball and stick 
molecular structure. 

While BCG itself is not considered a highly toxic substance, its occurrence in water has raised 
concerns due to its complex aromatic molecular structure [24, 26]. It can block sunlight from 
penetrating water and reduce the photosynthetic activities of autotrophic organisms [27]. BCG 
can enter aquatic systems through industrial discharges, laboratory waste, and improper 
disposal practices [28]. Once released into water, BCG can persist for a certain period 
depending on environmental conditions. Its persistence is attributed to its resistance to 
degradation and slow breakdown. Consequently, BCG can accumulate in water bodies, leading 
to potential risks to the aquatic species and food chain and inducing environmental issues. 
Studies have shown that BCG can have toxic effects on aquatic life, including fish and 
invertebrates, by interfering with their metabolic processes, growth, and reproduction. Thus, 
the presence of BCG in water emphasizes the need for selective and efficient wastewater 
treatment processes to minimize its release into the environment. 
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1.4. Alizarin red S 

Alizarin Red S (ARS) is an anthraquinone anionic dye commonly used in various industries, 
including textile, paper, and leather manufacturing. It has a complex structure of aromatic rings 
that gives it high physicochemical, thermal, and optical stability [29]. The physicochemical 
properties of ARS are represented in Table 1.3 and the chemical structure is displayed in Figure 
1.6.  

Table 1.3 Structure and physico-chemical properties of ARS. 

Property ARS 

CAS ID 130-22-3 
Chemical formula C

14
H

7
NaO

7
S 

Molecular weight (𝑔.𝑚𝑜𝑙!") 342.64 
Solubility in distilled water (at 25 ℃) (𝑚𝑔.m𝐿!") 1 
Melting point (℃) >250 
pKa (at 25 ℃) 4.5, 11 
λmax (nm) 286 

 

 

Figure 1.6 Chemical structure of ARS a) 2-D molecular structure b) 3-D ball and stick 
molecular structure. 

ARS can enter aquatic systems through industrial wastewater discharges, improper disposal 
practices, and the release of treated effluents containing residual dye [27]. Once introduced into 
water, ARS can persist for a certain period, depending on environmental conditions [29]. Its 
persistence is attributed to its chemical stability and resistance to degradation. Therefore, it is 
considered one of the most recalcitrant and durable dyes, which cannot be completely degraded 
by conventional chemical, physical, and biological processes [30]. Consequently, ARS can 
accumulate in water bodies, potentially impacting aquatic ecosystems [31]. Studies have shown 
that ARS can be toxic to aquatic organisms, including fish and invertebrates, by interfering with 
their respiratory systems and causing physiological stress [32]. 
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1.5. Methylene blue 

Methylene blue (MB) is a cationic thiazine dye that is widely utilized in medicine and dyeing 
industries such as cotton, wood, and silk [33, 34]. The applications of MB expanded in the last 
decade to be used as a drug to treat diseases such as malaria, methemoglobinemia, and 
psychosis [34]. Moreover, it is used as a photosensitizer in photodynamic therapy [35].  
However, MB is considered poisonous, carcinogenic, and non-biodegradable when it is 
typically discharged into untreated natural water sources [36]. It endangers the health of people 
and other living organisms as it has a complex aromatic heterocyclic and planar structure [36]. 
Table 1.4 lists the physiochemical properties of MB while the chemical structure is depicted in 
Figure 1.7.  

Table 1.4 Structure and physico-chemical properties of MB. 

Property MB 

CAS ID 61-73-4 
Chemical formula C16H18ClN3S 
Molecular weight (𝑔.𝑚𝑜𝑙!") 319.9 
Solubility in distilled water (at 25 ℃) (𝑚𝑔.m𝐿!") 43.6 
Melting point (℃) 100-110 
pKa (at 25 ℃) 3.8 
λmax (nm) 665 

 

  

Figure 1.7 Chemical structure of MB a) 2-D molecular structure b) 3-D ball and stick molecular 
structure. 

MB was first time synthesized by Heinrich Caro in 1800 to be used as a redox indicator [34]. 
The possible adverse impacts of the continuous discharge and accumulation of MB into the 
environment include respiratory, abdominal, and mental disorders [34]. Furthermore, the 
reduction of sunlight transmittance will affect the photosynthetic activity of many living 
organisms [36]. Thus, MB is widely employed in literature as a model molecule contaminant 
because of its high water-solubility, forming stable solutions at room temperature [33, 37]. 
Many studies have reported the removal of MB via adsorption, photodegradation, and 
bioremediation as promising technologies [33, 38]. However, the operating parameters should 
be monitored and controlled to consider these technologies in industrial scale. 

a) b)
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1.6. Adsorption 

Adsorption is a natural surface phenomenon that is widely employed in the industry for both 
compound separation and wastewater treatment [39]. Figure 1.7 demonstrates the typical 
mechanism of adsorption where the dissolved or suspended molecules (adsorbates) deposit or 
accumulate on the surface of solid materials (adsorbents). Different adsorption systems can be 
considered depending on the types of phases in contact, namely, liquid–gas, liquid–liquid, 
solid–liquid, and solid–gas [39]. Adsorption is considered a viable technology in wastewater 
treatment and purification due to its effectiveness in removing a wide range of pollutants, low 
energy demand, and versatile operational designs [40]. Nevertheless, many parameters should 
be considered further to assess the technical feasibility of the adsorption process, such as the 
type of adsorbent, the nature of pollutants to be removed, process configuration, and the 
stability and sustainability of the adsorbent [41].   

 

Figure 1.7 Schematization of adsorption mechanisms [42]. 

The type and the surface properties of the adsorbent are of paramount importance in this 
process. An efficient adsorbent offers a high surface area, good abrasion resistance, and a 
variety of functional groups to interact with the pollutants present in the wastewater [43]. The 
surface area of the adsorbent provides more sites for pollutant molecules to adhere on the 
surface. These interactions can be physical, such as Van der Waals forces or electrostatic 
interactions, or chemical such as ion exchange or complex formation [42-44].  

Many types of adsorbents are available for a large number of different applications. The most 
commonly employed adsorbents include silica, polymers, activated alumina, activated carbon, 
zeolites, and clay. Activated carbon is the widely used adsorbent as it provides a high adsorption 
capacity and versatility for various organic compounds [45]. However, advances in 
nanotechnology have resulted in the development of novel adsorbent materials with enhanced 
adsorption capacities and selectivities, offering new perspectives for efficient wastewater 
treatment [43]. 

Adsorption can be conducted using different types of reactors, including batch, fixed bed 
column, and continuous stirred tank reactors. In batch adsorption, the adsorbent is mixed with 
wastewater in a container, allowing the pollutants to be adsorbed over a certain period. It 
involves passing wastewater through a column packed with the adsorbent for continuous 
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pollutant removal. A continuous stirred tank reactor utilizes a tank with an impeller to mix the 
adsorbent and wastewater, ensuring constant contact and efficient adsorption. These processes 
can be combined with other treatment methods to achieve comprehensive and effective 
purification of wastewater. 

1.7. Photodegradation 

Photocatalysis is known as a photon-assisted reaction in the presence of a semiconductor 
catalyst [46]. It has been studied extensively in the fields of science and technology for various 
applications, such as degradation of toxic pollutants, organic synthesis, water splitting, metal 
reduction, and removal of harmful gases [47-50]. Moreover, it holds great promise for the 
removal of organic pollutants from wastewater. Complete mineralization of a pollutant can be 
achieved without secondary contamination under mild conditions by using low-cost 
nanostructured semiconductors. The concept of photocatalysis in wastewater treatment 
involves the absorption of photons by the pollutants, leading to the generation of reactive 
species such as hydroxyl radicals (OH•) or singlet oxygen (O2-), that have strong oxidizing 
power and could degrade and convert many organic pollutants into harmless products [51, 52].  

Heterogeneous photocatalysts are typically semiconductors (SC) either sulfides (e.g. ZnS, CdS) 
or oxides (e.g. TiO2, ZrO2, CeO2, ZnO): these materials are characterized by a specific value of 
energy gap between the conduction and valence band. A photocatalytic reaction involves the 
following steps: the catalyst absorbs a photon with energy, hν, that is equal or higher than the 
band-gap, thus triggering a photoexcitation process (i), an electron (e-) is promoted from the 
valence band of the catalyst to its conduction band, leaving an electron hole in the valence band 
(h+) (ii), electron transfer takes place from solid surface to adsorbed acceptor (A) molecules and 
from adsorbed donor (D) molecules to the solid [52, 53] (iii). The steps are summarized below. 

Photoexcitation: 𝑆𝐶
#$
-. 𝑒! + ℎ%                                                                                                    (1.1) 

Reduction of acceptor: (𝐴)&'( + 𝑒! →	𝐴!                                                                           (1.2) 

Oxidation of donor: (𝐷)&'( + ℎ% →	𝐷%                                                                               (1.3) 

Each ion resulting from this mechanism reacts, forming the primary intermediates, and then 
final oxidation products. Figure 1.8 illustrates a basic scheme for the SC photocatalysis. 
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Figure 1.8 Schematization of a photoexcitation process. 

Photoelectric energy dispersion occurs due to the electron-hole recombination, 

𝑒! + ℎ% → 𝑁 + 𝐸                                                                                                                 (1.4) 

where E is the energy released in the form of heat or light (hν’ ≤ hν), and N is the neutral center 
resulting in a reduction of the photoexcitation process efficiency [53]. 

Photodegradation offers several advantages, including its ability to target a wide range of 
organic pollutants, its effectiveness in mineralizing contaminants, and its environmentally 
friendly nature as it does not require the addition of chemicals. The efficiency of 
photodegradation in wastewater treatment depends on several factors, including the wavelength 
and intensity of the light source, the presence of sensitizers or catalysts, the characteristics of 
the aqueous medium, and the characteristics of the organic pollutant [54-56]. Ultraviolet (UV) 
light in the range of 200-400 nm is commonly used in photodegradation processes, as it is 
capable to activate many organic compounds [57]. The presence of other substances in the 
wastewater, such as dissolved organic matter or inorganic ions, might also influence the 
efficiency of photodegradation by competing for light absorption or interfering with the 
degradation reactions. 

When treating wastewater, photodegradation can be used in a variety of reactor configurations. 
Batch reactors, continuous flow reactors, and immobilized systems are the most frequently 
utilized setups [58]. Photodegradation takes place in batch reactors because the wastewater is 
exposed to the light source for a set amount of time. The continuous flow of wastewater through 
a reaction chamber, where it is exposed to light, ensures a steady degradation process in 
continuous flow reactors. Immobilized catalysts and photocatalysts are used in immobilized 
systems, enabling effective light absorption and extended contact times between the catalyst 
surface and the contaminants.  

Although photodegradation has the potential for wastewater treatment, the complexity and 
variety of organic contaminants found in wastewater frequently restrict its use. Some 
substances, such as those with minor light absorption or those in low concentrations, do not 
degrade as well as others. A further difficulty with operating large-scale photodegradation 

hv
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systems is the energy requirements. Therefore, to achieve thorough and effective wastewater 
treatment, photodegradation is frequently combined with other treatment technologies, such as 
adsorption and biological processes. Combination of methods can improve the elimination of 
contaminants and guarantee the overall efficacy of the treatment processes. 

1.8. Ozonation 

Ozonation is one of the most extensively applied method for treating water contaminants [59]. 
Ozone (O3) is a very strong oxidant when compared with other oxidants such as potassium 
permanganate (KMnO4), chlorine dioxide (ClO2), hydrogen peroxide (H2O2) and oxygen (O2). 
Ozone is used to break down a wide range of organic and inorganic contaminants present in 
wastewater [60]. In general, direct and indirect reactions are the principal ways that ozone 
interacts with organic materials in an aqueous environment as illustrated in Figure 1.9 [61]. 
Ozone molecules react directly with organic materials in a process called the direct reaction 
[62]. The indirect reaction occurs when powerful oxidizing free radicals (mostly •OH) are 
produced by the initial breakdown of ozone in water, after which these free radicals react with 
organic molecules [62]. Although ozonation can be considered as an effective method for 
removing ECs, it has the drawback of potentially forming toxic by-products when reacting with 
some organic and inorganic compounds (such as NH4+ and saturated aliphatic acid) [63]. As a 
result, destruction processes can be slow or incomplete [64]. On the other hand, ozone is an 
unstable oxidant that needs to be generated in-situ using a high-voltage alternating field with a 
low storage stability characteristics [61].  

 

Figure 1.9 Schematization of ozonation via direct and indirect mechanisms, R presents the 
reaction product and MP presents the micropollutant [61]. 
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Therefore, catalytic ozonation can be considered as a highly effective and innovative approach 
in wastewater treatment, combining the power of ozone with catalytic materials to enhance the 
pollutant degradation at ambient temperatures and pressures [60]. The incorporation of 
heterogeneous catalysts, typically metal-based materials, accelerates the reaction kinetics and 
promotes the generation of highly reactive species, such as hydroxyl radicals. These radicals 
play a crucial role in the degradation of recalcitrant pollutants, ensuring a more comprehensive 
and efficient wastewater treatment process [65].  

1.9. Aim of the research 

The main aim of this work was to study the efficiency of novel in-house prepared materials in 
removing emerging contaminants from wastewater which are ibuprofen, bromocresol green, 
and alizarin red S, through adsorption and photodegradation techniques in both batch and 
semibatch reactors. The performance of classical commercial materials, such as activated 
carbon and metal oxides was studied too. Chapter 1 provides a general overview of the issue 
of emerging contaminants as a current evolving problem in wastewater. This is followed by the 
introduction of the concepts of adsorption and photodegradation. Chapter 2 represents an 
exhaustive and critical review of the applications of metal organic frameworks (MOFs) in 
wastewater treatment through adsorption and photodegradation (Publication I). Subsequently, 
MIL-88A was selected to be investigated as an adsorbent. However, the preliminary tests 
showed that this material has some stability shortcomings. Therefore, the stability of MIL-88A 
in an aqueous solution was studied experimentally and computationally by DFT calculations 
under different experimental conditions (Publication II). In Chapter 3, Brookite TiO2 
Nanoparticles are employed for competitive adsorption of Bromocresol green and Alizarin red 
S anionic dyes investigation through experimental and molecular dynamics simulation 
(Publication III). Chapter 4 focuses on the removal IBU by adsorption on activated carbon 
offering thermodynamic and kinetic investigation via the adsorption dynamic intraparticle 
model (ADIM) (Publication IV). In Chapter 5, the sustainable photodegradation of IBU using 
CeO2 nanostructured materials is presented considering reaction kinetics, modelling, and 
thermodynamics (Publication V). The photodegradation of IBU using ZnO and TiO2 
nanoparticles is discussed in Chapter 5, where comprehensive kinetics modelling, 
mechanisms, and thermodynamics are thoroughly addressed (Publication VI). Chapter 6 
presents geopolymers to be studied as adsorbents, giving in-depth kinetic and thermodynamic 
understanding for the removal of MB (Publication VII). Chapter 7 gives insight on the 
promising application of CeO2-Mxene composite for the destruction of IBU in a hybrid catalytic 
ozonation-photodegradation system. Chapter 8 summarizes the main results obtained in this 
work along with some futuristic perspectives and recommendations.   
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1.10. List of abbreviations 

EC emerging contaminant 

MP micropollutant 

EP emerging pollutant 

CEC contaminants of emerging concern 

TrOC trace organic compound 

WWTP wastewater treatment plant 

ppt  parts per trillion  

ppb  parts per billion 

IBU ibuprofen 

NSAID non-steroidal anti-inflammatory drug 

BCG bromocresol green 

ARS alizarin Red S 

MB methylene blue 

SC semiconductors 

UV ultraviolet 

MOF metal organic framework 

ADIM adsorption dynamic intraparticle model  

DFT density function theory 

R reaction product 

MP micropollutant 
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Chapter 2 — Metal Organic Frameworks: Applications in Wastewater 
Treatment through Adsorption, Photodegradation Processes, and 
Stability Investigations 
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2.1. Introduction 

Metal organic frameworks (MOFs), a novel family of porous materials, composed of metal ions 
or clusters connected by organic ligands, have attracted great interest during the past two 
decades [1]. These substances have been researched for a variety of revolutionary uses in 
wastewater treatment, gas purification, energy conversion and light harvesting, separation 
processes, medication delivery, and catalysis [2].  Metal centers and organic linkers are 
combined to produce endless crystalline networks in the structure of MOFs (Figure 2.1a). 
Figure 2.1b gives examples on the different MOFs with their corresponding metallic clusters 
and organic linkers [3], while the most common structures of MOFs are shown in Figure 2.1c 
[4]. These substances have crystalline structures with a high porosity and modular nature [5]. 
MOFs are very flexible in terms of pore size, pore shape, and other properties offering a vast 
library of materials with tunable properties and functionalities [2, 4]. The precise control of 
their structure and composition allows the design of MOFs with tailored properties, which 
enables the incorporation of different metal ions and ligands, offering a vast library of materials 
with tunable properties and functionalities [2].  

 

Figure 2.1 a) Basic MOF structure b) Examples of different MOFs structures with their 
corresponding metallic clusters and organic linkers [3] c) Examples of common MOFs 
structures [4]. 

The various potential uses of MOFs in the treatment of wastewater have been presented in 
several articles. Particularly, in adsorption, catalytic degradation, and membrane-based 
separation techniques, MOFs have shown a significant promise for removing contaminants 
from wastewater in a cost-efficient and long-lasting way. However, the actual industrial uses 
of MOFs have not been sufficiently studied and evaluated [6]. The innate fragility of these 
forms, however, limits the practical performance of MOF, since they might collapse in aqueous 
settings [7]. New MOF forms are currently being created to address their fragility drawback, 
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such as MOF-based aerogels and hydrogels, MOF-derived carbons (MDCs), hydrophobic 
MOFs, and magnetic framework composites (MFCs) to remove oily pollutants from water [8].  
Recently, growing interest has been shown in the framework materials (MILs) prepared at 
Institute Lavoisier as efficient environmental adsorbents in wastewater treatment. Trivalent 
cations such as iron(III), aluminum(III), gallium(III), indium(III), vanadium(III), and 
chromium(III) are frequently found in carboxylate forms in modern MILs. Hence, this chapter 
sheds the light on the stability performance of MIL-88A with iron(III)  as the central metal and 
fumaric acid as the organic ligand,  as a case study of the MOF stability in aqueous solutions. 
Various characterization techniques were used to give a deeper insight into the robustness MIL-
88A in aqueous solutions. 
 
2.2. MOFs in wastewater treatment 

MOFs have become good candidates for adsorption and catalytic applications in water 
treatment processes due to their high surface area, wide pore volume, and various functionalities 
[9]. Heavy metals, organic pollutants, and dyes are just a few of the pollutants that MOFs can 
be selectively adsorbed from wastewaters [10-13]. Their specially designed porosity enables 
strong adsorption capacity and effective water purification. Additionally, the surface chemistry 
of MOFs can be changed to improve the selectivity towards particular contaminants, making 
them useful materials for tackling a variety of water pollution problems [14, 15]. MOFs are 
suitable in water treatment applications because they can be engineered to have increased 
stability and recyclability. The recovered heavy metals from the MOFs can be used to recycle 
resources contributing to sustainable wastewater management. Figure 2.2 shows possible 
selective adsorption mechanisms of organic pollutants on MOFs. 

 
Figure 2.2 Plausible adsorption mechanisms of organic molecules on MOFs [16]. 
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Another application for MOFs in wastewater treatment is the catalytic destruction of organic 
contaminants. MOFs can act as catalysts or catalyst supports for a variety of advanced oxidation 
processes, including photocatalysis and electrocatalysis [17]. Their distinct structure enables 
the immobilization of catalytic metal species, increasing the stability and activity of the catalyst. 
MOFs can help to produce of reactive species such as hydroxyl radicals as illustrated in Figure 
2.3. Hydroxyl radicals are very good at breaking down organic pollutants [18]. Hence, the 
treatment of recalcitrant organic contaminants in wastewaters can be effectively accomplished 
by utilizing the catalytic properties of MOFs, resulting in cleaner water resources.  

 

Figure 2.3 The generation of reactive oxidant species and dye oxidation via different AOPs 
under irradiation in the presence of MOF-based photocatalyst in aqueous solution [19]. 

MOFs can be used for membrane-based separation procedures in wastewater treatment in 
addition to adsorption and catalysis. The potential for the selective removal of particular 
contaminants, such as heavy metals, organic compounds, and emerging pollutants, has been 
explored by MOF-based membranes. Target contaminants can be effectively separated from 
water thanks to the customized pore size and functional groups of MOF membranes, which 
allow for a precise control of molecular transport [20]. The addition of MOF membranes to 
wastewater treatment systems has the advantage of cost and energy effective pollutant removal 
compared to nano-based materials [14, 20]. This will contribute in advancing the development 
of environmentally friendly water purification technologies. Impressively, Prince et al [21] 
explored an innovative surface chemistry for a self-cleaning MOF-based membrane with 
prevented bio-fouling by incorporating antibacterial silver nanoparticles as illustrated in Figure 
2.4 [20, 21]. 
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Figure 2.4 The self-cleaning property of MOF-based membrane [20]. 

2.3. MOFs stability in water: Assessment of the robustness of MIL-88A in 
an aqueous solution through experimental and DFT investigations 

The stability of MOFs in a water-rich environment is an issue of huge interest, especially for 
adsorption and water purification applications. Chemical, thermal, and hydrolytic stability of 
MOFs in aqueous conditions are the key factors to evaluate their structural robustness. 
Chemical stability deals with bond breaking and structural collapse. More specifically, the more 
stable MOF is produced, the stronger the ion-covalent bond is between the organic linker and 
the metal structure. Moreover, the chemical and hydrolytic resilience of MOFs is significantly 
influenced by the pH of the solution. A metal-linker bond may be broken as a result of 
hydrolysis or linker displacement in acidic, neutral, or basic environments. The thermal stability 
of MOFs is undoubtedly of high importance for commercial applications in future, particularly 
in separation, energy, and catalytic processes. The hydrolytic stability is assessed by the 
susceptibility of metal-ligand bonds to hydrolysis. Many factors can play a significant role in 
stabilizing the structure MOFs, such as the choice of metal ions, ligands, and synthesis 
conditions. Researchers have made great strides in improving the hydrolytic stability of MOFs 
by developing techniques including the creation of hydrolytically stable ligands or metal nodes, 
post-synthetic alterations, and protective encapsulation. 

2.3.1. MIL-88A synthesis and characterization  

A previously described technique was used to synthesize MIL 88A with a few minor 
adjustments [22]. In a nutshell, 1 mmol of ferric chloride and 1 mmol of fumaric acid were 
mixed in 5 mL of deionized water water over the course of 4 hours while being stirred 
magnetically at 300 rpm in a round bottom flask. The flask was left to passively cool to room 
temperature after the heater have been switched off. To get rid of all the extra unreacted fumaric 
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acid and metal, the produced solid was decanted, collected, and washed three times with ethanol 
and deionized water in a 1:1 ratio and after that, it was washed once with acetone. Each time, 
the precipitate was obtained by centrifuging the solution for 10 minutes at 3500 rpm. The 
precipitate was allowed to dry for 10 h at 60 °C in a vacuum oven. Figure 2.5 shows the 
hydrothermal synthesis scheme of MIL-88A. 

 

Figure 2.5 MIL-88A hydrothermal synthesis. 

Figure 2.6a displays the XRD pattern of MIL-88A. Strong peaks at two angles 10.5° and 11.9° 
confirm the crystallinity of the prepared MIL-88A. Using the Scherrer equation at the 
aforementioned peaks, the average crystallographic domain size of MIL-88A was determined 
to be 17.4 nm. The UV-VIS spectra of MIL-88A in an aqueous solution is depicted in Figure 
2.6b. The ligand-to-metal charge transfer (LMCT) optical transition is represented by the 
absorption peak at 250 nm, and the existence of iron complexes in the solution is indicated by 
the wavelength range from 290 to 380 nm. Figure 2.6c shows the SEM image of MIL-88A and 
a uniform rod-like structure at the nanometer scale was observed, with diameters between 100 
and 800 nm which are consistent with the information reported previously. As can be seen in 
Figure 2.6d, the band at 672 cm−1 can be attributed to the vibration mode of the Fe-O bond, the 
FTIR spectrum at 1396 cm−1 and 1603 cm−1 can be attributed to the symmetric and asymmetric 
vibrations of the carboxyl group. According to the TGA analysis (Figure 2.6e), fumaric acid 
substantial mass loss of fumaric acid became visible at roughly 170 °C with a heating rate of 
10 °C/min, and total dissociation was reached at 600 °C. Figure 2.6f, shows the DRS spectrum 
of the solid-state orange MIL-88A sample. By extrapolating linearization of the plot of (F(R) 
hn)1/2 against the photon energy, the absorption peaks at 400 nm, where the optical band-gap 
was calculated and the result was found to be 2.78 eV, in accordance with information published 
in literature. 
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Figure 2.6 Synthesized MIL-88 A characterization a) XRD pattern b) UV-VIS spectrum in 
aqueous solution c) SEM image d) FTIR spectrum e)TGA analysis f) UV-VIS/DRS analysis 
with an estimation of the optical band-gap using the modified Kubelka-Munk function. 

2.3.2 Chemical, thermal, and hydrolytic stability of MIL-88A 

The impact of pH on the robustness of MIL-88A was examined under acidic, basic, and neutral 
conditions. The UV-VIS spectra of the solution upon interaction with MIL-88A are shown in 
Figure 2.7a at different pH values. Figures 2.7b and c display the SEM images for MIL-88A in 
both basic and acidic solutions. Figure 2.7d also shows the XRD patterns of MIL-88A in various 
media. The significant signal at wavelengths between 250 and 300 nm (Figure 2.7a) makes it 
abundantly clear that MIL-88A dissociates more readily in a basic medium than in acidic and 
neutral ones. This may be explained by hydrolysis, in which the cleavage of the iron-fumarate 
link causes MIL-88A to degrade in the presence of basic media. The SEM image of MIL-88A 
in basic media (Figure 2.7b) reveals that the crystals have been significantly fragmented. On 
the other hand, the crystals in the acidic medium (Figure 2.7c) resembled the original MIL-88A 
quite closely. These findings are consistent with the MIL-88A XRD patterns in various media 
(Figure 2.7d), which demonstrated how significantly the crystallinity in basic solution is 
impacted. Further details can be found in Publication II. 
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Figure 2.7 MIL-88A in basic and acidic media a) UV-VIS spectra of solutions b) SEM image 
of MIL-88A in contact with basic solution c) SEM image of MIL-88A in contact with acidic 
solution d) XRD patterns of MIL-88A in both acidic and basic solutions. 

The thermal stability of MIL-88A, the UV-VIS spectra of contact solution, XRD pattern, and 
SEM images for the collected powder at different temperatures are presented in Figures 2.8a-c. 
It is evident that increasing the temperature of the aqueous solution has a direct impact on the 
MIL-88A stability. The UV-VIS spectra at 100 °C revealed a broad hub between 230 and 350 
nm that indicated a large release of Fe (III) complexes into the solution. The thermally treated 
MIL-88A XRD patterns and SEM pictures (Figures 2.8b and c) demonstrated that the structure 
entirely degraded at 100 °C. 
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Figure 2.8 MIL 88A thermal stability a) UV-VIS spectra of contact solutions at different 
temperatures b) SEM and c) XRD patterns of MIL88A after hydrothermal treatment at 50°C 
and 100°C. 

The hydrolytic stability of MIL-88A to a certain amount of water for four cycles presented in 
Figure 2.9 referred to as R1–R4 (short-term stability). The dry powder that has not yet been in 
contact with water is referred to as MIL-88A virgin. By carefully weighing the virgin MIL-88A 
before and after it was exposed to water, the disintegration during the four cycles of MIL-88A 
exposure was investigated and total mass loss was determined to 20%. MIL-88A was 
meticulously separated using centrifugation after each cycle, and it was dried overnight under 
vacuum at 60 °C. The broadening of the XRD peaks and the disappearance of some peaks in 
Figure 2.9a demonstrate that a collapse occurred, causing a partial loss of crystallinity. The 
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corresponding UV-VIS spectra of each cycle are displayed in Figure 2.9b. The absorbance 
intensities at wavelengths 208 nm and 298 nm vary, which confirms that the dissociation of 
iron ions changes in every cycle. The SEM image of MIL-88A after R4, showed a very large 
swelling effect, where the edges of the rod-like structure almost disappeared in most of the rods 
(Figure 2.9c). Further analysis can be found in Publication II. 

 

Figure 2.9 MIL-88A hydrolytic stability a) XRD spectra b) UV-VIS spectra c) SEM image for 
the solid after R4 cycle. 

2.3.3.  Nanocluster modelling and electronic structure 

The MIL-88A nanocrystal was modeled preserving a C3 rotational symmetry and it is reported 
in Figure 18. This nanocluster included six units containing three Fe3+ ions to preserve the 
symmetry. Each Fe3+ presents an almost octahedral coordination, where each iron-containing 
unit presents six carboxylate bidentate ligands, where two are kept as bridging ligands between 
two different units. Each unit has a cavity, where the oxygen atoms are almost equally shared 
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among the three iron atoms. The cluster presents thus an internal cavity of ~ 1.1 nm diameter 
enabling it to accommodate at least two chlorine ions, 0.7 nm apart from each other. The 
electronic structure of the nanocluster results in a stable antiferromagnetic coupled high-spin 
sextet ground state for the iron(III) centera, where also the spin density (right panel of Figure 
2.10) preserves the C3 symmetry. This result is in agreement with similar iron-containing 
catalytically active MOF systems [51]. 

  

 

Figure 2.10 MIL-88A ball and stick nanocluster representation. Lateral (left) and front (middle) 
views.  DFT calculated spin density (right, the difference between α and β densities, green and 
blue as positive and negative, respectively) iso-surface (isovalue= 4·10-4). 

Notably, the spin density spreads further from the iron centra and involving almost all atoms in 
the first coordination shell of the iron ions, resulting in an alternating spin density also in the 
water molecules inside the main cavity. Although the results are conceptual, it is interesting to 
point out the delocalization of spin density, since the water sites might be directly involved in 
the catalytic activity of the system. 

2.4. Conclusions 

Many MOFs which currently being used in numerous applications and could be deemed 
revolutionary, are unstable in water. Significant improvements have been made in the MOF 
design and synthesis in recent years. Innovative methods have been devised by researchers to 
regulate the crystal size, shape, and functionality of MOFs. These include coordination 
modulation methods, template-directed syntheses, and post-synthetic alterations. Additionally, 
computational techniques such as molecular modelling have been useful in understanding and 
forecasting the characteristics and behavior of MOFs, facilitating the logical development of 
novel and stable materials with an improved performance. Therefore, to advance towards future 
industrial applications, the MOF stability research is of utmost significance. The stability of 
MOFs in water is influenced by a number of parameters, including metal-ligand bonding, ligand 
design, and synthesis conditions. By using different characterization techniques including 
XRD, SEM, UV-Vis, the robustness of MIL-88A in aqueous solutions was studied under 
various conditions to evaluate its the chemical, thermal, and hydrolytic stability.  The basic 
medium, where iron complexes were released in the solution, has a substantial impact on the 
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structure of MIL-88A. The crystal structure was noticeably altered as the water temperature 
increased to 100 °C, which indicated that this kind of MOFs are thermodynamically unstable. 
The kinetic stability of MIL-88A was revealed by hydrolytic stability tests with a loss in weight 
of 20% after the exposure to water four times. In conclusion, to fully utilize MOFs in wastewater 
treatment, a number of issues must be resolved. The major obstacle is the scalability of MOFs. 
Large-scale, reliable MOF synthesis still represents a considerable barrier. Furthermore, there 
is a need to enhance the long-term stability of MOFs under challenging wastewater conditions, 
such as the change in pH, high salinity, and complex organic matrices. Long-term performance 
and practical application of MOFs might be constrained by their vulnerability to structural 
deterioration and metal ion leaching. On the other hand, MOFs can be more expensive to 
produce and use than traditional treatment options. Therefore, cost-effective synthesis methods 
should be explored and hybrid systems that mix MOFs with other materials should be 
investigated. This could improve their performance and cost effectiveness. To overcome these 
challenges and enable the successful deployment of MOFs in large-scale wastewater treatment 
applications, interdisciplinary efforts and collaborations between researchers, industry, and 
policymakers are essential. 

 

2.5.  List of abbreviations 

MOF metal organic framework 

MDC MOF-derived carbon  

MFC magnetic framework composite 

MIL Framework materials from institute Lavoisier  

DI deionized 

LMCT ligand-to-metal charge transfer 

XRD X-ray diffraction 

UV-VIS ultraviolet-visible spectrophotometry 

SEM  scanning electron microscopy 

FTIR Fourier transform infrared 

TGA thermogravimetric analysis 

UV-VIS/DRS ultraviolet–visible diffuse reflectance spectroscopy 
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Chapter 3 —TiO2 Brookite Nanoparticles: Adsorption of Bromocresol 
Green and Alizarin Red S 
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3.1. Introduction 

TiO2 nanoparticles have gained significant attention in wastewater treatment [1, 2]. When 
exposed to ultraviolet (UV) light, TiO2 nanoparticles generate highly reactive hydroxyl radicals, 
which have strong oxidizing capabilities [3]. These radicals can effectively degrade various 
organic pollutants present in wastewaters, including emerging contaminants [3]. The high 
surface area and unique crystal structure of TiO2 nanoparticles enhance their photocatalytic 
activity, making them a promising candidate for advanced wastewater treatment applications 
[4].  
TiO2 nanoparticles can be used in a variety of ways for wastewater treatment applications, 
including suspended nanoparticles, immobilized films, and coatings on different support 
materials [3, 4]. They are useful for effective pollutant removal through adsorption and 
photodegradation due to their high surface area-to-volume ratio and high stability. Furthermore, 
the size and shape of TiO2 nanoparticles are easily adjusted to enhance their activity. Enhancing 
the activity and stability of the TiO2 nanoparticles, examining their potential in combination 
with other treatment technologies, and addressing any potential environmental and health issues 
related to their use, are the main goals of many studies [4]. TiO2 nanoparticles used in 
wastewater treatment show enormous promise, efficiency, and long-lasting water purification 
methods, assisting in the preservation of water resources. 
In this chapter, TiO2 brookite nanoparticles are used to competitively adsorb two anionic dyes 
namely; Alizarin Red S (ARS) and Bromocresol Green (BCG). Moreover, the adsorption 
mechanisms, kinetics, isotherms, thermodynamics, and molecular dynamics simulation are 
included in this work. Finally, the photoregeneration of the TiO2 brookite nanoparticles under 
UV light irradiation, is also explored. 
 
3.2. TiO2 Brookite 

A large number of documented works on the utilization of rutile and anatase forms of TiO2 are 
reported in literature. However, the brookite phase is the least studied one [5-7], because it is 
challenging to create a highly pure composition of this phase. Nevertheless, Tomita et al. [8] 
investigated the hydrothermal method of producing nanocrystalline brookite. Additionally, 
Kozawa et al.  [9] succeeded in developing a hydrothermal method for converting Mg2TiO4 into 
TiO2 brookite. Recently, Machida et al. [10] were able to look at the synthetic conditions needed 
to make high-purity brookite. Additionally, it has been demonstrated that brookite TiO2 
nanoparticles have a high photocatalytic performance which can surpass that of the anatase 
phase [11]. This behavior is directly related to the defect levels through the thermodynamic 
equilibria of the point defects and electronic structures of pristine and defective brookite, by 
producing Tii4+ which produces ideal shallow defect levels in brookite whereas Ti4+ causes deep 
level formations [11].  
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3.3. Experimental procedure of adsorption and photodegradation tests 

Batch experiments were conducted for both single and binary studies at 25°C to assess the 
adsorption of ARS and BCG as the organic model molecules on the TiO2 nanoparticles. When 
needed, the pH was adjusted by introducing NaOH and HCl of 0.1M initial concentrations. As 
a result, the pH of the mixture was maintained at around 7. In each single adsorption experiment, 
a set of vials containing 5 ml solutions of ARS or BCG at various starting concentrations were 
mixed with 25 mg of nanopowder. The experimental adsorption and photodegradation systems 
for single and binary experiments are shown in Figure 3.1. The optical spectra scan captured 
during UV-Vis analysis for the wavelength in the range of 200 to 800 nm and the corresponding 
absorbance results of the solutions were recorded. The absorbance measurements were reported 
for a binary system of ARS and BCG at their maximal absorbance wavelengths, which are 286 
nm for ARS and 616 nm for BCG, respectively. All further the details about the experimental 
procedures can be found in Publication III. 

 

Figure 3.1 A schematic representation of the experimental adsorption and photoregeneration 
procedures. 
 

3.3.1. Adsorption isotherms of single and binary systems  

In the design of adsorption equipment, adsorption isotherm models offer mechanistic 
information about the adsorption process and the maximum adsorption capacity, to assess the 
performance of any adsorbent [12]. In this work, single adsorption isotherm data were fitted 
and analysed using the Sips model which combines Langmuir and Freundlich models deduced 
for predicting the adsorption in heterogeneous systems as shown below [13, 14];  

𝑄) =
𝑄*	(𝑘(𝐶)),!
1 + (𝑘(𝐶)),!

																																																																																																																														(3.1) 

where 𝑄) 	is the adsorption capacity at equilibrium (𝑚𝑔. 𝑔!"), 𝑄*	𝑖𝑠	𝑡ℎ𝑒 maximum adsorbed 
amount (𝑚𝑔. 𝑔!"), 𝑘( is the Sips adsorption equilibrium constant (𝐿.𝑚𝑔!"), 𝐶) is the 
equilibrium concentration (𝑚𝑔. 𝐿!"), 𝑛( is the Sips constant (dimensionless). 
After recording the UV-Vis absorbance values, the following equations were used to perform 
the adsorption uptake analysis of the binary solutions [15, 16]; 
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𝐶- =
𝑘./𝐴" − 𝑘."𝐴/
𝑘-"𝑘./ − 𝑘-/𝑘."

																																																																																																																						(3.2) 

𝐶. =
𝑘-/𝐴/ − 𝑘-"𝐴"
𝑘-"𝑘./ − 𝑘-/𝑘."

																																																																																																																					(3.3) 

where 𝐶-	and 𝐶0 (𝑚𝑔. 𝐿!") are the concentrations of the organic contaminants in the binary 
solution, 𝑘-"and	𝑘-/ are the slopes of the calibration curves of ARS and BCG at the maximum 
wavelengths (λmax), 𝑘."and	𝑘./ are the slopes of the calibration curves of ARS and BCG, 
respectively. In addition, A" and A/	(dimensionless) are the absorbances of ARS and BCG in 
the binary solution at λmax of each model molecule. 

The experimental data for the binary solutions of competitive adsorption were analyzed using 
the Extended-Sips isotherm model [17, 18], 

𝑄) =
𝑄*	(𝑘(1𝐶)1),!"

1 + (𝑘(1𝐶)1),!" + (𝑘(2𝐶)2),!# 	
																																																																																														(3.4)	

where 𝑄) 	is the adsorption capacity at equilibrium (𝑚𝑔. 𝑔!"), 𝑘( is the Sips adsorption 
equilibrium constant (𝐿.𝑚𝑔!"), 𝑛( is the Sips constant (dimensionless), 𝑄*	 is the maximum 
adsorbed amount (𝑚𝑔. 𝑔!"), indices 𝑖 and 𝑗 represent the sorbate species.  

The non-linear Chi-square (𝜒/) analysis was employed to assess the goodness of the  data 
fitting results. The χ2 values were obtained using the following equation [19],  

𝜒/ =H
(𝑄) − 𝑄)(*4')5))/

𝑄)(*4')5)
																																																																																																													(3.5) 

where 𝑄) and 𝑄)(*4')5) are the equilibrium uptake obtained experimentally and estimated by 
model fitting (𝑚𝑔. 𝑔!"), respectively. The estimation of the isotherm parameters and the χ2 

analysis were performed using the Excel 2019 software. The low values of χ2 indicate the 
agreement of the model and the experimental data. 
 
The percentage of adsorption was calculated using the formula in the equation below: 

%𝐴 =
𝐶4 − 𝐶)
𝐶4

× 100%																																																																																																																					(3.6) 

where	%	A is the percentage of adsorption of the dyes, 𝐶4 is the initial concentration of the 
sample before irradiation under UV light (𝑚𝑔. 𝐿!");	𝐶) is the concentration of the sample after 
irradiation under UV light (𝑚𝑔. 𝐿!"). 
 
Figure 3.2 illustrates the excellent agreement between the experimental data and the Sips model 
for the single case of ARS and BCG molecules at 25 °C and pH 7.0, whichwas confirmed by 
the low values of 𝜒! for the Sips model which were 0.019 and 0.13 for the ARS and BCG 
models, respectively. 
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Figure 3.2 Macroscopic single solution-phase adsorption isotherms of BCG and ARS on TiO2 
nanoparticles. Experimental conditions: nanopowder dose, 5 𝑔. 𝐿!"; contact time, 120 min; 
temperature, 25 ℃; and pH, 7.0. The symbols are experimental data, and the solid dashed lines 
are the Sips model. 

Table 3.1 provides a summary of the Sips model fitting parameters for the single adsorption 
isotherm. Understanding the nature of interaction between the dyes and the surface of TiO2 
nanoparticles depends primarily on the heterogeneity factor (ns) values in the Sips model. The 
acquired data in this study show that the dimensionless (ns) parameter depends more on 
adsorbate rather than adsorbent, and qualitatively defines the heterogeneity of the adsorbate-
adsorbent interaction. The heterogeneous adsorption process is confirmed by the reported ns 
data for both cases being less than 1 (ns =0.68 and 0.42 for ARS and BCG, respectively).  

Table 3.1 Parameters estimated for single adsorption isotherms of the Sips model. 

ARS  BCG 

Qm ks ns  Qm ks ns 

147.57 0.017 0.68  53.30 0.19 0.42 

 

Figure 3.3 shows the Extended-Sips model of ARS and BCG molecules on TiO2 nanoparticles 
at pH of around 7 and 25 ºC. The 𝜒/ values for the applied Extended-Sips model were 6.7×10-

3 and 4.5×10-5 for ARS and BCG in the binary solution, respectively. As indicated in Table 3.2, 
it is important to note that the ns values for the ARS in both single and binary systems remain 
0.68, indicating that the ARS-TiO2 adsorption isotherm was comparable to that in the single 
system. This supports the selectivity TiO2 nanoparticles toward the selective adsorption of ARS 
molecules in the presence of BCG molecules, as the energy of the binding sites remained 
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constant, supporting the selective adsorption of ARS molecules. On the other hand, the presence 
of ARS molecules, the adsorption behavior of BCG-TiO2 moves towards the Langmuir regime. 
It might be assumed that BCG molecules in the binary solution are chemisorbed in a monolayer 
on the surface of TiO2 nanoparticles because the ns value increased from 0.42 to 0.92 in the 
presence of ARS molecules. Further interpretations can be found in Publication III. 

 

Figure 3.3 Macroscopic binary solution-phase adsorption isotherm of BCG and ARS on TiO2 
nanoparticles. Experimental conditions: TiO2 dose, 5 𝑔. 𝐿!"; contact time, 120 min; 
temperature, 25 ℃; and pH, 7.0. The symbols represent the experimental data, and the solid 
lines represent the Extended Sips model. 

Table 3.2 Parameters of competitive adsorption isotherm. 

ARS  BCG 

Qm ks ns  Qm ks ns 

140.01 0.0029 0.68  45.45 0.1 0.92 

 

3.3.2. Adsorption kinetics 

To find the time needed to reach equilibrium for the adsorption of ARS and BCG ions on TiO2 
nanoparticles, the adsorption uptake was determined at different time intervals from 2 to 180 
min. The kinetic study was carried out at a constant adsorbent dose (25 𝑚𝑔). The initial 
concentration of the adsorbates was fixed at 50 𝑚𝑔. 𝐿!", the pH was controlled at around 7.0 at 
25 ℃. The following external mass transfer model was used to fit the experimental kinetic data 
[20], 
𝑑𝐶
𝑑𝑡 = −𝑘*𝑎(𝐶 − 𝐶()																																																																																																																										(3.7) 
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where 𝑘* is the external mass transfer coefficient in the liquid phase (𝑚.𝑚𝑖𝑛!"); 𝑎 is the 
specific surface area per the volume of the adsorbent (𝑚/. 𝑚!7); 𝐶 is the concentration of the 
model molecule (𝑚𝑔. 𝐿!") at any time; and C8 is the concentration of the molecules at the 
interface with the adsorbent (𝑚𝑔. 𝐿!"). The value of 𝐶( can be determined from reforming the 
Sips model parameters in section 3.1, as shown below, 

𝐶( = R
𝑄

𝑘(
,!(𝑄* − 𝑄)

S
,!$%

																																																																																																																	(3.8) 

Parameter Q was obtained from the following mass balance equation, 

𝑄 =
𝑉	(𝐶4 − 𝐶)

𝑚 																																																																																																																																			(3.9) 

where 𝑉 is the volume of the solution (mL) and 𝑚 is the mass of the nanoparticles (mg). The 
following first-order differential equation was obtained by substituting equations (3.8) and (3.9) 
into equation (3.7),   

𝑑𝐶
𝑑𝑡 = −𝑘*𝑎 W𝐶 − X

𝑉	(𝐶4 − 𝐶)
	𝑘(

,! 	Y𝑚	𝑄* − 𝑉	(𝐶4 − 𝐶)Z
[
,!$%	

\																																																													(3.10) 

The initial condition of this ordinary differential equation is 𝐶 = 𝐶4 at time zero. The Sips 
constants can be obtained from the adsorption isotherm of the binary system. Polymath 6.10 
software was used to estimate the 𝑘*𝑎 (𝑚𝑖𝑛!") values by fitting the experimental data to 
equation (3.10). 
 
Figures 3.4 and 3.5 show the results of the single adsorption of ARS and BCG on TiO2 
nanoparticles at predefined time intervals. The experimental findings were validated using the 
external mass transfer model. Particularly, within the first 7 min, the concentration of ARS 
dramatically dropped before becoming constant, which confirms how quickly ARS was 
eliminated. On the contrary, as demonstrated in Figure 3.5, the concentration of BCG gradually 
decreased over time to reach the equilibrium with more than 180 minutes. In this way, the 
adsorption of ARS on TiO2 is dominant. This could be attributed to the very low molecular 
weight of ARS and the ease with which relatively small molecules can move easily in 
comparison with BCG molecules, thus, reducing the external mass transfer limitation. The 
observed pattern can also be described well by size effects, which are explained in terms of the 
steric effect (steric barrier). While big bulky molecules will have fewer chemical interactions 
due to size effects, steric hindrance, which results from steric effects, entails lowering chemical 
interactions as a result of steric bulk. It is significant to note that once the adsorption isotherm 
was examined, a comparable pattern was observed, where similar analysis was used. Thus, the 
slow and gradual decrease in BCG kinetics can be attributed to the slow external diffusion of 
BCG on TiO2 nanoparticles, which has been confirmed by the relatively low kma value being 
0.59 𝑚𝑖𝑛!". 
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Figure 3.4 Adsorption kinetics of ARS on TiO2 nanoparticles. Experimental conditions: TiO2 dose, 5 
𝑔. 𝐿"#; contact time, 60 min; temperature, 25°C; and pH, 7.0. The symbols are experimental data, and 
the solid dashed lines are the external mass transfer model. 

 

Figure 3.5 Adsorption kinetics of BCG on TiO2 nanoparticles. Experimental conditions: TiO2 dose, 5 
𝑔. 𝐿"#; contact time, 60 min; temperature, 25°C; and pH, 7.0. The symbols are experimental data, and 
the solid dashed lines are the external mass transfer model. 
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3.3.3. Adsorption thermodynamics for single and binary systems 

The investigation of the adsorption thermodynamics of ARS and BCG on the TiO2 
nanoparticles was conducted in batch experiments at three different temperatures, 25, 35, and 
45 ℃, under identical experimental conditions of adsorption isotherm experiments and using 
Sips model for fitting the adsorption experimental data. The values of the thermodynamic 
parameters, i.e; Gibbs free energy (∆𝐺4), enthalpy (∆𝐻4), and entropy (∆𝑆4) were determined 
using the following equations, 
 
∆𝐺$%&° = −𝑅	𝑇	𝑙𝑛(𝐾)																																																																																																																																							(3.11) 

where 𝐾 = ks 𝐶𝑠(& 

𝑙𝑛(𝐾) =
∆𝑆$%&° 	
𝑅

−
∆𝐻$%&° 	
𝑅	𝑇

																																																																																																																															(3.12) 

The trends of adsorption isotherms and the values of the thermodynamics parameters are 
reported in Figure 3.6 and Table 3.3 for the adsorption of ARS-TiO2 in the binary solution. The 
negative value of ∆𝐺&'(°  indicates spontaneous adsorption. The of ∆𝐺&'(°  values decreased as 
the temperature increased, indicating that the adsorption is spontaneous and inversely related 
to temperature. The positive value of ∆𝑆$%&°  suggests that the system appears to exhibit random 
behaviour. The calculated ∆𝐻$%&°  positive value which is less than 40.0	𝑘𝐽.𝑚𝑜𝑙"# implies that 
the interaction between the surface ARS and the TiO2 nanoparticles in this binary solution is 
physisorption [56]. As a result, a rise in temperature causes higher physical adsorption of ARS 
at the equilibrium of ARS molecules. 

 

Figure 3.6 Adsorption isotherms of ARS on TiO2 in the binary solution of BCG and ARS at 
different temperatures. 
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Table 3.3. Estimated parameters of ARS adsorption on TiO2 at different temperatures in 
binary systems of BCG and ARS.  

Temperature 
(°C) Qm ks ns 

𝜟𝑮𝒂𝒅𝒔°	  

(𝑘𝐽.𝑚𝑜𝑙!") 

𝜟𝑯𝒂𝒅𝒔
°	  

(𝑘𝐽.𝑚𝑜𝑙!") 

𝜟𝑺𝒂𝒅𝒔°	  

(𝐽.𝑚𝑜𝑙!". 𝐾!") 

25 143.18 0.00107 0.594 -6.81 27.62 116.13 

35 148.43 0.00186 0.596 -8.53 -- -- 

45 154.12 0.00207 0.597 -9.11 -- -- 

 

The adsorption isotherms of BCG on TiO2 in binary solution of BCG and ARS at different 
temperatures are displayed in Figure 3.7. Table 3.4 lists the thermodynamic parameters of BCG 
adsorption on TiO2 nanoparticles. The ∆𝐺&'(° value was negative, indicating spontaneous 
adsorption. The temperature-dependent value of ∆𝐺&'(°  indicates that the spontaneous nature of 
adsorption is inversely correlated with the adsorption temperature. Furthermore, the system 
appears to behave randomly based on the positive value of ∆𝑆$%&° . The fact that the ∆𝐻$%&°  value 
was positive (41.82 kJ. mol-1) suggested that BCG had chemisorbed on the surface of the TiO2 
nanoparticles [56]. Therefore, to provide a thorough examination of this sorption behavior, 
mathematical modelling was investigated.  

 

Figure 3.7 Adsorption isotherms of BCG on TiO2 in a binary solution of BCG and ARS at 
different temperatures. 
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Table 3.4 Estimated parameters of BCG adsorption on TiO2 at different temperatures in binary 
systems of BSG and ARS. 

Temperature 
(°C) Qm ks ns 

𝜟𝑮𝒂𝒅𝒔°	  

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

𝜟𝑯𝒂𝒅𝒔
°	  

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

𝜟𝑺𝒂𝒅𝒔°	  

(𝑱.𝒎𝒐𝒍!𝟏. 𝑲!𝟏) 

25 45.45 0.099 0.913 -33.73 41.82 252.73 

35 43.93 0.1 0.925 -35.51 -- -- 

45 43.69 0.11 0.96 -38.82 -- -- 

 

3.3.4. Computational modelling of TiO2 nanoparticles 

The adsorption mechanism and the interaction between the adsorbate molecules and the 
surfaces of the TiO2 nanoparticles was analyzed with computational modelling which was 
performed using Accelrys Material Studio Software [21] for ARS and BCG molecules in the 
single and binary cases, taking into account the presence of water molecules. The structure 
geometry was optimized by Forcite. The condensed-phase optimized molecular potentials for 
atomistic simulation studies were obtained through (COMPASS) forcefield calculations. The 
TiO2 brookite (100) surface was created and optimized using the same optimization procedure. 
Additional information about the TiO2 optimized structure can be found in Publication III.  
 
3.3.5. Adsorption simulation of BCG and ARS on TiO2 (100) 

ARS molecules tend to to be in a tilted position on the surface of TiO2 nanoparticles. The results 
of the adsorption studies confirmed that the ARS molecules showed higher adsorption affinity 
than the BCG adsorption on the surface.  This is due to the ARS adsorption lower energy in 
comparison with the BCG molecules. A closer interaction with the Ti atoms in the TiO2 

structure was created due to the S-O and S=O bonds and Na+. The ARS molecules bound to 
TiO2 by the interaction of electron pairs on the hydroxyl oxygens in Alizarin with the d orbitals 
of the Ti atoms. ARS chemical binding with TiO2 can exist through a Ti-O bond, through two 
Ti-O bonds directed at a single or two separate Ti atoms [66]. For a binary system, BCG 
molecules showed a higher adsorption energy and a lower affinity towards the TiO2 surface. 
This could be due to the atomic distribution and shape of the BCG molecules resulted in 
increasing the adsorption energy and a higher adsorption distance between the surface and the 
BCG molecule, as shown in Figure 3.8. Additional simulation results are elaborated in 
Publication III. 
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Figure 3.8 The adsorption energies distribution of the adsorbed molecules ARS and BCG in 
single and binary systems: a) BCG and H2O adsorption energy in the 4 BCG single component 
adsorption system, b) ARS and H2O adsorption energy in the 4 ARS single component 
adsorption system, and c) BCG, ARS, and H2O adsorption energy in the 4 BCG binary 
components adsorption system.  
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3.4. Photoregenaration of TiO2 nanoparticles 

To develop catalysts that are affordable, scalable, and environmentally friendly. The 
regeneration research is of utmost importance. TiO2 nanoparticles were regenerated using a UV 
light lamp (6 W, λ = 365 nm) inside a 50 mL glass beaker with continuous magnetic stirring 
after the dyes were adsorbed on the TiO2 surface. All the experimental conditions are reported 
in detail in Publication III. Figure 3.9 shows the effectiveness of TiO2 nanoparticles after two 
cycles of photo regeneration. The efficiency of TiO2 decreased by 10.9% after the adsorption 
of ARS, while the adsorption efficiency of the BCG declined significantly by almost 29.4%. 
This might be alluded to the larger molecular weight of BCG molecule. Similarly, a study by 
Lachheb et al. explained that the variation and effectiveness of photodegradation rates of five 
different dyes might be relevant to their molecular weights [68]. 

 

Figure 3.9 First and second cycle binary adsorption efficiencies of ARS and BCG on TiO2 
nanoparticles. 

3.5. Conclusions 

In this study, the batch adsorption and the subsequent photodegradation activity of TiO2 
brookite nanoparticles was screened for the elimination of the anionic dyes, ARS and BCG in 
single and binary solutions. In the single adsorption experiment, an excellent agreement 
between the experimental results and the Sips model for the ARS and BCG molecules was 
obtained, with a higher adsorption affinity toward BCG and a higher adsorption uptake capacity 
of ARS. In the binary adsorption systems, TiO2 brookite nanoparticles were successful in 
adsorbing both model molecules, verifying the selective adsorption of the ARS molecules and 
demonstrating the quality of the Extended-Sips model fitting results. The kinetic findings 
revealed that the majority of the adsorption of ARS on TiO2 nanoparticles is external, with ARS 
reaching equilibrium more quickly than BCG. The findings of the thermodynamic study 
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demonstrated that the adsorption process was spontaneous, with behaviors for the ARS and 
BCG dyes both the physisorption and chemosorption effects, respectively. Lower adsorption 
energies for ARS molecules were observed in the range of 150 – 250 𝑘𝑐𝑎𝑙.𝑚𝑜𝑙!" , in both the 
single and binary systems. This explains the higher entropy value for the ARS adsorption, as 
revealed by the thermodynamic analysis. Two regeneration cycles of the TiO2 nanoparticles 
were conducted under UV irradiation. The adsorption efficiency of the TiO2 nanoparticles 
decreased about 11% for the adsorption of ARS per each cycle, whereas it dropped significantly 
to 29% for the adsorption of BCG per each cycle. 

 

3.6. List of abbreviations 

UV ultraviolet  

ARS Alizarin red s 

BCG Bromocresol green 
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Chapter 4 — Activated Carbon: Adsorption of Ibuprofen  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M. Hmoudah, M. E. Fortunato, R. Paparo, M. Trifuoggi, A. El-Qanni, R. Tesser, D. Murzin, 
T. Salmi, V. Russo, M. Di Serio, Ibuprofen adsorption on activated carbon: thermodynamic and 
kinetic investigation via adsorption dynamic intraparticle model (ADIM), Langmuir, 2023. 
doi.org/10.1021/acs.langmuir.2c03350 

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350


  

 
 

50 
 

4.1. Introduction 

Ibuprofen (IBU) is a popular nonsteroidal anti-inflammatory medicine (NSAID) that people 
frequently take to relieve pain and reduce inflammation [1]. As an unpleasant result, it is 
frequently found in wastewater streams, because of human excrement [2]. In light of rising 
pharmaceutical usage and wastewater contamination, it is essential to give the removal of IBU 
from wastewater the first priority to preserve both environmental sustainability and human well-
being [3]. IBU and other pharmaceutical substances enter water bodies if not properly handled, 
having serious negative ecological effects [3, 4]. These compounds have the potential to linger 
in the environment, endangering humans’ health, aquatic life, and upsetting the balance of 
natural ecosystems due to the continued accumulation in water bodies [5]. The removal of IBU 
from wastewaters will minimize human exposure to these compounds and will lessen any 
related hazards. New technology is needed with establishing efficient wastewater treatment 
procedures to eliminate IBU [5].  

Adsorption is considered as one of the best strategies for removal of IBU from wastewaters [6]. 
Adsorbent materials with high surface areas and pore structures such as activated carbon and 
zeolites can attract the IBU molecules and retain them [7]. The large surface areas give the 
adsorbent and IBU a plenty of opportunities to interact, increasing the removal capacity [8]. 
Adsorption can be used as a stand-alone treatment process or it can be integrated with other 
processes, such as filtration or biological processes [9]. It is considered a practical and an 
adaptable technology that can be customized to meet the unique infrastructure of the wastewater 
treatment [10].  

To characterize the adsorption process in terms of design, control, and optimization, it is crucial 
to create reliable experimental and computational models. It is imperative to explain the kinetic 
data of adsorption using trustworthy models based on the description of the relevant transport 
phenomena, including fluid-solid, intraparticle, and surface diffusion effects. Therefore, our 
research team created an adsorption dynamic intraparticle model (ADIM) for fluid-solid 
adsorption kinetics [11], which has been successfully tested by other authors [12-14]. The 
importance of this model resides in its ability to concurrently describe the thermodynamics and 
kinetics of fluid-solid adsorption data. Additionally, it is considered to be general and simple to 
modify for particular cases [15]. 

In this chapter, an in-depth kinetic and thermodynamic investigation was conducted using 
commercial activated carbon materials, namely DARCO 20-40. The experimental data were 
interpreted by the ADIM model to retrieve physicochemical parameters which are needed for a 
future design of continuously operating adsorption columns [16]. 

4.2       Activated carbon 

Activated carbon is a solid carbonaceous material with an amorphous structure [17]. It is a 
highly versatile adsorbent for its physicochemical properties [8, 18]. It has a high degree of 
porosity and a well-developed surface area containing various oxygenated functional groups 
such as carboxylic acids, phenols, carbonyls, and lactones [19]. Activated carbon has three 
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kinds of pores: microspores, mesopores, and macropores, with microspores and mesopores 
playing a crucial role in increasing surface area and facilitating gas adsorption [19]. 
Additionally, the presence of functional groups increases the adsorption capabilities of activated 
carbon [20]. These unique characteristics make it a very versatile material that can be used as 
an adsorbent for water and gases, as well as a catalyst and co-catalyst for pollutant removal and 
chemical recovery [21]. 

Activated carbon is traditionally derived from expensive and finite resources such as coal, 
lignite, peat, and petroleum residue, but there is a growing demand for less expensive and 
sustainable alternatives [22]. Biochar, obtained through thermal treatment of biomass, has 
emerged as a promising resource for activated carbon. It serves as the primary precursor for 
activated carbon and can be produced via thermochemical conversion processes such as 
pyrolysis, hydrothermal carbonization, torrefaction, microwave heating, and gasification [23].  

Various activation methods can be employed to produce activated carbon from biochar and 
biomass, including physical, chemical, physiochemical, and microwave-assisted activation 
[18]. Physical activation involves the exposure of heat and gases such as steam, CO2, or N2, 
while chemical activation utilizes agents such as acids, bases, metal oxides, or alkaline metals. 
Physio-chemical activation combines heat and chemical treatment, and microwave-assisted 
activation employs microwave irradiation. The activation process depends on factors such as 
particle size, retention time, impregnation ratio, procedure configuration, activation time, 
precursor properties, and chemical substances used [24]. Many researchers are exploring the 
loading of nanoparticles on the activated carbon surfaces to enhance the performance in the 
removal of emerging pollutants from wastewaters [25-27]. 

In this work, commercial granular activated carbon was used, DARCO 20-40 mesh (specific 
surface area of 629 m2/g, average pore diameter of 3.7 nm, total pore volume of 0.748 cm3/g). 
The pore volume distribution of the used sorbent is reported in Table 4.1. 

Table 4.1. DARCO 20-40 mesh pores volume distribution [28]. 

Vtot [cm3/g] Vmicro [cm3/g] Vmeso [cm3/g] Vmacro [cm3/g] 

0.748 0.264 0.190 0.294 

 

4.3. Adsorption modelling 

In our previous research, we have introduced and validated the ADIM model, which was 
employed for both batch and continuous adsorption systems. This model aimed to interpret the 
collected data on adsorption kinetics, taking into account various diffusion processes and 
adsorption equilibria. The ADIM model is based on a plausible mechanism comprising four 
consecutive steps: i) diffusion of the solute from the bulk liquid phase (with a constant solute 
concentration, CB,, at a given time, t) to the solid surface; ii) intraparticle diffusion; iii) 
establishment of an equilibrium between the solute concentrations in the liquid and solid 
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phases; iv) diffusion of the adsorbate species to the particle surface. Several assumptions were 
adopted: 1. the system is isothermal; 2. the particles have a single mode of particle size 
distribution; 3. adsorption equilibria prevail within the pore with an average porosity and 
tortuosity; 4. the adaptability of the particle mass balance based on the shape factor. 

The dynamic intraparticle model (ADIM) was proposed and applied to both the batch and 
continuous adsorption modes according to our previous research [11, 16, 29], and it was used 
to interpret the collected data on adsorption kinetics by considering all the possible diffusion 
processes and adsorption equilibria. This model hypothesis is based on four successive steps: 
i) diffusion of the solute from the bulk liquid phase (the solute concentration in the bulk liquid 
phase, CB, is assumed constant at a generic time t) to the solid surface; ii) intraparticle diffusion; 
iii) equilibrium of the solute concentration between the liquid and solid phase; iv) diffusion of 
the adsorbate species to the particle surface. The following assumptions were adopted:  

1. isothermal system; 
2. monomodal particle size; 
3. adsorption equilibrium in the pores with an average porosity and tortuosity of the 

particle; 
4. particle mass balance is adaptable based on the shape factor.  

Based on these fundamental assumptions, it is possible to derive the mass balance equations for 
the bulk liquid phase (Eq. 4.1) and for the solid phase for a batch system (Eq. 4.2) [11] by 
considering both the film diffusion and the intraparticle diffusion effects. The component 
accumulation is equal to the mass transfer inside the film (Eq. 4.1), and the overall accumulation 
for both liquid and solid phases is the sum of the pore and the surface intraparticle diffusion 
(Eq. 4.2). 

                                                                          (4.1) 

where CB is the liquid bulk concentration, t the simulation time, km the liquid-solid mass transfer 
coefficient, asp the sorbent specific surface area per volume of particle, CL the concentration in 
the liquid pores, and ε’ the fluid bulk-to-solid phase volumetric ratio, 

                                       (4.2) 

where ε is the sorbent porosity, CS is the concentration on the solid surface, rp the sorbent radius, 
DP the effective diffusion coefficient, DS the surface diffusion coefficient, S is the shape factor, 
and C* is defined by, 

                                                                                                                                   (4.3) 

where KF and n are the Freundlich isotherm parameters. 

The boundary conditions of the partial differential equations are derived below, Eqs. (4.4-4.5) 
represent the symmetry condition at the center of the particle (rp=0) for both liquid and adsorbed 
phases, whereas Eq. (4.6) expresses the steady-state hypothesis at the solid surface (rp=Rp). 
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                                                                 (4.4) 

                                                                 (4.5) 

                                      (4.6) 

Furthermore, the Freundlich isotherm (Eq. 4.7) was considered to express the solute 
concentration in the solid at equilibrium. 

                                                                                     (4.7) 
where KF is the Freundlich constant related to the adsorption capacity, and 1/n is the adsorption 
intensity factor. 
The physical and chemical parameters include the pore diffusivity (DP) presented according to 
the mean transport pore model in Eq. 4.8, which is obtained from the molecular diffusivity, 
adjusted with the porosity ε and tortuosity τ of the solid material. The corresponding molecular 
diffusivity (D0) was estimated from the Wilke-Chang equation (Eq. 4.9). 

                                                                                                                        (4.8) 

                                                                                     (4.9) 

where φ is the association factor (set to 2.6 for associating molecules such as water), MB is the 
molecular weight of the solvent, T is the temperature, µB is the viscosity of the solvent, and VA 
is the molar volume of the solute calculated at standard boiling point estimated from the Le Bas 
correlation, VA= 268 cm3/mol. 
Additional theoretical information about the ADIM and the mathematical demonstration of the 
mass balance equations can be found in the references [11, 16]. The simultaneous numerical 
solution of these equations was performed using the gPROMS ModelBuilder v.4.0. The model 
input parameters are listed in Table 4.2. The surface diffusivity DS and the mass transfer 
coefficient km were estimated by submitting the experimental data to non-linear regression 
analysis by using the MXLKHD mathematical solver. More details about the modelling activity 
can be found in Publication IV. 
 
Table 4.2. Input parameters for ADIM. 

Symbol Value Unit 
RP 0.35×10-3 m 
s 2 - 
𝒂𝒔𝒑 8.57×103 m2 m-3 

𝜺 0.38 - 
τ 4.46 - 

ρsolid 1950 kg m-3 
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4.4. Batch adsorption of IBU on activated carbon 

4.4.1. Adsorption isotherms 

The adsorption equilibrium experiments were performed at three different temperatures: 303 
K, 313 K, and 323 K. Vials containing 10 mL solutions with an initial concentration of 10 mg 
L-1 were utilized, and various quantities of activated carbon were added, thereby altering the 
adsorbent-to-IBU ratio. The vials were subjected to continuous stirring at a constant 
temperature for a duration of three days to ensure the attainment of thermodynamic equilibrium. 
Three separate sets of solutions were prepared to investigate the impact of temperature on 
adsorption performance. The aim of the experiments was to examine the relationship between 
temperature and the adsorption capacity of activated carbon, as well as to establish the 
corresponding adsorption isotherms. The outcomes of these experiments are presented in Figure 
4.1, illustrating the observed adsorption isotherms trends that follow the Freundlich model and 
the corresponding adsorption capacity at different temperatures. As observed, the adsorption of 
IBU on activated carbon exhibits an increase with rising temperature. This model characterizes 
the adsorption on a heterogeneous surface, where various adsorption energies are associated 
with different sites, allowing for interactions between the adsorbed molecules [30]. The 
estimated parameters, along with their 95% confidence intervals, are presented in Table 4.3 for 
the three different temperatures. The values of the empirical constant n was within the range 1-
10, indicating a strong interaction between IBU and the activated carbon [31].  Furthermore, 
parameter n increases with temperature, suggesting a stronger interaction between the sorbent 
and adsorbate at higher temperatures, which indicates an endothermic adsorption mechanism. 
A possible explanation could be the conformational changes of IBU with temperature, leading 
to a more strongly adsorbed conformer. However, it is important to note that the influence of 
mass transfer might be a potential factor, too. These explanations are speculative and require 
further dedicated experimentation and quantum chemical computations to verify their validity. 

 

Figure 4.1 Adsorption isotherms at different temperatures. The symbols represent the 
experimental data and the lines for the calculated profiles. 
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Table 4.3 Parameters estimated for the adsorption isotherms (Eq 4.3). 

T [K] KF [(mol m-3)1-1/n ] n [-] 
303 2400±100 2.8±0.1 
313 3000±200 3.1±0.1 
323 3300±40 4.1±0.1 

 

4.4.2. Adsorption kinetics 

The kinetic study was conducted using a jacketed batch vessel. For all the experiments, a fixed 
quantity of sorbent was added to 150 mL of an IBU solution at a concentration of 10 mg L-1 

and neutral pH. The ratio between the adsorbate and the adsorbent was determined through 
preliminary investigations to ensure measurable experimental kinetic data. The temperature of 
the solution was regulated using an external thermostat, while the stirring rate was controlled 
by a mechanical stirring system. Liquid samples of approximately 0.5 cm3 were periodically 
withdrawn to monitor the changes in the IBU concentration over time. To prevent sorbent loss 
during sampling, a sintered stainless steel filter was installed in the sampling line. The samples 
were stored in sealed vials, and the residual IBU concentration in the aqueous solutions was 
measured using a spectrophotometer (Jasco V-550 UV/VIS). A typical spectrum and a 
calibration curve were obtained for the IBU concentrations with absorbance values  at λ=222nm 
and a concentration range of 0-0.05 mol m-3. To explore the adsorption kinetics and the potential 
mass transfer effects, multiple experiments were conducted at different operating conditions. 

Due to the significant percentage of micropores present in DARCO 20-40 as given in Table 4.1, 
the adsorption kinetics is undoubtedly constrained by intraparticle diffusion. In order to confirm 
the aforementioned assumption, Bangham's equation (Eq. 4.10) was first applied to check if 
intraparticle diffusion is the rate-determining step in the adsorption process.  

                                               (4.10) 

The adsorbed quantity is calculated as qt=(CB,0-CB)/ρbulk. The plot of loglog[CB,0/(CB,0 – qtρbulk)] 
vs logt is reported in Figure 4.2 as an example for the experiments performed at different 
temperatures.  
The indication of intraparticle diffusion limitations is evident from the good fit of the Bangham 
model. Consequently, higher temperatures lead to decreased R2 values, suggesting that 
intraparticle diffusion limitation becomes less significant at elevated temperatures. This 
conclusion is valid as diffusion adsorption becomes more prominent at higher temperatures. 
Due to these observations, it is evident that a comprehensive model accounting for intraparticle 
diffusion is necessary. Thus, the ADIM model was used to give a deeper insight into liquid-
solid, pore and surface diffusion effects. 
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Figure 4.2 Bangham model for the adsorption of IBU on activated carbon at different 
temperatures. Experimental conditions are: ρbulk=0.39 kg/m3, CB,0=0.05 mol/m3 and v=500 rpm. 

Different parameters which affect the adsorption kinetics were investigated. Figures 4.3 and 4.4 
display the effect of the initial concentration of IBU and the bulk densities of the adsorbent. 
The initial slope of the concentration profiles increases when increasing the concentration of 
IBU (Figure 4.3). Additionally, the adsorption kinetics demonstrate a significant dependence 
on the quantity of adsorbent employed in the experiment (Figure 4.4). Further results for the 
effect of the stirring rate on the adsorption kinetics can be found in Publication IV. 

 

Figure 4.3 The effect of the initial concentration of IBU on the adsorption kinetics, 
experimental conditions: ρbulk = 0.39 kg/m3, T=303K, and v=500rpm. Symbols represent the 
experimental data, lines the calculated profiles. 
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Figure 4.4 The effect of the initial concentration of IBU on the adsorption kinetics, 
experimental conditions: ρbulk=0.82 kg/m3, T=303 K, and v=500 rpm. Symbols represent the 
experimental data, lines the calculated profiles. 

Figure 4.5A depicts the relationship between the surface diffusivity and temperature. It can be 
seen that it follows an Arrhenius-like trend as demonstrated by Russo et al. [29]. As a result, 
the mathematical expression given in Eq. 4.11 can be used. 

                                                                        (4.11) 

An estimate of the surface activation energy ES=60±7 kJ/mol was made from the non-linear 

regression analysis. Similarly, a linear trend is obtained (Figure 4.5B) by plotting the natural 

logarithm of km as a function of 1/T, assuming an Arrhenius-like dependence.  The activation 

energy EA=16±1 kJ/mol, needed by the molecules to diffuse from the bulk liquid phase to the 

solid phase can be calculated from the slope of the fitting curve. 
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Figure 4.5 A. Surface diffusion coefficient as a function of temperature. B. Fluid-solid 
external mass transfer coefficient as a function of temperature. 

 
4.5. Conclusions 

This study aimed to investigate the adsorption of IBU, an emerging contaminant, on activated 
carbon. The optimal conditions for removing IBU were optimized through extensive batch 
experiments to examine the impact of key operational factors on the adsorption process. The 
findings revealed a strong bond between IBU and activated carbon, with the Freundlich model 
effectively describing the adsorption equilibrium and the heterogeneity of surface sites with 
varying adsorption energies. The ADIM model was utilized to understand the diffusion 
mechanism of IBU by determining the km and DS parameter values that are important for 
designing an adsorption column. It is important to note that the results obtained in this study 
pertain to a model system, specifically IBU in water, which was used to test the ADIM model 
for the IBU adsorption. The behavior in a real matrix could be more complex, as the presence 
of other organic and inorganic compounds might interfere, which would decrease the adsorption 
efficiency of the selected sorbent. Since the composition of wastewater varies depending on its 
source, replicating a real matrix in laboratory scale is challenging, necessitating the testing of 
different sorbents and various of adsorption parameters. 

 

4.6. List of abbreviations 

IBU ibuprofen  

NSAID nonsteroidal anti-inflammatory medicine 

ADIM adsorption dynamic intraparticle model  
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Chapter 5 — CeO2, ZnO, and TiO2 Nanoparticles: Photodegradation 
of Ibuprofen 
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5.1. Introduction 

Emerging contaminants (ECs) are chemicals and materials, whether naturally occurring or 
created by humans, which are persistent or toxic in the environment and has recently been found 
to influence the metabolism of human body [1]. Most of these materials have not yet been 
subjected to environmental restrictions, despite being a major threat to both the environment 
and human health [2]. These pollutants might include substances that have been just recently 
found in the environment or substances that might have been there for some time but only 
recently caused concern. They have been discovered in a variety of aquatic habitats, including 
estuaries, freshwater lakes, rivers, and oceans [3]. These compounds are usually detected in 
water at trace quantities between ng - μg per liter [4]. Therefore, it is difficult to detect and 
analyze them, posing a challenge to wastewater treatment systems. Ibuprofen (IBU) is a 
discarded drug from aquaculture and pharmaceutical industries [5]. It contaminates water and 
soil through the excretion of the non-metabolized and metabolized forms in the urine of humans 
and animals upon medical treatment or through chaotic disposal of expired or non-consumed 
drug in domestic landfills [6]. As previously discussed in Chapter 1, IBU and its intermediate 
compounds formed during the chlorination process in treatment plants are considered 
persistent, ecotoxic, and dangerous to human bodies and the ecosystem [6]. 

Advanced Oxidation Processes (AOPs) have been recently investigated extensively for the 
degradation of ECs [7, 8]. In these processes, photon energy is directly used to break down the 
contaminants. The majority of the processes have been investigated by using catalysts that, 
when exposed to light, can produce radical species [9]. While in the case of photochemical 
degradation processes, a combination of light irradiation and oxidants such as O3, H2O2, and 
Cl2 [7]. Semiconductor particles employed as photocatalysts, which have recently made strides 
in the creation of novel semiconductor materials, is also referred to as heterogeneous 
photocatalysis [10]. In order to degrade ECs, numerous heterogeneous photocatalysts have been 
studied, and new substances appeared to be acceptable photocatalysts. Therefore, it is essential 
to carry out a comprehensive analysis of chemical reaction kinetics when considering the 
implementation of larger AOP systems. Furthermore, conducting experiments to examine the 
reaction rate, rate constant, and activation energy, which remain consistent regardless of scale, 
can yield valuable information on the advancement and expected duration of the reaction. 

Herein, the scope of this chapter is to describe the modelling of photodegradation kinetics, 
photodegradation mechanisms, and thermodynamics of in-house prepared cerium oxide (CeO2) 
and commercial titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles (NPs) towards 
IBU.  Different parameters were considered in the kinetic study. First, the effectiveness of these 
NPs in terms of temperature, catalyst bulk density, and the initial concentration of the IBU 
solution. Second, kinetic modelling was investigated considering descriptive models of the 
reaction. Consequently, the parameter estimation was carried out and the corresponding 
activation energies were determined. Finally, thermodynamics parameters (ΔG°, ∆H°, and ∆S°) 
were assessed.   
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5.2. CeO2 nanoparticles 

CeO2 NPs have recently attracted attention because of their ability to photodegrade organic 
pollutants in water [11-15]. They emerged as promising candidates in photodegradation 
applications in wastewater treatment. They have outstanding biocompatibility, high stability, 
and excellent photocatalytic activity and reusability [16-18]. Additionally, CeO2 NPs can be 
easily synthesized using cost-effective methods, making them a practical and viable option for 
large-scale wastewater treatment processes [19].  

CeO2 NPs are able to efficiently destruct a variety of organic contaminants found in wastewaters 
because of their capacity to produce reactive oxygen species (ROS) in the presence of light 
[20]. They absorb photons and generate electron-hole pairs when exposed to ultraviolet or 
visible light [21]. When these charge carriers come into contact with water molecules and 
pollutants that have been adsorbed, ROS, for example, hydroxyl radicals (•OH) are created. 
Through the oxidation processes, these highly reactive species are essential for the breakdown 
of complex organic contaminants into less dangerous, simpler molecules. 

CeO2 is an n-type semiconductor with a band-gap at 3.1 eV [22, 23], hence UV light is needed 
to activate the process. It is important to increase the number of defects in the CeO2 NPs to shift 
the band gap from 3.1 eV to lower values and enhance their efficiency. Particle size, textural 
characteristics, and surface structure are all intimately connected to the photocatalytic activity 
of CeO2 [24]. The ratio of Ce3+ to Ce4+, which varies based on the size of the NPs and affects 
the photocatalytic activity, is thus a crucial parameter [25, 26]. Without changing the structure 
of the fluorite lattice, the transition of Ce3+ to Ce4+ results in considerable oxygen mobility in 
the CeO2 lattice and, as a result, a large catalytic potential [27, 28]. Another important factor in 
determining the photocatalytic activity is the number of oxygen vacancies in the CeO2 lattice; 
as the oxygen vacancies vary, so do the characteristics of the NPs[12, 14, 27, 29]. Further details 
about the synthesis and characterization of CeO2 NPs can be found in Publication V. 

5.3. ZnO and TiO2 nanoparticles 

ZnO and TiO2 NPs are widely utilized for various applications due to their high catalytic 
activity, non-toxicity, low cost, excellent electron mobility, and chemical stability [30, 31]. 
They have demonstrated encouraging outcomes in the elimination of a variety of pollutants, 
such as dyes [30, 32-34], pharmaceuticals [31, 35], and insecticides [36, 37]. Therefore, they 
are considered as good candidates for advanced oxidation processes in wastewater treatment. 

ZnO and TiO2 NPs are synthesized by different procedures including physical and chemical 
vapor deposition, the sol-gel method, precipitation techniques, hydrothermal methodologies, 
and others [30]. Among these established methods, the sol-gel technique stands out as the most 
convenient and advantageous for TiO2 and ZnO synthesis, due to its simplicity, controlled 
morphology, and cost-effectiveness [38, 39]. In this study commercial ZnO and TiO2 NPs 
supplied by Sigma-Aldrich (Milan, Italy) and Evonik Industries (Essen, Germany) respectively 
were utilized. The Physio-chemical characteristics can be found in Publication VI. 
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ZnO and TiO2 possess equal band gap energies around 3.2 eV [38]. One would expect that their 
photocatalytic capacities would be comparable, but when ZnO is exposed to UV light, 
photocorrosion commonly takes place leading to metal leaching.  This process is thought to be 
one of the main causes of the decline in the photocatalytic activity of ZnO in aqueous solutions 
[40]. On the other hand, some research has shown that ZnO outperforms TiO2 in the 
photocatalytic degradation of certain dyes. It exhibits a better absorption efficiency across a 
large fraction of the solar spectrum along with anti-fouling and antibacterial properties [41]. 

Investigating the performance and effectiveness of these NPsin water purification is of 
paramount importance to understand the mechanisms of degradation of pollutants. However, 
for large-scale utilization of these NPs for wastewater treatment, agglomeration and potential 
toxicity are crucial factors to be considered [42]. Doping, co-doping and immobilization of 
metal oxide NPs on support materials such as activated carbon and membranes can be used to 
increase the stability and reusability of ZnO and TiO2 NPs [42-44]. With these strategies, the 
NPs are retained and controlled more effectively during the water purification process. 

5.4. Photodegradation experiments 

Photodegradation experiments were conducted in a 1.5 L jacketed glass vessel with a three-
neck head. The vessel was connected to an ultra-thermostat to maintain a constant temperature. 
Air was introduced into the reactor system through a digital flow meter regulator connected to 
a sintered filter, serving as a gas sparger to ensure efficient gas-liquid interaction for air transfer 
into the liquid phase, and maintaining a pressure of 1 bar. A 4W UV lamp (Toshiba FL4BLB) 
with a wavelength of 365 nm was positioned inside the reactor. 

In a typical photodegradation experiment, an IBU solution with the desired concentration was 
prepared and loaded into the reactor vessel, where it was stirred magnetically. The reactor was 
sealed with a lid and connected to the thermostat, to set at a specific reaction temperature. To 
minimize dispersion of rays, the reactor was shielded before turning on the UV lamp. Samples 
were periodically withdrawn to monitor the reaction kinetics for a maximum duration of 5 
hours. Each sample was subsequently centrifuged, and the resulting liquid was analyzed using 
UV-VIS spectroscopy (UV-Vis Jasco V-550) and a calibration curve was obtained at a 
wavelength of 222 nm, corresponding to the maximum absorption of IBU, enabling quantitative 
analysis within a concentration range of 0-0.05 mol/m3. 

5.5. Modelling and parameter estimation 

The parameter estimation activity was performed using nlparci algorithm. The objective 
function was calculated as follows [34], 
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5.6. Results and discussion 

5.6.1. CeO2 NPs synthesis and characterization 

CeO2 NPs were prepared using the solvothermal synthesis approach based on a previous work 
[45].  Initially, 30 mL of an aqueous solution (0.5 M) of of Ce(NO3)3·6H2O salt was prepared 
and magnetically stirred for 10 minutes until the salt was completely dissolved. Next, 117 µL 
of hydrogen peroxide was added to the Ce(III) salt solution, which was stirred for 5 minutes to 
promote the oxidation of Ce3+ to Ce4+. To initiate the precipitation reaction, about 6 mL of a 
diluted ammonia solution (7 M) was added to the mixture adjusting the pH to 8.8. The reaction 
was allowed to proceed under continuous stirring at 80 °C. Then, a yellow precipitate consisting 
of Ce(OH)4 was formed and washed three times with bidistilled Milli-Q water with 
centrifugation at 9000 rpm for 10 minutes. The pH was adjusted to pH 10 by using the ammonia 
solution and 30 mL of washed precipitate were treated at 120 °C for 24 hours in a minireactor. 
Finally, CeO2-NPs were further washed repeatedly with bidistilled Milli-Q water by 
centrifugation at 9000 rpm for 10 minutes. 

XRD and XPS measurements were used to characterize the synthesized CeO2 NPs. Figure 5.1 
shows the XRD pattern of CeO2 NPs displaying the typical peaks associated with a face-
centered cubic (FCC) structure (JCPDS no81-0792) [24, 46, 47]. The peaks were observed at 
specific diffraction angles (2θ) of 29°, 33°, 47°, 56°, and 59° corresponding to the Miller indices 
(hkl) representing the crystalline planes (111), (200), (220), (311), and (222), respectively. This 
demonstrates the formation of CeO2 NPs with fluorite-type crystalline structure. According to 
Scherrer’s formula, the estimated average crystallite size was approximately18 ± 1 nm.  

 
Figure 5.1 XRD pattern of CeO2 NPs. 
 
The chemical composition of the surface of the CeO2 NPs was explored using XPS analysis. 
The survey spectrum is plotted in Figure 5.2A presenting the main characteristic peaks of CeO2 
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(Ce 3d, Ce 4d and O 1s) together with indications of some carbon contamination (C 1s). The 
inset provides a deeper look on oxygen O1s core level that highlights two contributions: O-Ce 
bonds from the CeO2 NPs and O-C bonds from hydrocarbon surface contamination. The 
spectrum of the Ce3d core can be seen in Figure 5.2B, exhibiting notable satellite features (cf1L) 
to the major peaks (cf0). Five peaks were used to account to evaluate the Ce 3d5/2 - Ce 3d3/2 
doublet, where each peak corresponds to a particular Ce oxidation state (Ce3+ and Ce4+). The 
Ce3+/Ce4+ ratio was estimated to be equal to 0.4 based on areas under the peaks of these different 
compounds. 

 
Figure 5.2 A) XPS survey scan and O 1s spectrum B) Ce 3d XPS spectrum of the CeO2 NPs. 
 
TEM was used to examine the morphological and textural characteristics of CeO2-NPs (Figure 
5.3A). A typical TEM picture demonstrates the emergence of tiny, amorphous NPs of about 15 
nm in size. It also implies that these NPs have a significant propensity to self-aggregate, 
resulting in clusters that are similar in size to those found using DLS analysis (Figure 5.3B). 
The primary population is centered at about 530 ± 70 nm, as shown by the hydrodynamic radius 
distribution, which supports a quick and large self-aggregation of CeO2 NPs when they are in 
an aqueous suspension. Nitrogen adsorption at 77K was used to determine the surface area 
(SBET) of CeO2-NPs and the measured surface area was equal to 76 ± 5 m2/g. According to the 
BJH model, the desorption branch of the isotherm was used to estimate the pore size 
distribution. The total volume of the pores was 0.22 cm3/g, while the pore distribution (defined 
as derivative of the pore volume to the radius) reveals the presence of a single population of 
pores with a diameter of 1.35 ± 0.15 nm. 
Besides, by recording the DRS spectrum, the optical properties of CeO2-NPs at solid-state were 
examined and displayed in Figure 5.3C. The measured intensity was expressed as the value of 
the Kubelka-Munk function F(R) (Figure 5.3D), indicating an absorption at l < 300 nm. The 
optical band gap of CeO2 NPs was 3.1 eV. The transition from the valence band (VB) to the 
conduction band (CB) was calculated by linearization of the graph of (F(R)hn)1/2 against photon 
energy (Figure 5.3D) in agreement with the literature [48]. 
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Figure 5.3 A) TEM image, B) hydrodynamic radius distribution of CeO2 NP in the aqueous 
medium, C) UV-DRS spectrum of powdered CeO2-NPs, and D) estimation of the optical band 
gap using the modified Kubelka-Munk function. 
 

5.6.2. Photodegradation of IBU using CeO2 NPs kinetics and thermodynamics 

The photodegradation of IBU using different bulk densities of catalysts was studied to 
investigate how the catalyst loading affected the reaction rate. The photodegradation of IBU 
significantly increased by an increasing catalyst concentration as shown in Figure 5.4A. 
Consequently, the concentration of the by-product 1-OXO IBU increased at a higher rate of 
formation as shown Figures 5.4B and 5.4C. 

C) D) 
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Figure 5.4 Experimental results of the kinetic tests conducted at different catalyst loading. 
Adopted reaction conditions: cIBU,0 = 5·10-2 mol/m3, T = 303 K, Qair = 1.0·10-6 m3/s and v = 750 
rpm. Trends of the concentration profiles vs the reaction time for A) IBU and B) 1-OXO IBU. 
Lines are the calculated profiles. The subplots refer to the same legend. The panel C) represents 
catalyst bulk density linearization test. 
 
To confirm the reaction order, three independent experiments were carried out by varying the 
initial concentration of IBU (Figure 5.5). The findings indicate a first-order reaction kinetics as 
confirmed by the logarithmic plot in Figure 5.5C. The 1-OXO form of IBU displayed the same 
pattern, indicating a higher rate of formation when the concentration of the solution is increased. 
 

 
Figure 5.5 Experimental results of the kinetic tests conducted at different initial concentrations 
of IBU. Adopted reaction conditions: T = 303 K, ρB = 0.37 kg/m3, Qair = 1.0·10-6 m3/s and v = 
750 rpm. Trends of the concentration profiles vs the reaction time for A) IBU and B) 1-OXO 
IBU. Lines are the calculated profiles. The subplots refer to the same legend. Panel C) 
represents first-order linearization test. 
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Further details on the reaction mechanisms, kinetics model and the calculation approach are 
discussed in Publications V and VI. 
 
The temperature effect on the photodegradation of IBU using CeO2-NPs was investigated. The 
obtained rate constants and the corresponding values of the thermodynamic parameters 
∆𝐺°, ∆𝐻°, and ∆𝑆° are listed in Table 5.1. It can be seen that increasing the reaction temperature, 
increases the rate constants and the corresponding photodegradation efficiency. To estimate the 
thermodynamic parameters, Eq. 5.2 – 5.4 were employed. 
 
∆𝐻° = 𝐸& + 𝑅𝑇                                                                                                                                     (5.2)   
ln(𝑘/𝑇) = ln(𝐾./ℎ) + (∆𝑆°/𝑅) − (∆𝐻°/𝑅𝑇)                                                                                  (5.3) 
∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                                                                                                                           (5.4)    
                                                                                                           
where ∆𝐺° is the Gibbs free energy, ∆𝐻° the change in enthalpy, ∆𝑆° is the change in entropy, 
𝑅 is the general gas constant (8.314 J/mol.K), 𝐾. is Boltzmann constant (1.38 × 10!/7 
m2.kg/s2.K), ℎ is Plank constant (6.63 × 10!7> m2.kg/s), 𝑘 is the kinetics rate constant 
(m3/mol)s-1. 
 
Table 5.1 Kinetic and thermodynamic parameters for the photodegradation of IBU using CeO2-
NPs at 𝐸&" = 55.8𝑘𝐽/𝑚𝑜𝑙. 

T 

(K) 

K 

(𝒎𝟑/𝒎𝒐𝒍)𝒔!𝟏 
𝒍𝒏(𝒌/𝑻) ∆𝑯°

/𝑹𝑻 
∆𝑯° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

∆𝑺° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏𝑲!𝟏) 

∆𝑮° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

293 2.7 × 10!@ -16.18 23.91 58.2 −0.14 100.0 

303 5.9 × 10!@ -15.45 23.15 58.3  101.5 

313 1.2 × 10!> -14.78 22.44 58.4  103.0 

323 2.3 × 10!> -14.15 21.78 58.5  104.5 

 
The relatively high positive values of ΔG° and ΔH° designate the endothermic non-spontaneous 
reaction forming a highly hydrated transition state complex with weak bonds for a rapid 
degradation of the activated complex [49-51]. Moreover, the negative value of ΔS°, which is 
close to zero, suggests that the system exhibits a random behavior that supports a higher degree 
of degradation of IBU into simple products [50]. 
 

5.6.3. Photodegradation of IBU using ZnO and TiO2 NPs kinetics and thermodynamics 

The effect of the catalyst bulk density was assessed by changing the catalyst load while the 
other experimental parameters were fixed. Figure 5.6 presents the trends detected using 
different catalyst loads of TiO2 (Figure 5.6A) and ZnO (Figure 5.6B) NPs in the range of 0.05 
and 0.5 kg/m3. Generally, the concentration of IBU decreases upon increasing the catalyst load. 
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The IBU concentration almost approached zero in case of TiO2 NPs at ρB value of 0.5 kg/m3. 
The possible explanation is that the increase in the number of active surface sites available for 
the photocatalytic reaction, enhances the generation of hydroxyl radicals due to the increase of 
the concentration of charge carriers [52]. This in agreement with the findings of Jallouli and 
coworkers [53] where the IBU removal reached 100% showing no screen effect at catalyst load 
up to 4 kg/m3.  On the other hand, increasing the catalyst load of ZnO NPs in the range of ρB 
0.2 to 0.5 kg/m3 showed no significant effect on the performance, as the three curves are almost 
overlapped. Conversely, increasing the load beyond 0.37 kg/m3, reduced the degradation 
efficiency of ZnO NPs. This observation can be explained by the screen effect that the catalyst 
exerts on the penetration of UV light, thus retarding the chemical reaction [52, 53]. In other 
words, when the catalyst concentration increases, the reaction rate increases and then the screen 
effect prevails. Moreover, a possible loss in the surface area of the NPs can be caused by the 
agglomeration at high loadings, and thus prevents the absorption of photons by the catalyst [52]. 

 
Figure 5.6 Results of the kinetic experiments conducted at different catalyst loadings. Adopted 
reaction conditions: CIBU,0 = 4·10-2 mol/m3, T = 303 K, Qair = 0.94·10-6 m3/s and v = 750 rpm. 
Trends of the concentration profiles vs the reaction time for A) TiO2 and B) ZnO.  
 
The initial concentration effect of IBU was studied to verify the reaction order as demonstrated 
in Figure 5.7. Evidently, the higher the concentration of IBU in the solution, the lower 
photodegradation efficiency. This observation goes in line with the findings of Choina and 
coworkers [54] where photodegradation of IBU on ZnO was higher at low concentrations (<5 
ppm) in comparison with concentrated solutions. Plausibly, fewer radicals were shared for each 
IBU molecule and so the lower percentage of degradation is obtained, as attributed by 
Bennemla et al. [52]. Nevertheless, the detected IBU concentrations in wastewater bodies are 
usually less that 1μg/L [53], which is sufficiently low.  However, further studies are needed to 
evaluate the efficiency of these systems with lower pollutant concentrations. 
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Figure 5.7 Results of the kinetic experiments conducted at different initial concentrations of 
IBU. Adopted reaction conditions: ρB = 0.5 kg/m3, T = 303 K, Qair = 0.94·10-6 m3/s and v = 750 
rpm. Trends of the concentration profiles vs the reaction time for A) TiO2 and B) ZnO. 
  
The estimated values of ΔG°, ΔH° and ΔS° for TiO2 NPs (Table 5.2) show that the reaction is 
non-spontaneous, endothermic with a minor random behavior. Moreover, the increasing ΔG° 
values for TiO2 NPs, as the temperature increases reduces the spontaneity of the reaction 
producing, highly hydrated transition state complex, which needs enough energy to be produced 
[49-51]. The obtained small and negative ΔS° value suggests that weak bonds are present in the 
activated complex leading to a rapid degradation of IBU into simple products [50].  
 
Table 5.2 Kinetic and thermodynamic parameters for the photodegradation of IBU using TiO2 
NPs at 𝐸&" = 26.9𝑘𝐽/𝑚𝑜𝑙. 

T 

(K) 

k 

(𝒎𝟑/𝒎𝒐𝒍)𝒔"𝟏 
𝒍𝒏(𝒌/𝑻) ∆𝑯°/𝑹𝑻 

∆𝑯° 

(𝒌𝑱.𝒎𝒐𝒍"𝟏) 

∆𝑺° 

(𝒌𝑱.𝒎𝒐𝒍"𝟏𝑲"𝟏) 

∆𝑮° 

(𝒌𝑱.𝒎𝒐𝒍"𝟏) 

288 6.3 × 10!> -13.0 12.3 29.3 -0.21 90.9 

293 7.6 × 10!> -12.9 12.1 29.4  92.0 

303 1.1 × 10!7 -12.5 11.7 29.5  94.2 

313 1.5 × 10!7 -12.2 11.4 29.5  96.4 

323 2.1 × 10!7 -11.9 11.0 29.6  98.6 

 
For ZnO NPs, the rate constants and the corresponding values of the thermodynamic 
parameters, ∆𝐺°, ∆𝐻°, and ∆𝑆° for ZnO NPs show that increasing the reaction temperature, 
notably increases the rate constants (Table 5.3). Yet, the appreciably high positive activation 
enthalpy proves that the endothermic reaction nature is possibly due to electrostatic attraction 
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between the ZnO NPs and IBU, leading to a uniform adsorption of IBU molecules on ZnO 
particles to accomplish an efficient photodegradation. 
 
Table 5.3 Kinetic and thermodynamic parameters for the photodegradation of IBU using ZnO 
NPs at 𝐸&" = 102.8𝑘𝐽/𝑚𝑜𝑙. 

T 

(K) 

k 

(𝒎𝟑

/𝒎𝒐𝒍)𝒔!𝟏 

𝒍𝒏(𝒌
/𝑻) 

∆𝑯°
/𝑹𝑻 

∆𝑯° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

∆𝑺° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏𝑲!𝟏) 

∆𝑮° 

(𝒌𝑱.𝒎𝒐𝒍!𝟏) 

288 0.6 -6.2 43.9 105.2 0.11 74.5 

293 1.2 -5.5 43.2 105.3  74.0 

303 4.7 -4.2 41.8 105.3  73.0 

313 10.7 -2.9 40.5 105.4  72.0 

323 50.8 -1.7 39.2 105.5  71.0 

 
 
5.7. Conclusions 

This chapter summarized the photodegradation kinetics of IBU, using three semiconductor 
catalysts, namely CeO2, TiO2 and ZnO NPs. The experiments were carried out in a laboratory-
scale batch reactor by varying the operating conditions such as temperature, catalyst loading, 
and initial concentration of IBU. The analysis of the various samples was carried out by UV-
Vis spectrophotometry. The air flow rate and stirring rate were useful experimental parameters 
to exclude limitations by fluid-fluid and solid-fluid mass transfer, while further evaluations 
were done to neglect the intraparticle diffusion effect. Subsequently, after evaluating the 
reaction order and defining a kinetic law for each material, a kinetic model was proposed, both 
to describe the trend of the experimental data and to estimate adjustable parameters such as 
frequency factors, activation energies, pre-exponential factors of adsorption constants and 
enthalpy variations. Finally, to further characterize the system, thermodynamic analysis was 
carried out. In general, CeO2, TiO2 and ZnO materials demonstrated a good photodegradation 
capacity of IBU, showing different behaviors under varying operating conditions. The reaction 
system was found to be suitable for the IBU photodegradation reaction and it may be tested in 
the future to investigate different reaction conditions as well as be used for any studies on other 
emerging pollutants. In this perspective, this study will be the door for possible future 
applications of these NPs in continuous processes that could be coupled with a post-biological 
unit to convert IBU to less harmful products. 
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5.8. List of abbreviations 

EC emerging contaminant  

AOP advanced oxidationprocess 

IBU ibuprofen 

NPs nanoparticles 

ROS reactive oxygen species 
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Chapter 6 — Adsorption of Methylene Blue on Metakaolin-based 
Geopolymers: A Kinetic and Thermodynamic Investigation 
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6.1. Introduction 

“As the world population rises, so does the need for industrial products, which fuels the growth 
of numerous industrial sectors [1, 2]. This quick increase in the production leads to a significant 
volume of effluent, which may contain harmful chemicals and dyes. [3, 4]. These compounds, 
if not treated, can have negative impacts on the public health and the ecosystem [5]. 
Consequently, wastewater treatment is of paramount importance because harmful contaminants 
and pollutants will be removed from wastewaters before being discharged into the environment 
[6, 7]. It is essential for maintaining sustainable production methods and lowering the 
environmental impact of industry. A typical example of a sector with a significant water use is 
textile industry. [8]. Textile wastewaters are highly contaminated with hazardous organic 
compounds such as colors and poisonous metals e.g. chromium, antimony, and cobalt. Their 
unconstrained discharge results in serious contamination [8, 9]. More than 700 thousand tons 
per year of dyes are produced annually [10]  and the 2% of them are disposed directly in aqueous 
effluents generating huge volumes of colored wastewater [11].  
Dyes are classified according to chemical constitution, application class, and end use [12] and 
many of them are toxic and even carcinogenic [13]. Furthermore, they can reduce the 
transmission of light altering the biological metabolism of the hydrosphere and they cause 
microtoxicity to marine life due to their tendency to sequester metals [14-17]. Thus, treatment 
of wastewaters containing dyes is challenging and it is still in the spotlight of the scientific 
community since these compounds are recalcitrant organic molecules that show a high 
resistance to aerobic digestion and high stability to light, heat, and oxidizing agents [11, 18-20]. 
Several methods of dye wastewater treatment have been screened and reviewed in the last 30 
years including photocatalytic degradation [4, 21], sonochemical degradation, electrochemical 
degradation, integrated chemical-biological degradation, precipitation processes, coagulation, 
flocculation, and use of cation exchange membrane [10, 22-24]. To date, by considering the 
advantages and disadvantages of these removal techniques, adsorption represents an interesting 
and promising technology that can be applied on industrial scale due to its affordability, 
simplicity of design, ease of operation and insensitivity to toxic substances [25] and it does not 
result in the formation of harmful substances [26]. 
Methylene blue (MB) is used extensively in industries such as cotton, wood, and silk dyeing. 
Although it is not typically considered acutely toxic, the widespread release of MB can lead to 
the development of diseases and other adverse health effects in exposed populations [27, 28]. 
At the actual state of art, several papers deal with the adsorption of MB with different kinds of 
adsorbents. Commercial activated carbon represents the most popular choice for the removal of 
MB [29]. However, the focus of the scientific community has moved to find less expensive 
alternatives. Therefore, unconventional adsorbents have been tested, such as fly ash, pine 
leaves, mango seeds, and clays [30] showing in some cases good removal capacities. Table 1 
lists the recent studies of MB removal over the last two years, using different unconventional 
adsorbents, and various parameters have been studied in order to explore economic, 
environmentally benign, and efficient adsorbents.   
This work focuses on having an in-depth kinetic and thermodynamic understanding of the 
adsorption of metakoilin-based geopolymers for the removal MB, and compare it to the 
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performance of a commercial activated carbon. The collected data obtained from the kinetic 
study were analyzed using the dynamic intraparticle model (ADIM) for fluid–solid adsorption 
developed and investigated by our research group. The retrieved physico-chemical parameters 
are necessary for the development of a continuously operating adsorption column. This work 
will be useful in the future design of adsorption columns that can continuously remove organic 
contaminants from wastewater. 
 
6.2. Metakaolin-based geopolymers 

Hence, geopolymers (alkali-activated aluminum silicates) were tested in this work for the 
removal of MB. They are synthetic materials, typically amorphous, aluminum silicate based 
[31]. They have a structure similar to tectosilicates consisting of a three-dimensional network 
of SiO4- tetrahedral units covalently linked together [32]. Often the silicon atoms, the center of 
the tetrahedral units, are replaced by aluminum atoms as in clays [31, 33]. They are obtained 
via condensation polymerization, the so-called geopolymerization or geosynthesis, through 
mixing an aluminum-silicate powder such as metakaolin, fly ash, blast furnace slag, or synthetic 
raw materials (alumina and silica) with a strongly alkaline activating solution [31, 34]. The 
binders are silicates and/or alkali metal hydroxides. During geopolymerization, a gel is formed 
which acts as a glue for the unreacted particles and any fillers added as reinforcement. The 
process takes place at low temperatures, between 25 and 120 °C, with minimal shrinkage and 
rapid consolidation, from 5 to 10 hours, similar to quick-setting cements [35, 36]. The most 
significant advantage of using geopolymers lies mainly in their environmental and economic 
sustainability [33]. Other advantages are the short preparation time, the controllable process, 
the low cost due to the low synthesis temperature and the absence of mechanical processing to 
obtain the final product, and the possibility of producing the material in situ [37].  
Metakaolins are a class of materials used to prepare geopolymers [33, 37]. One of the key 
advantages of metakaolin is its high pozzolanic reactivity, which allows it to react quickly with 
alkali activators and form a strong, hardened materials [38]. Metakaolin also has a high silica 
content, which contributes to the strength and durability of the final product [33, 39]. 
Furthermore, the use of metakaolin in geopolymers synthesis can reduce the amount of waste 
materials generated from industrial processes, as it can be derived from the waste products of 
kaolin mining [40].  
 
6.3. Synthesis and characterization of geopolymers 

The preparation of the four types of metakaolin-based geopolymers was carried out as dense 
specimens. The amounts of the different components are listed in Table 6.1, while Table 6.2 
shows the molar ratios of Si/Al, Si/Na, and Al/Na.  
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Table 6.1: Summary of the masses of the various components used to produce metakaolin-
based geopolymers. 
Geopolymers Metakaolin 

METAMAX 
[g] 

Metakaolin 
MEFISTO 

[g] 

Activating 
solution 

[g] 

NaOH 
 

[g] 

Water 
 

[g] 

Total 
mass 
[g] 

Type A 43.682 0.000 44.784 4.644 6.890 100.000 

Type B 37.457 0.000 55.340 7.203 0.000 100.000 

Type C 0.000 47.104 47.993 4.903 0.000 100.000 

Type D 0.000 37.216 55.183 7.601 0.000 100.000 

 

Table 6.2: Chemical composition of the metakaolin-based geopolymers and Si/Al/Na molar 
ratios. 
Campione Na2O 

[mol] 
SiO2 
[mol] 

H2O 
[mol] 

Al2O3 

[mol] 
Si/Al 
[mol/mol] 

Na/Al 
[mol/mol] 

Si/Na 
[mol/mol] 

Type A 1.00 4.93 16.75 1.63 1.51 0.61 2.47 

Type B 1.00 3.52 12.06 1.01 1.74 0.99 1.76 

Type C 1.00 5.09 13.80 1.56 1.64 0.64 2.55 

Type D 1.00 3.46 11.78 0.91 1.89 1.10 1.73 

 

In a typical synthesis, an activating alkaline solution was prepared by dissolving solid sodium 
hydroxide in a sodium silicate solution. This highly exothermic reaction was carried out in a 
water and ice bath by gradual addition of sodium hydroxide to the sodium silicate solution, and 
stirred until completely dissolved. The resulting solution was left to cool for 24 hours at room 
temperature. The composition of the solution obtained can be expressed as Na2O: 1.34 
SiO2:10.48 H2O. Metakaolin was added to the activating solution in variable quantities and 
mixed mechanically at 500 rpm. The mixtures were then poured into molds. The obtained 
samples were sealed at 95% relative humidity and stored at room temperature (23 ± 2°C) for 
24 h. After which, they were placed in an oven at 60°C for the next 24h. The samples were left 
sealed at room temperature for further five days and finally opened and left for 21 days at room 
temperature. The images of the produced geopolymers are shown in Figure 6.1. 

 

 

 

 

 

Figure 6.1: Images of the produced geopolymers.  

Type A Type B Type C Type D 
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Different tools were employed to characterize the synthesized metakaolin-based geopolymers. 
All the specifications of each tool can be found in Publication VII. Figure 6.2 displays the 
WAXD patterns of the four types of metakaolin-based geopolymers synthesized. It can be 
observed that the samples are mostly amorphous with some diffraction peaks due to the 
presence of unreacted kaolinite, quartz and anatase that were already present in the starting 
metakaolins and to some trona (sodium hydrogen carbonate hydrate) formed during reaction.  
 

 
Figure 6.2 WAXD patterns of the geopolymers A, B, C, and D. Main diffraction peaks of the 
crystalline phases have been indicated: A – anatase (01-070-7348); K – kaolinite (01-080-
0886); Q- quartz (01-083-0539), T- trona (00-001-1077). 
 
SEM images shown in Figure 6.3 describe the morphology of the samples. In all cases (Figure 
6.3A-D), the morphology is typical of a geopolymeric material. In particular, a rather 
homogeneous and continuous structure is observed, with some small fractures most likely due 
to the mechanical stress to which the sample was subjected to obtain a fresh fracture surface to 
be observed by SEM.  The lamellar crystals of unreacted kaolinite (detectable also in the X-ray 
pattern reported in Figure 6.2) are still evident and can be identified thanks to their distinctive 
morphology. Finally, the high-magnification images (Figure 6.3A’-D’) point out the typical 
fine morphology of geopolymeric samples, i.e. characterized by the presence of a sort of 
nanometric spheres deriving from the gel phase that the geopolymer undergoes during the 
polycondensation process. 
The results of the surface area, pore size, and pore volume for the tested adsorbents are listed 
in Table 6.3. Information about commercial activated carbon used as the reference material are 
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reported, too. As apparent, the geopolymer based adsorbent is characterized by a surface area 
that is at least one order of magnitude lower than the commercial activated carbon. As far as 
the pore dimensions, in case of commercial activated carbon we found an average pore volume 
of around 0.75 cm3/g while in case of the geopolymer samples, the average volume ranged from 
0.2 to 0.4 cm3/g, thus being around ¼ to ½ in respect to that of activated carbon.  
 

 
Figure 6.3 SEM images of fresh fracture surfaces of geopolymers A, B, C, and D at different 
magnifications: A, B, C, D 1000x; A’, B’, C’, D’ 10000x. 
 
 
 



  

 
 

85 
 

Table 6.3 Textural properties of the adsorbents. 

Geopolymer Surface area 
[m2 g-1] 

Average pore volume 
[cm3 g-1] 

Si/Al 
[mol mol-1] 

Type A 51 0.371 1.51 
Type B 44 0.186 1.74 
Type C 43 0.256 1.64 

Type D 34 0.237 1.89 
Activated carbon 650 0.748 - 

 
 
6.4. Batch adsorption of MB on geopolymers 

6.4.1. Adsorption isotherms  

The adsorption capacity towards MB was measured for the four prepared geopolymers and 
commercial activated carbon. The corresponding adsorption performance was evaluated under 
identical experimental conditions (T= 30°C, C0=8.02×10-2 mol m-3; ρbulk= 0.50 kg m-3, v=450 
rpm, pH= 7). Type A geopolymer showed a significantly higher adsorption uptake than that of 
activated carbon for the same surface area. Therefore, Type A geopolymer was selected for 
detailed thermodynamic and kinetic investigations (The screening test details are explained in 
Publication VII).  
The adsorption capacity of the Type A geopolymer was determined and the adsorption isotherm 
experiments were conducted at three different temperatures i.e., 30, 40 and 50 °C. The 
experimental adsorption data were fitted using both Langmuir and Freundlich adsorption 
isotherms, to describe the trend of CS vs CB and to understand the equilibrium phenomena 
behind the adsorption process. The results shown in Figure 6.4, clearly indicate that the 
experimental data were best fitted by the Langmuir isotherm. Moreover, the plateau values of 
the concentration, collected from the kinetic experiments, match the Langmuir fitting line. 
According to the Langmuir model (Eq. 6.1), the adsorption of the adsorbate is limited to a 
monolayer assuming a homogeneous adsorption process with no interaction between the 
adsorbed molecules. The estimated model parameters are shown in Table 6.4 along with the 
95% confidence intervals. 

                                                (6.1) 

where b is Langmuir adsorption parameter (m3×mol-1), CS is the solute concentration in the solid 
(mol×m-3), CS* is the saturation solute solid concentration (mol×m-3), and CL is the solute 
concentration in the liquid of the pore (mol×m-3). 

 

 

* ( , )
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Table 6.4 Estimated adsorption parameters of Langmuir model. 

T [°C] CS* [mol m-3] b [m3 mol-1] 
30 120±10 1900±500 

40 130±10 1800±400 
50 134±3 1200±100 

 
 

 
Figure 6.4 (a) Langmuir and (b) Freundlich isotherm plots for the adsorption of MB dye on 
Type A geopolymer at different temperatures. 
 
Table 6.5 summarizes the calculated values of the key thermodynamic parameters which are 
ΔG°, ΔH°, and ΔS° at different temperatures, i.e., 303, 313, and 323 K of the adsorption of MB 
on Type A geopolymer. The thermodynamic parameters were estimated according to Eqs 6.2 – 
6.3. 

                                                                                                            (6.2) 

                                                                                                                     (6.3) 
where 	𝑏 is the Langmuir adsorption parameter (m3 mol-1), ΔG° (kJ mol-1) is the activation Gibbs 
free energy, ∆𝐻° (kJ mol-1) is the change in enthalpy, ∆𝑆° (kJ mol-1 K-1) is the change in entropy, 
𝑅 is the general gas constant (8.314 J mol-1 K-1), and T is the absolute temperature (K). 
The obtained thermodynamic parameters are listed in Table 5. The negative values of ΔG° 
indicate that the adsorption process is spontaneous and that the MB molecules have a high 
affinity and uptake on geopolymer Type A. On the other hand, the negative value of ΔH° 
indicated that the adsorption process was relatively exothermic, this might be due to the 
destruction of binding sites between MB dye and the geopolymer. In this study, ΔH° is lower 
than 40 kJ/mol confirming that the adsorption is mainly physical in nature. The positive value 
of ΔS° supports the randomness of the adsorbent surface after adsorption which is beneficial 
for spontaneous adsorption process.  
 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0

20

40

60

80

100

120

140

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0

20

40

60

80

100

120

140

Thermodynamics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C

Kinetics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C
 Langmuir isotherm fitting

C
S
 [m

ol
 m

-3
 S

O
L]

CB [mol m-3 LIQ]

Thermodynamics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C

Kinetics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C
 Freundlich isotherm fitting 

C
S
 [m

ol
 m

-3
 S

O
L]

CB [mol m-3 LIQ]

ln S Hb
R RT

° °D D
= -

ln CG RT K°D = -



  

 
 

87 
 

Table 6.5 Kinetic and thermodynamic parameters for the adsorption of MB using Type A 
geopolymer. 

T 

[K] 

ΔH° 

[kJ/mol]  

ΔS° 

[kJ/(mol K)] 

ΔG° 

[kJ/mol] 

R2 

303 
-18.54 0.25 

-19.02 
0.99 313 -19.50 

323 -19.04 

 

6.4.2. Adsorption kinetics 

The evaluation of adsorption kinetics is important as it provides insights into the adsorption 
mechanism. In this section, the obtained results are reported in terms of the bulk liquid 
concentration of MB normalized by the initial concentration in the solution (CB/C0) as a 
function of the time (t). The adsorption kinetics of MB on Type A geopolymer was studied at 
different experimental conditions by varying the stirring rate, the initial concentration of the 
dye, the adsorbent bulk density, and the temperature. It is worth noting that the development of 
a mathematical model is necessary for the interpretation of the kinetic data, collected from the 
batch experiments, considering all the possible phenomena proceeding on the molecular scale. 
Specifically, the ADIM was used to describe the adsorption kinetics of MB on the type A 
geopolymer. The details of the modelling activities and the input parameters can be found in 
Publication VII.   

Figure 6.5 shows the concentration profiles at different stirring rates (ν). The curves are 
overlapped and a common uptake value of 50 % is obtained at different stirring rates, clearly 
indicating the absence of external mass transfer limitations. This conclusion justified us to fix 
the fluid-solid mass transfer coefficient km to a large value during the simulations.    
The effect of the initial concentration of MB is shown in Figure 6.6. It can be noticed that the 
higher the initial concentration of MB, the lower the adsorption efficiency. This result can be 
considered to be in line with the assumption of a monolayer adsorption mechanism according 
to the Langmuir model.  
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Figure 6.5 The effect of the stirring rate on the MB adsorption kinetics over Type A 
geopolymer. Experimental conditions are: T=30°C; C0=8.02×10-2 mol m-3; ρbulk= 0.50 kg m-3.  
 

 
Figure 6.6 The effect of the initial concentration on the MB adsorption kinetics over Type A 
geopolymer. Experimental conditions are: T=30°C; v= 450 rpm; ρbulk= 0.50 kg m-3. 
 
The effect of the adsorbent bulk density on the adsorption kinetics was studied by varying the 
amount of the geopolymer added to the MB solution as illustrated in Figure 6.7.  
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Figure 6.7 The effect of the adsorbent bulk density on the MB adsorption kinetics over Type 
A geopolymer. Experimental conditions are: T=30°C; v= 450 rpm; C0= 8.02×10-2 mol m-3.  
 
It is evident that using a higher loading of the solid material enhances the adsorption kinetics. 
In fact, the slope of the curves is steeper, thus the adsorption is faster, by increasing the 
adsorbent bulk density. The uptake of the dye on the solid increases from 15 to 50 % by 
changing ρbulk from 0.14 to 0.50 kg m-3. 
In the end, kinetic experiments at different temperatures were carried out to study the effect of 
temperature. The obtained results are presented in Figure 6.8 and they agree with those observed 
in the adsorption isotherm study. It can be seen that the temperature does not have a significant 
effect on the removal efficiency of MB and no appreciable improvement on the adsorption 
kinetics and solute uptake was observed. 
The experimental data were analyzed by nonlinear regression, and it was possible to estimate 
the values of the tortuosity of the particles τ and that of the surface diffusivity (DS). The latter 
one is a temperature-dependent parameter, so it was necessary to determine its value at different 
temperatures. The results of the parameter estimation are listed in Table 6.6. 
The dependence of surface diffusivity on the temperature can be expressed by an Arrhenius-
like equation (Eq. 6.4). The estimated values of DS are plotted against the temperature in Figure 
6.9.  

                                                    (6.4) 

where Ds is the surface diffusivity, (m2×s-1), Es is the activation energy (kJ.mol-1), R is the 
universal gas constant (kJ mol-1K-1), and T is the temperature in K.   

From the fitting of the values of DS vs T, a surface activation energy ES of 35±5 kJ/mol is 
obtained. 
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Figure 6.8 The effect of the temperature on the MB adsorption kinetics over Type A 
geopolymer. Experimental conditions were set as: v= 450 rpm; C0= 8.02×10-2 mol m-3, ρbulk= 
0.50 kg m-3. 
 
Table 6.6 Estimated parameters with statistical analysis. 

PARAMETER  T=30° C T=40° C T=50° C 

Ds×1013 [m2 s-1] 1.1±0.1 1.6±0.4 2.6±0.2 

τ [-] 5±1 

 

 
Figure 6.9 Surface diffusion coefficient as a function of temperature. 
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It must be emphasized that a good fitting is obtained in each case, thus the ADIM was able to 
describe the behavior of the system under the investigated conditions and to provide extended 
information on the adsorption kinetics. This was further confirmed by the parity plot displayed 
in Figure 6.10, which shows a reasonably good agreement between the calculated and the 
experimental data within a confidence interval of ± 10%. In addition, the overall correlation 
factor R2 is equal to 0.99. 

 
Figure 6.10 Parity plot of MB normalized concentration. 
 
6.5. Conclusions 

In this work, metakaolin-based geopolymers were synthesized and applied for the removal of 
MB as a cationic model dye. Four different kinds of geopolymers were synthesized with 
different molar ratios of Si/Al. Multiple analytical tools were applied in the characterization of 
the synthesized geopolymers, confirming the formation of geopolymer particles with 
amorphous structure and morphology. Screening tests for the four types of geopolymers alluded 
that the geopolymer of type A has the highest adsorption capacity with the highest uptake and 
affinity towards MB.  Moreover, the adsorption capacity of the type A geopolymer towards MB 
was significantly higher than that of activated carbon for the same surface area, owing to the 
electrostatic interactions between the cationic dye and the geopolymer, and the unique structural 
properties of these geopolymers. Subsequently, an extensive kinetic and equilibrium study was 
carried out in batch experiments to explore the effect of the main operation conditions such as 
temperature, solid bulk density, initial concentration of MB, and agitation speed on the 
adsorption kinetics of MB on Type A geopolymer. The Langmuir adsorption model showed the 
best agreement to the adsorption equilibrium, indicating the strong bond between MB and Type 
A geopolymer and indicating that the adsorption process can be described as monolayer 
adsorption with uniform surface sites and adsorption energies. The ADIM model provided 
insights into the diffusion mechanism of MB through the determination of km and DS values, 
parameters needed to design an adsorption column working in flow. Additionally, the 
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thermodynamic analysis indicated that the adsorption of MB on type A geopolymer was 
exothermic and spontaneous. Lastly, it is concluded from the results of this study that these 
geopolymers have a good potential as adsorbent materials for the use in wastewater treatment 
applications.” 

6.6. List of abbreviations 

MB methylene blue 

ADIM adsorption dynamic intraparticle model 
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Chapter 7 — The Potential of CeO2-Mxene Catalyst for the Destruction 
of Ibuprofen 
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7.1. Introduction 

Since the world population is increasing annually with an unsustainable rate, the rapid depletion 
of clean water sources on the planet is continuously increasing [1]. Therefore, the need of 
wastewater treatment is surely relevant as ever. Nowadays, more than 700 emerging 
contaminants (ECs) that are either synthetically or naturally produced are chaotically disposed 
in water bodies, resulting in the creation of recalcitrant wastewater containing hazardous 
contaminants. [2, 3]. These ECs include personal-care products, organic wastewater 
compounds, and pharmaceutically active compounds that can be harmful to both ecological and 
human health.  

Ibuprofen, 2-(4-isobutylphenyl) propionic acid (IBU) is a well-known nonsteroidal anti-
inflammatory drug that is widely detected in wastewaters, as reported in many investigations 
[4-6]. Thus, finding sustainable methods to treat contaminated water is one of the global 
priorities. Most of the existing advanced wastewater treatment options include physical 
separation of contaminants and biological oxidation, that are expensive technologies facing 
many operational challenges [7, 8]. Hence, integrating technologies such as ozonation and 
photodegradation alongside using non-conventional solids can be one of the sustainable and 
promising approaches for water purification [9].  

Advanced oxidation processes (AOPs) are considered very promising for the abatement of a 
wide range of organic pollutants in wastewater [6]. AOPs include five main categories 
involving single and combined processes namely; photocatalysis (PC), ozonation (O3), fenton, 
wet air oxidation (WAO), hydrogen peroxide (H2O2), and sonication. Coupled processes 
include PC/H2O2, PC/chlorine, O3/H2O2, PC/O3, etc [10]. The production of strongly oxidizing 
radicals is the fundamental principle behind AOPs [11]. Hybrid ozonation in wastewater 
treatment is considered a successful solution for the degradation, mineralization, and 
detoxification of different contaminants in wastewater effluents [11]. It also overcomes the 
drawbacks of the sole ozonation technology that includes the selective nature of ozone, limited 
mass transfer, slow reaction rates, and the expensive ozone generation due to high energy 
consumption [11, 12]. 

This chapter sheds the light on the potential of CeO2-Mxene as a promising catalytic candidate 
in ozonation-photocatalytic hybrid system for the destruction of IBU. 

7.2. Mxenes 

Mxene, is a new class of 2D nanomaterials derived from a family of transition metal carbides, 
nitrides, and carbonitrides, has recently piqued interest in various fields [13]. Figure 7.1 shows 
Mxene precursors and their synthesis that consists of three types of mono-M MAX phases 
which include M2AX, M3AX2, M4AX3 and the selective etching process of the Agroup layers 
and the possible elements in the Mxene phases [13]. Mxenes have gained tremendous interest 
since Drexel University academics discovered them in 2011 [14].  

Mxenes represent a new and innovative solution for the elimination of emerging contaminants 
from wastewaters, offering a more effective and sustainable approach compared to traditional 
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methods [15, 16]. They have been widely employed in the fields of electronics, catalysis, 
environmental remediation, and energy storage because of these exceptional features [15, 17]. 
Their phenomenal characteristics involve very active sites and high specific surface areas, high 
metallic conductivity, environmentally friendly nature, high chemical stability, tunable surface 
chemistry, and superior sorption/reduction capacity [17]. 

 

Figure 7.1 Mxene precursors and their synthesis [13]. 

The use of Mxenes in wastewater treatment has the potential to be applied to treat the effluenets 
of various industries and sectors such as pharmaceuticals and personal care products, textile 
industries, as well as heavy metals and other toxic pollutants removal [16]. Nonetheless, 
Mxenes frequently undergo degradation in an aqueous environment when molecular oxygen is 
present because of their low stability and hydrophilicity [16,18]. Thus, the versatility and the 
effectiveness of Mxenes by incorporating them in other material structures, make them 
promising compounds to treat the occurrence of emerging contaminants in wastewaters [18].  

7.3. Synthesis and characterization of CeO2-5%Mxene 

CeO2-Mxene composites were synthesized following the procedure of previous study [19] with 
some modifications as the HF solvent was replaced by a LiF/HCl solution [20] as illustrated in 
Figure 7.2. In brief, 1 g of the MAX phase powder (Ti3AlC2) was exfoliated using 0.67 g of LiF 
that was added to 10 ml of 9M HCl solution and.  Five washing and decantation steps were 
conducted to maximize the purity of the collected Mxene. The collected powder was 
functionalized with CeO2, following a hydrothermal route with a molar ratio CeO2/5%Mxene 
[19]. Lastly, the collected powder was dried at room temperature overnight to be further 
characterized.   
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Figure 7.2 Synthesis of CeO2-5%Mxene. 

The characterization techniques included XRD analysis, which was performed using Malvern 
Panalytical Aeris benchtop X-ray diffractometer. Figure 7.3 confirms the formation of the 
CeO2-Mxene composite, however, the Mxene peak at an angle of around 7.8º, is not visible due 
to the low molar ratio of Mxene in the structure which was 5%.  

 

Figure 7.3 XRD spectra of Max, CeO2, Mxene and CeO2-Mxene composite. 

The SEM images (SEM Zeiss Leo Gemini 1530) shown in Figure 7.4 confirm the sheet-like 
structure of Mxene and the CeO2-Mxene composite. Moreover, the EDS analysis confirmed the 
presence of titanium in the surface scan performed for the CeO2-Mxene composite (Figure 7.5). 
Nitrogen physisorption (Micromeritics 3 Flex 3500) was used to determine the Brunauer–
Emmett–Teller (BET) surface areas of the synthesized compounds and the corresponding N2 
adsorption-desorption hysteresis isotherms as illustrated in Figure 7.6. It was found that the 
BET surface areas for the pure CeO2, Mxene, CeO2-Mxene composite were 49.6, 2.4, 14.2 
m2/g, respectively, showing reduction in CeO2 surface area.  
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Figure 7.4 SEM images of Mxene and CeO2-Mxene composite. 

 

 

 

 

 

 

Figure 7.5 EDS scanning image of CeO2-Mxene composite. 

 

Figure 7.6 BET surface areas and adsorption-desorption isotherms. 

Figures 7.8 and 7.9 show the UV-DRS spectra (Shimadzu UV-2501PC spectrophotometer) for 
the compounds and the absorption edge which is centered at around 410 nm for both CeO2 and 
CeO2-Mxene. The corresponding bandgap energies estimated using the Tauc model [21] were 
2.53 and 2.34, respectively.  
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Figure 7.8 UV spectra of the CeO2, Mxene, and CeO2-Mxene. 

Figure 7.9 UV-DRS of the tested compounds. A) CeO2 B) CeO2-Mxene composite. 

7.4. Semibatch destruction of IBU in a catalytic ozonation-
photodegradation system 

The catalytic ozonation-photodegradation experiments were conducted in a gas-liquid reactor 
system operating in semibatch mode. In this system, a double jacket glass reactor with a 
capacity of 1100 ml was connected to an ozone generator (Absolute Ozone, Nano model, 
Canada). UV-lamps of 125W and 6W were tested to check the performance of the system. 
However, the final screening experiments were performed with an UV-lamp of 6W for safety 
reasons. The reactor system is displayed in Figure 7.10.  
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Figure 7.10  Schematic presentation of the hybrid ozonation-photodegradation set-up. 

In the standard execution of the experiment, the IBU solution was prepared with the desired 
concentration and then loaded into the reactor vessel and stirred at the set value. The reactor 
was closed with the lid and connected to the thermostat, set at a pre-specified reaction 
temperature. pH-stat device (Metrohm Tiamo) was used to control the pH of the solution by 
adding a 1M sodium hydroxide solution. The ozone flow rate was adjusted with oxygen gas 
flow rate entering the ozone generator of 450 mL/min, which produces approximately a 60 
mg/L concentration of ozone. At this point, the catalyst was loaded into the reactor. The reactor 
was shielded before the UV lamp to reduce the ray dispersion, thus avoiding any risk to the 
operator. A first sample was collected to measure the concentration of IBU (time = 0 sample). 
The reaction was started by switching on the lamp and the ozone generator was turned on 10 
min before the lamp to allow the solution to be saturated with Ozone. Samples were periodically 
withdrawn to follow the reaction kinetics until a maximum time of 3 h. Each sample was 
centrifuged at 3000 rpm for 5 min and filtered using 0.20 µm filters. The resulting liquid sample 
was analyzed by Agilent 1100 HPLC system to detect the concentration of IBU and to construct 
the calibration curve (Eq 7.1 and Figure 7.11) which is valid in a concentration range between 
0-0.1 mol/m3. 50% w/w acetonitrile, 50% w/w water mobile phase were used in C18 column, 
the UV-Vis photo array detector was set at 222 nm, and the sample injection volume was 5 µL, 
with the retention time 20 min at 40 °C, and the flow rate 1.5 ml/min.  

𝑐A.B = (0.0006𝑋 + 0.001)𝐴𝑏𝑠, 𝑅/ = 0.99                                                                                  (7.1) 
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Figure 7.11  HPLC calibration curve for IBU. 

Several experiments were conducted to verify the effectiveness of the hybrid ozonation-
photodegradation setup. The main preliminary results of the destruction of IBU using the hybrid 
system are presented in Figure 7.12.  

 

Figure 7.12 Destruction of IBU using the catalytic ozonation-photodegradation hybrid system. 

It is evident that CeO2-Mxene showed accelerated kinetics of IBU destruction in comparison 
with CeO2 and Mxene compounds. This could be attributed to the formation of the Schottky 
junction when 5% Mxene incorporated in the CeO2 structure as has been investigated by Shen 
et al, [19]. The inherent electric field might have been induced promoting the transfer of the 
electrons from CeO2 to Mxene and repelling the holes from Mxene, resulting in the spatial 
separation of the electron-hole pairs [19]. However, further experiments are still needed to 
confirm this effect and explore the mineralization mechanism of the reaction using LC-MS 
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technique. Furthermore, the recyclability of CeO2-Mxene composite, should be thoroughly 
investigated. Lastly, the CeO2-Mxene composite should be tested in the system under visible 
light, because the Mxene conductivity can enhance the performance of CeO2 under visible light. 

7.5. Conclusions 

In summary, the CeO2-Mxene composite was fabricated via hydrothermal method and 
characterized to be tested in the catalytic ozonation-photocatalytic hybrid system for the 
destruction of IBU. The improved catalytic performance was attributed to the Schottky junction 
in the CeO2-Mxene structure, which promoted the movement of the photoinduced electrons and 
hindered holes from approaching Mxene, resulting in the spatial separation of the electron-hole 
pairs. Further studies should focus on the by-products of the reaction and the corresponding 
mechanism using this hybrid system. The recyclability of CeO2-Mxene should be investigated 
to confirm the stability of the catalyst for wastewater treatment. Additionally, the performance 
of the CeO2-Mxene composite should be explored under visible light.  

7.6. List of abbreviations 

EC emerging contaminant 

IBU ibuprofen 

AOP advanced oxidation processe 

PC photocatalysis 

WAO wet air oxidation  

BET Brunauer–Emmett–Teller 
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Chapter 8 — Conclusions and Future Remarks 
  

 

 

“You cannot hope to build a better world without improving the individuals. To that end, each of us must 

work for his own improvement and, at the same time, share a general responsibility for all humanity, our 

particular duty being to aid those to whom we think we can be most useful.”  

Marie Skłodowska Curie  
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8.1    Conclusions 

Water plays a pivotal role in promoting the sustainability and advancing the socio-economic 
progress, energy generation, food cultivation, maintaining thriving ecosystems, and ensuring 
human survival. Moreover, it functions as a crucial element in adapting to climate change, 
acting as the vital connection between the human society and the natural environment. 
Consequently, it is incontrovertibly evident that there is an urgent global imperative to 
formulate immediate strategies and initiatives aimed at preserving our water resources. Hence, 
the principal objective of this research was to assess the effectiveness of newly developed 
materials, created in-house, for the removal of emerging contaminants specifically, ibuprofen, 
bromocresol green, alizarin red S, and methylene blue from wastewaters. Adsorption and 
photodegradation technologies in both batch and semibatch reactors were investigated. 
Additionally, the study included an evaluation of the performance of conventional commercial 
materials i.e. activated carbon and metal oxides. It can be deduced that adsorption and 
photodegradation represent highly promising technologies for wastewater treatment. 
Nevertheless, further research should be performed to delve into and enhance the performance 
of several new innovative materials used for this purpose. For example, the structure of certain 
categories of MOFs can be stabilized in aqueous solutions, thereby optimizing their 
performance in water purification applications. The models applied to understand the diffusion 
mechanism of the contaminant were elucidating. Nonetheless, designing and testing adsorption 
columns are essential steps, necessitating experimentation in the presence of diverse organic 
and inorganic compounds to replicate real-world scenarios. It is anticipated that the current 
results and models applied using the different semiconductors for photodegradation 
experiments in this work, will open doors for possible future applications of these nanoparticles 
in continuous processes for wastewater treatment. 

8.2     Future remarks 

The following points present some guidelines for future work; 

• Investigate the impact of additional substances that might interfere with both adsorption 
processes and photodegradation reactions. 

• Enhance the stability of MOFs in aqueous solutions through ligand and metal anode 
selection, post synthetic alterations, and protective encapsulation. 

• Validate the models by comparing their effectiveness in describing the removal of other 
emerging contaminates from wastewaters. 

• Explore the potential of new materials such as Mxene-based compounds for the removal 
of ibuprofen from wastewater and compare the performance with studied compounds.  

• Assess the environmental safety of the investigated materials in terms of their biological 
toxicity when used for removing emerging contaminants, ensuring that they are 
environmentally benign. 

• Conduct feasibility and techno-economic assessments for the various studied materials 
to evaluate their cost-effectiveness when employed in large-scale wastewater treatment 
facilities. 
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The growing accumulation of emerging contaminants in the environment can cause

direct and indirect water pollution that puts human lives at risk. The fact that these

contaminants are not or cannot be eliminated from the municipal water utilities, poses

a significant concern. Researchers are currently pulling massive attention to improve

existing technologies, develop new strategies, and provide environmentally durable

solutions to mitigate water contamination problems. Adsorption and photodegradation

are two of the most sustainable technologies that are used in water purification. These

technologies have many advantages because of the economic, simple, and easily

operated designs needed to treat wastewater. Within these applications, metal organic

frameworks (MOFs) are playing a significant role as novel class of porous materials

characterized by a crystalline structure. MOFs are considered good candidates to

be employed in wastewater treatment technologies because of the tunability of their

features. The scope of this review article is to provide a comprehensive description of the

recent studies published in the literature about the adsorptive and photocatalytic use of

MOFs for the removal of organic emerging contaminants from wastewater. Furthermore,

this study briefly highlights the synthesis technologies of MOFs. Finally, future perspective

and challenges associated with MOF large-scale production are discussed.

Keywords: metal organic frameworks, MOFs, emerging contaminants, adsorption, photodegradation, wastewater

treament

INTRODUCTION

In the last few decades, much attention has been devoted to emerging contaminants (ECs), a
new class of water pollutants, including natural and synthetic chemicals and their transformation
products, e.g., personal care products, pharmaceutical compounds, and endocrine-disrupting
products. The presence of these ECs in wastewater is considered an environmental issue due
to the consequent verified toxicity for water ecosystems and health (Rodriguez-Narvaez et al.,
2017). On the other hand, these products are not commonly monitored in the environment (Tran
et al., 2018). Other emerging contaminants in the environment are nanomaterials, perfluorinated
compounds, pesticides, industrial chemicals, surfactants, flame retardants, disinfection byproducts
(DBPs), artificial sweeteners (Richardson and Kimura, 2017), etc. These contaminants come from
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many different sources, such as industrial, municipal, and
hospital wastewater treatment plants (WWTP), sewer leakage,
landfill leachate, etc. (Rasheed et al., 2019). Typical wastewater
treatment processes do not adequately remove ECs (Ryu et al.,
2014; Tran et al., 2018). Although their concentration in
the environment is low, ranging from ng/L to µg/L, these
compounds are pseudo-persistent due to their continuous
discharge (Fairbairn et al., 2018). This creates the risk of chronic
exposure for living organisms, especially due to pharmaceuticals.
The adverse effects of the interaction of ECs with living organisms
include alteration of animal endocrine systems, reduced fertility
and fecundity, and masculinization of females and feminization
of males (Ruhí et al., 2016). Moreover, continuous discharge of
antimicrobial agents and antibiotics can lead to the development
of antibiotic-resistant bacteria, thus, reducing the effectiveness of
these compounds against pathogens (Rodriguez-Narvaez et al.,
2017). Richardson and Ternes investigated in their biennial
review the recent developments and the current issues about ECs
(Richardson and Ternes, 2018). They highlighted the presence,
analysis, and the fate of different ECs in the environment. In
addition, they presented the acceptable levels of ECs in water
that are regulated by the World Health Organization (WHO) for
water quality (Dhakshinamoorthy et al., 2019).

Water treatment technologies can be divided into biological
treatment, phase changing, and advanced oxidation processes
(Cheremisinoff, 2007). The most common technologies for
biological treatment of waste waters involve the use of activated
sludge in aerobic or anaerobic conditions; phase-changing
processes are based on the sorption of the contaminant
from the aqueous phase to the surface of a porous solid
material (adsorbent); advanced oxidation processes (AOPs) are
based on in situ formation of non-selective, highly oxidizing
radicals to degrade the contaminant molecules. Investigation and
development of water treatment technologies, which are effective
for the abatement of this class of contaminants, are imperative
to ensure the use of safe water and reduce environmental
damage (Crini and Lichtfouse, 2019). Research is very active
in the development and performance improvement of new
nanomaterials, which could be employed as nanosorbcats (El-
Qanni, 2017).

In the last two decades, attention has been drawn to
an innovative class of porous materials, known as metal
organic frameworks (MOFs). These compounds have been
first synthesized by Yaghi et al. (1995) and investigated for
numerous applications in wastewater treatment (Hasan et al.,
2012; Seo et al., 2016; Wu et al., 2016; Akpinar and Yazaydin,
2017; Martinez-Costa et al., 2018; Daliran et al., 2020; Hu
et al., 2020), gas purification (Trickett et al., 2017), light
capture and energy conversion (Kreno et al., 2012), separation
processes (Yaghi et al., 2019), drug delivery (Rojas et al.,
2019), and catalysis (Dhakshinamoorthy et al., 2019; Yang and
Gates, 2019; Wang Z. et al., 2020). The structure of MOFs
consists of metal centers and organic linkers to form infinite
crystalline networks (Butova et al., 2016; Yang and Gates,
2019). These organic and inorganic hybrid structures can be
categorized into metal carboxylate frameworks, metal azolate
frameworks, and MOFs, including hydrophobic functionalities.

These compounds are characterized by a crystalline structure
with a great flexibility in pore size, pore shape, functionality,
thermal stability, and high surface area (Eddaoudi et al., 2000;
Farha et al., 2012; Han et al., 2016). Such features grant
their versatility in sustainable removal of various contaminants
(Hasan and Jhung, 2015).

Several reviews summarized the different applications of
MOFs in wastewater purification (Furukawa et al., 2013;
Dhakshinamoorthy et al., 2018; Kumar et al., 2018; Mon
et al., 2018; Bedia et al., 2019; Rego et al., 2020; Wang
Q. et al., 2020). However, MOF real industrial applications
were not thoroughly investigated and assessed (Kumar et al.,
2018). These structures pose some drawbacks that can be
critical in the industrial utilization in water treatment, i.e.,
the intrinsic instability could limit the practical performance
of MOF as they may collapse in aqueous environments
(Rego et al., 2020).

The main focus of this study is to review the most
recent technologies in employing MOFs for the adsorptive and
photocatalytic removal of emerging contaminants in wastewater
streams. This is achieved by identifying the actual gaps and the
state-of-the-art trends in the scientific literature in this promising
research field.

ABATEMENT TECHNIQUES

Many different processes are reported recently for the abatement
of ECs as shown in Figure 1. These effective technologies are
(1) advanced oxidation processes, (2) phase-changing processes
including adsorption in different solid matrices and membrane
processes, and (3) biological treatment.

The main features of the mentioned technologies are listed
below, as an example for ibuprofen removal.

• Biological Filtration: water containing low levels of
ibuprofen were treated with a biologically active granular
activated carbon (GAC) filter unit, managing to reduce the
concentration to below the limits of quantification (< 1 ng/L)
(Vieno et al., 2007).

• Membrane separation: this kind of process has been proven
to be effective in eliminating ibuprofen from water sources.
Removal rates ranged between 92 and 99% using nanofilter
(NF) and reverse osmosis (RO) membranes with different
hydrodynamic ratios and starting ibuprofen concentrations
(Xu et al., 2005).

• Ozonation: one bench-scale study conducted on various
sources of wastewater found that the ibuprofen removal rate
ranged from 40 to 77%, varying as a function of organic
carbon concentration and pH (Nakada et al., 2007). Two other
bench-scale studies gave very different results, one reported an
average of 80% removal for four spiked surface waters (ozone
concentration range: 2.5–4 mg/L) (Huber et al., 2003), and
another one reported 12% removal in distilled water spiked
with ibuprofen (ozone concentration: 1 mg/L) (Westerhoff
et al., 2005). Results from another study about contaminated
surface water treatment using a pilot-scale system showed an
ibuprofen removal efficiency > 89% (Vieno et al., 2007).
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FIGURE 1 | Schematic of wastewater treatment technologies [inspired by Rodriguez-Narvaez et al. (2017)].

• Adsorption: removal of ibuprofen with powdered activated
carbon (PAC) was reported to increase with PAC
concentration. In one bench-scale study it was found
that the ibuprofen removal rates ranged between 2 and 80%
with varying PAC concentrations in the 1–20-mg/L range
(Westerhoff et al., 2005).

• Ultraviolet (UV) radiation with an intensity designed to
simulate solar irradiation was reported to cause a range of
62–67% ibuprofen photodegradation in various source waters
spiked with high contaminant concentrations (10–40 mg/L)
(Mohamed et al., 2018).

ADSORPTION

Adsorption is a natural phenomenon where one or more
components of a fluid mixture are transferred on the surface of
a solid material by physical or chemical interaction, bringing to a
concentration variation compared to the adjacent phases (Russo
et al., 2016, 2017). Adsorption processes are commonly employed

in industrial environment for both compound separation and
wastewater treatment. This technology is characterized by many
attractive features, including cost effectiveness, ease of design
and operation, and resistance to toxic substances. The key
point of the cost analysis for adsorption technique is the cost
of the employed adsorbent (Russo et al., 2016). Since the
extent of adsorption greatly depends on the surface area of the
adsorbent, small particles characterized by high porosity are
required for industrial applications. Figure 2 demonstrates the
typical mechanism of adsorption where the sorbate molecules
covers the solid to form a film on the surface of the adsorbent
(Lowell et al., 2004).

Good mechanical properties such as abrasion resistance
are also needed for the adsorbent to be effectively used
for a great number of times (Tareq et al., 2019). There
are many types of adsorbents for great number of different
applications. The most commonly employed adsorbents include
silica, polymers, activated alumina, activated carbon, zeolites,
and clay, etc.
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FIGURE 2 | Adsorption process schematization.

PHOTOCATALYTIC DECOMPOSIION

Advanced oxidation processes (AOPs) are a special class of
wastewater treatment technologies aiming at the conversion
of the pollutants to water, CO2, and inorganic substances (by
mineralization). When not feasible, their conversion to smaller
and harmless products is preferred. Their potential to degrade
stable and bio-refractory compounds under ambient conditions
makes them prominent in the field of water purification research
(Gogate and Pandit, 2004). The denomination AOP comprises
a large variety of different technologies, all of which involve the
generation of hydroxyl radicals (OH), which rapidly attack most
organic species. The powerful, non-selective oxidative action
makes AOPs suitable for the degradation of complex mixtures
containing many different species (Ameta and Ameta, 2018).

Within AOPs, heterogeneous photodegradation is an
interesting option for wastewater treatment compared to
homogeneous processes, since the catalyst can be separated from
the reaction media, and hence reused, leading to a reduction
in costs and environmental issues (Poyatos et al., 2010). AOPs
can be conducted either in gas or liquid phase, the latter both
in aqueous and organic solutions. The process consists of five
elementary steps:

1. Migration of the reactant from the liquid bulk phase to the
photocatalyst surface;

2. Adsorption;
3. Surface reaction;
4. Desorption of the products;
5. Transfer of the products to the liquid bulk phase.

The catalyst is activated by photonic irradiation instead of
thermal means, as it occurs with conventional heterogeneous
catalysis. Heterogeneous photocatalysts are typically

semiconductors (SCs) either sulfides (e.g., ZnS and CdS) or
oxides (e.g., TiO2, ZrO2, CeO2, and ZnO). These materials
are characterized by a specific value of energy gap between
conduction and valence band. A photocatalytic reaction is
initiated when the catalyst absorbs a photon whose energy, hν,
is greater than the band-gap, thus triggering a photoexcitation
process. In this process, an electron (e−) is promoted from the
valence band of the catalyst to its conduction band, leaving an
electron hole in the valence band (h+). At this point, electron
transfer takes place from solid surface to the adsorbed acceptor
(A) molecules and from the adsorbed donor (D) molecules to
the solid:

Photoexcitation :SC →
hv e−◦

+
◦h+

Reduction of acceptor : (A)ads
◦
+

◦e− → A−

Oxidation of donor : (D)ads
◦
+

◦h+ → D+

Each ion resulting from this mechanism reacts, forming first
intermediates, then final oxidation products. Figure 3 is a sketch
of the AOP process.

Photoelectric energy dispersion occurs due to the electron–
hole recombination:

e− + h+ → N + E

where E is the energy released in the form of heat or light (hν
′◦

≤◦ hν), and N is the neutral center resulting in a reduction of the
photoexcitation process efficiency (Herrmann, 2000).

The efficiency of the photodegradation reactions generally
depends upon the following operational parameters:

- Irradiation intensity

The photocatalytic reaction rate depends mainly on the quantity
of photons absorbed by the photocatalyst (Curcó et al., 2002).
Consequently, by increasing the light intensity, a corresponding
increase in the rate of the reaction is observed.

- Structure and concentration of the substrate

These parameters influence the tendency of the substrate to
adhere to the catalyst surface with higher adhesion results in
a greater effectiveness of the oxidation process (Tariq et al.,
2007). However, if the substrate concentration is too high, the
catalyst surface becomes saturated, thus leading to a reduction
of photonic efficiency and deactivation (Araña et al., 2004).

- Nature and morphology of the photocatalyst

These parameters influence the quantity of photons absorbed
by the catalyst. Photocatalysts characterized by small particle
size lead to higher conversion in photodecomposition of organic
compounds than those with large particles (Maira et al., 2001).

- Photocatalyst concentration

The rate of heterogeneous photocatalytic reactions increases
with catalyst concentration until a maximum. Further addition
of catalyst causes an unwanted light scattering, hence, a
decrease in the penetration of the light into the reacting
solution, thus resulting in a reduction in the reaction rate
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FIGURE 3 | Schematization of a photoexcitation process.

(Chun et al., 2000). This makes it necessary to determine
the optimum catalyst concentration, to maximize the catalyst
light absorption.

- Solution pH

The pH of the solution imposes properties of the surface,
its charge, and, hence, the kind of aggregates that can
be formed on the catalyst surface. This fact clearly
influences substrate adhesion and ultimately reaction rate
(Haque and Muneer, 2007).

- Temperature of the reaction

Photocatalytic systems do not require heating and work at
room temperature, as the catalysts are activated by light.
Heating enhances the reaction kinetics, occurring at generally
a temperature range of 20◦C ≤ T ≤ 80◦C. Above 80◦C,
the adsorption of the reactants becomes disfavored, being an
exothermic process, becoming the rate-limiting step of the
reaction network (Alnaizy and Akgerman, 2000). At lower
temperatures (−40◦C ≤ T ≤ 0◦C), the activity decreases, since
the rate-limiting step is the desorption of the final products
(Herrmann, 2000).

For industrial applications, heterogeneous photocatalysts
should be characterized by a series of characteristics, such
as activity, long-term stability at high reaction conditions,
poisoning resistance, attrition resistance, mechanical stability,
and chemical stability. The pretreatment of the catalyst, such as
calcination, sulfurization, or reduction, can influence the final
activity, and/or stability of the catalyst.

METAL ORGANIC FRAMEWORKS

Metal organic frameworks (MOFs) are coordination polymers
consisting of inorganic–organic hybrid frameworks showing
high porosity. Their structures are composed of metal centers
as connectors and organic ligands as linkers (Eddaoudi et al.,
2000; Cheng et al., 2020). Figure 4A represents the MOF basic
structure with organic linkers and the metal ions, and Figure 4B

gives examples on the different MOFs with their corresponding
metallic clusters and organic linkers (Howarth et al., 2017). The
most common structures of MOFs (Qiu et al., 2014) are shown in
Figure 4C.

MOFs are characterized by large pore surface area, with
micro- and mesopores, and very high designability of pore
shape, pore size, and surface functionality (Butova et al., 2016;
Li G. et al., 2020). These properties are very promising for
addressing various different challenges, which include treatment
of emerging contaminants through adsorption and catalysis
(Farrusseng, 2011). Currently, MOF synthesis is a very relevant
topic. In 2019, the Cambridge Structural Database (CSD) reports
75,600 different structures (Moghadam et al., 2017), with the
MOF types doubling every 3.9 years (Tranchemontagne et al.,
2008). A search in the Scopus database for articles onMOFs gives
the increased recent interest on this topic as shown in Figure 5.

There are many different methods for the synthesis of MOFs.
The most common and facile route is the solvothermal method,
where a mixture of metal salt is heated, and organic linkers
are dissolved in a solvent, above the boiling point of the
solvent itself (Yang and Bai, 2019). This method requires several
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FIGURE 4 | (A) Metallic organic framework (MOF) basic structure. (B) Examples of different MOFs structures with their corresponding metallic clusters and organic

linkers (Howarth et al., 2017), with permission from the American Chemical Society. (C) Examples of common MOFs structures (Qiu et al., 2014), with permission from

the Royal Society of Chemistry.

FIGURE 5 | Chronological literature researches on MOFs, keywords, metal

organic frameworks, and MOFs (retrieved from Scopus).

hours to weeks to lead to the production of crystals that can
undergo to single crystal X-ray diffraction analysis and is not
applicable when using starting materials that are unstable at
high temperatures (Stock and Biswas, 2012). For some MOFs,
crystallization requires a short time, thus they are obtained at
room temperature by the direct precipitation method, which
consists in just mixing the starting materials. Other methods
include microwave-assisted, electrochemical, mechanochemical,
and sonochemical synthesis; these approaches differ in how
energy is introduced in the synthetic system and result in
different reaction time, yields, particle size, and morphology.

Application of MOFs is a multidirection research field.
Several applications include H2/CH4 storage (Yang et al., 2012;
Akhbari and Morsali, 2013), CO2 capture (Ding et al., 2016),
gas separations (Zhao et al., 2013), and catalysis (Doonan
and Sumby, 2017). Very promising results have been obtained
by studying the applications of MOFs in adsorption and
photocatalytic degradation processes for the abatement of
inorganic and organic contaminants. The review pays attention
just on these two applications to organic ECs.

MOFS AS ADSORBENTS

MOFs are good materials for a future application in the field
of EC removal from wastewater through adsorption due to the
high porosity and the specific adsorbate/adsorbent interactions
(Dias and Petit, 2015). ZIF-8 belongs to the zeolitic imidazolate
frameworks (ZIFs), a promising class of MOFs for water-phase
adsorption application with good chemical and thermal stability
and similar pore topologies to zeolites. ZIF-8 was used by Khan
et al. (2015) for phthalic acid adsorption in water. The authors
compared the adsorption capacity of ZIF8 with activated carbon
(AC), UiO-66, and NH2-UiO-66, for 24 h at room temperature.
Their results for the sorption capacity qt (mg/g) are reported
in Table 1.

The highest sorption capacity was found in ZIF-8, and this was
explained by a good interaction between the positively charged
surface of ZIF-8 and the phthalic acid anions. ZIF-8 proved stable
after washing with methanol.
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TABLE 1 | Phthalic acid adsorption tests.

Adsorbent qt (mg/g)

ZIF-8 ≈530

AC ≈220

NH2-UiO-66 ≈175

UiO-66 ≈140

TABLE 2 | Dye removal using Materials Institut Lavoisiers (MILs).

Adsorbent Dye removal (%)

Basic blue 41 Methylene blue Basic red 46

MIL-125(Ti) 41 39 45

NH2-MIL-125(Ti) 93 97 99

MIL-X1 45 43 50

MIL-X2 80 89 75

MIL-X3 86 91 79

Oveisi et al. (2018) synthesized five MOFs named Materials
Institut Lavoisiers (MILs) using tetraisopropyl orthotitanate as a
metal source and 1,4-benzenedicarboxylate (BDC) and 2-amino-
1,4-benzenedicarboxylate (NH2-BDC) as organic linkers. The
five nanomaterials were MIL-125(Ti), NH2-MIL-125(Ti), MIL-
X1 (BDC/NH2-BDC molar ratio: 75/25), MIL-X2 (BDC/NH2-
BDC molar ratio: 50/50), and MIL-X3 (BDC/NH2-BDC molar
ratio: 25/75). Adsorption of three dyes was tested: basic red 46,
basic blue 41, and methylene blue. Table 2 shows the results.

The better performances of the amino-functionalized material
were attributed to the fact that it has the highest electron density
and zeta potential among the tested materials. The authors
also studied the adsorbent loading effect, the concentration of
each dye, the pH of the solution, and the contact time on the
adsorption process. The following results were obtained: (i) the
adsorption efficiency increased with the sorbent loading, since
a higher amount of active sites was available, while it decreased
with increasing concentration of the dyes due to the saturation
of the active sites and/or dye aggregation; (ii) the equilibrium
time for the process was 30min; (iii) no effect was observed as
a consequence of pH variation. This was explained by assuming
that the dye adsorption was mainly based on π-π interactions
between adsorbate and adsorbent, which are not influenced by
pH variation.

Andrew Lin and Hsieh (2015) used HKUST-1, a copper-based
MOF, for the adsorption of p-nitrophenol (PNP) in water, finding
an adsorption capacity of ≈ 400 mg/g. This high value was
attributed to the affinity of the metal site of HKUST-1with the
NO2 group of PNP as well asπ-π interactions between adsorbate
and adsorbent. At 20◦C, adsorption reached equilibrium after
60min, while at 60◦C, the adsorption capacity was higher, and
the equilibrium time decreased to 30 min.

A common drawback of MOFs is a poor processability
and low thermal and chemical stability (Li and Huo, 2015).
To overcome these drawbacks, a combination of MOFs with

TABLE 3 | Aniline adsorption tests.

Adsorbent qt (mg/g)

7%SiO2@MIL-68 531.9

SiO2 ≈50

MIL-68 402.0

SiO2/MIL-68 mixture ≈400

other functional materials has been proposed (Han et al.,
2016), in order to realize composites characterized by good
performances, improved morphology, and better stability and
mechanical properties.

Han et al. (2016) prepared a hybrid material by combining
MIL-68, an aluminum-based MOF, with SiO2. They found
that the incorporation of SiO2 in MIL-68 results in smaller
particle size of MIL-68(Al). The sorption capacity of the
7%SiO2@MIL-68(Al) composites for aqueous solution of aniline
was investigated and compared with that of the individual SiO2
and MIL-68 and a physical mixture of both. The results are listed
in Table 3.

The 7%SiO2@MIL-68 composite showed a high adsorption
capacity and fast adsorption dynamics (the equilibrium was
reached in 40 s). These results were attributed to the pore size
decrease due to incorporation of SiO2 and the likely hydrogen
bond interaction between –NH2 of aniline and the bridging
µ2-O in the adsorbent, as well as the π-π interaction between
the adsorbent and the benzene rings. Moreover, incorporation
of SiO2 in the MIL-68 framework reduces its particle size and
increases the surface area of the material. The 7%SiO2@MIL-
68 also showed good reusability. After the fourth reuse, with a
regeneration procedure consisting in washing the adsorbent with
ethanol then drying it under vacuum at 373K, the adsorption
capacity underwent only a slight reduction.

Jabbari et al. (2016) synthesized hybrid nanocomposites
based on Cu-BTC (BTC: benzene tricarboxylate) MOF, carbon
nanotubes (CNTs), graphene oxide (GO), and Fe3O4 magnetic
nanoparticles (MNPs) and tested the adsorption capacity of these
materials over methylene blue (MB) in 50 and 100 ppm aqueous
solutions of the pollutant. Their results are reported in Table 4,
where CuG12, CuG11, CuG21, and CuG51 indicate composites
with MOF:GO ratios of 1:2, 1:1, 2:1, and 5:1, respectively;
FCuG refers to the Fe3O4/Cu-BTC@GO nanocomposite; CuC12,
CuC11, CuC21, and CuC51 indicate composites with MOF/CNT
ratio 1:2, 1:1, 2:1, and 5:1, respectively; FCuC indicates a hybrid
nanocomposite of Fe3O4/Cu-BTC@CNT.

Results show that the nanocomposites performed better than
the parent materials, due to the synergistic effect of the composite
constituents, nano-size of the Cu-BTC MOF, well separation
of the MOF, inhibition of distortion and bundling in GO
and CNT, and increasing in pore volume. Unsaturated bonds
and the carboxylate group negative charge favors the π-π and
electrostatic interactions between the adsorbent and adsorbate.
The best adsorption performances were shown by CuC21; the
measured dye adsorption of the non-magnetic CuC hybrid
nanocomposites is slightly higher than the one obtained with
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TABLE 4 | Methylene blue (MB) adsorption capacities, Qe in mg/g, of various

hybrid nanocomposites.

Adsorbent Qe (mg/g)

CMB: 50 ppm CMB: 100 ppm

Fe3O4 MNPs 62 80

Graphene oxide (GO) 71 94

F-CNT 110 125

Cu-BTC MOF 46 67

CuG12 48 128

CuG11 88 96

CuG21 32 152

CuG51 28 40

FCuG 79 136

CuC12 90 108

CuC11 78 160

CuC21 130 172

CuC51 136 132

FCuC 112 152

TABLE 5 | Bisphenol A (BPA) adsorption capacities of various hybrid

nanocomposites.

Adsorbent qe (mg/g)

GO 99.7

F-CNT 82.9

Cu-BDC 60.2

Cu1GrO1 161.8

Cu1GrO3 182.2

Cu3GrO1 148.9

Cu1CNT1 146.7

Cu1CNT3 164.1

Cu3CNT1 129.7

the magnetic hybrid nanocomposite of FCuC. This could be
explained by the filling of the pores formed between theMOF and
the substrate by magnetic nanoparticles and/or disruption of the
connection between the parent materials after loading of MNPs.

Recently, Ahsan et al. (2019) prepared a similar set of
MOF-GO and MOF-CNT nanocomposites, this time using Cu-
BDC (BDC: benzene dicarboxylate) for adsorption of bisphenol
A (BPA) in 100 ppm aqueous solutions. Table 5 reports
their results.

The data show that the newly formed CuMOF-based hybrid
nanocomposites have higher adsorption capacities for the BPA
removal. This is attributed to the synergy coming into play when
the parent materials are combined. Moreover, the functionalized
graphene layer (i) suppresses aggregation, benefits dispersion,
and increases the formation of small pores, (ii) reduces inter-
MOF voids and preserves MOF formation and growth, and
(iii) prevents the distortions and buckling/bundling of the GrO
and CNTs. Another effect, which could favor BPA adsorption
is the formation of new pores at the interface of Cu-BDC with

MOF/CNT and Cu-BDC with MOF/GrO, due to the binding of
the Cu-BDCMOF to the graphene layers in CNTs and GrO.

The wide literature has highlighted a number of different
selective adsorption mechanisms in the abatement of organic
compounds by MOFs:

- Electrostatic: this type of interaction has been the most
frequently observed. The surface charge of the MOF
depends on the pH of the solution; the charged MOF
undergoes electrostatic interaction with an oppositely
charged contaminant.

- Hydrogen bonding: MOFs can be functionalized with NH2,
–OH, –COOH, and –SO3H groups, to enable adsorptive
removal applications via hydrogen bonding (Hasan et al.,
2013). The different groups induce different strengths of the
hydrogen bonding.

- Acid–base: Ahmed and Jhung (2017) reported the effects of
the functionalization of the MOF MIL-101-Cr with either
acidic or basic groups on naproxen adsorption. Results showed
that the basic functionalized MOF was a better adsorbent than
the acidic functionalized and the neutral MIL-101. This is due
to the interaction between the modified MOFs’ with –NH2
groups with the sorbates –COOH groups.

- π-π interactions/stacking: Qin et al. (2015) reported that the
amount of bisphenol A adsorbed over MIL-101-Cr was 1.84
times higher than on activated carbon, suggesting the existence
of π-π interactions between the adsorbent and benzene rings.

- Pore/size-selective adsorption: one of the most interesting
features of MOFs is the related pore size tunability, which
enables selective adsorption of appropriately sized sorbates.
As shown by Huang et al. (2012), it is possible to favor
mesopore formation during MOF synthesis in order to
enhance methylene blue (MB) adsorption.

- Hydrophobic interactions: higher hydrophobicity in
MOFs favors their adsorption of non-polar, water-insoluble
molecules, as reported by Sann et al. (2018) who observed
high adsorption of oil over the highly hydrophobic MOF
ZIF-8 (zinc-methylimidazolate framework-8).

Table 6 reports up-to-date studies and the corresponding
adsorption capacity of different types of MOFs in
ECs remediation.

METAL ORGANIC FRAMEWORKS AS
PHOTOCATALYSTS

Photodegradation is theoretically a better method than
adsorption for wastewater treatment, mainly because it causes
a complete elimination of the pollutant instead of its simple
phase transfer, so no further treatment is required. The presence
of organic linkers in MOFs allows them to have a relatively
wide absorption spectrum permitting the generation of a
charge-separated state, which decays in the microseconds, thus
permitting photocatalytic applications (Hariganesh et al., 2020;
Wang C. et al., 2020).

Alvaro et al. (2007) investigated the behavior of MOF-5,
containing clusters of ZnO, as a semiconductor. They found that
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TABLE 6 | Comparison of the adsorption capacity of different types of metal organic frameworks (MOFs) for emerging contaminant (EC) remediation.

Functionalized MOF Surface area

(m2/g)

EC remediated Adsorption capacity

(mg/g)

References

MIL-53(Fe)

NH2-MIL-53(Fe)

NO2-MIL-53(Fe)

Br-MIL-53(Fe)

52.12

65.64

30.01

39.75

Tetracycline antibiotics 247.70

271.90

272.60

309.60

Yu et al., 2019

Al-MOF-Fe3O4@P4V P 123.67 Naproxen 31.67 Li Y. et al., 2020

SCNU-Z2 960.00 Methylene blue

Crystal violet

Rhodamine B

455.60

847.40

751.80

Deng et al., 2019

Ti3C2TxMXene and Al-MOF 9.00 and

630.00

Methylene blue

Acid blue 80

∼140

∼200

Jun et al., 2020

Ni-BDC MOF

Ni-BDC MOF@GO

Ni-MOF@CNT

– Methylene blue 73.48

222.80

181.96

Ahsan et al., 2020

ZIF-8-chitosan composite beads 15.30 Tetracycline 495.04 Zhao et al., 2020

ZIF-8@CS/PVA-ENF(2) – Malachite green 1,000.00 Mahmoodi et al., 2020

Zr-MOF(bpy) 2,141.88 Rhodamine B 918.90 Cui et al., 2019

BMDC-12 h 1,449.00 Atenolol

Clofibric acid

552.00

540.00

Bhadra and Jhung, 2018

TABLE 7 | Photodegradation of phenol with various catalysts.

Catalyst Molephenol

degraded/g

catalyst

Mole phenol

degraded/catalyst

metal atom

MOF-5 0.0045 1.30

P25 0.0125 0.92

ZnO 0.0120 0.90

this material is stable to light exposure, has an absorption onset
at 450 nm and a 3.4 eV band gap. Irradiation with λ < 450 nm
gives rise to an electron–hole couple lasting for microseconds,
thus permitting application in photocatalytic processes. The
activity of MOF-5 was tested in the photodegradation reaction
of phenol and compared with Degussa P25 (TiO2 nanoparticles)
and another semiconductor, ZnO. The degradation of MOF-
5 generates ZnO, and this could be responsible for the
photocatalytic activity.

As shown inTable 7, MOF-5 has a high photocatalytic activity,
which is not caused by ZnO clusters eventually formed during the
test, due to the higher phenol conversion per metal atom when
compared to ZnO.

Effect on photocatalytic activity of MOF modification,
especially by inclusion of inorganic semiconductors, was also
studied by Binh et al. (2015). The authors prepared a Cu3BTC2
(BTC = benzene-1,3,5-tricarboxylate) MOF with a specific
surface area of 1,350 m2/g, which was then modified by including
TiO2 in its framework and converted to TiO2@Cu3BTC2.
The catalytic activity of the novel material was tested in the
photodegradation of methylene blue (MB) and compared to
that with the commercial TiO2 photocatalyst Degussa P25.
The photocatalytic experiments were performed using 50ml of

TABLE 8 | Methylene Blue (MB) photodegradation using TiO2@Cu3BTC2 and

TiO2.

Catalyst MB C/C0

t: 2 min t: 6 min t: 10 min t: 30 min

TiO2@Cu3BTC2 0.3 0.15 0.10 0.09

TiO2 0.9 0.8 0.7 0.2

aqueous methylene blue solution (2 × 10−5 M) in which the
photocatalyst was dispersed (3 mg/ml). The resulting mixture
was irradiated under UV-Vis lamps, at different irradiation times,
from 2 to 30min. Table 8 shows the experimental data.

The data show that TiO2@Cu3BTC2 is a promising
photodegradation catalyst since it performs faster than Degussa
P25 in the photocatalytic degradation of Methylene Blue. This
has been attributed to spectral sensitization of the colored
Cu-MOF for TiO2 in the visible region, to the large contact
area of the catalyst, to high porosity, and to Cu3BTC2 acting as
template for the formation of fine nano TiO2 with an increase in
surface area.

In an effort to increase the photocatalytic activity of MOFs
toward solar light, Gómez-Avilés et al. (2019) synthesized
mixed Ti-Zr MOFs by substituting partially Ti by Zr atoms
in the framework of NH2-MIL-125(Ti) MOF and tested
them in acetaminophen (ACE) photodegradation experiments
under solar-simulated radiation. The synthesized materials had
different Ti:Zr molar percentages and were named TiZr15,
TiZr30, TiZr60, and TiZr80, the number standing for the Zr
molar percentage. Before the photocatalytic runs, adsorption and
solar irradiation tests were performed, showing that adsorption
ranged between 0.6 and 2% and that the ACE concentration was
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TABLE 9 | Acetaminophen (ACE) photodegradation using different catalysts.

Catalyst ACE C/C0

t: 15 min t: 30 min t: 45 min t: 60 min t: 90 min t: 120 min t: 180 min t: 240 min t: 360 min

NH2-MIL-125(Ti) 0.93 0.86 0.73 0.57 0.26 0.09 0 0 0

TiZr15 0.82 0.66 0.41 0.23 0.03 0 0 0 0

TiZr30 0.9 0.72 0.6 0.45 0.23 0.02 0 0 0

TiZr60 0.97 0.93 0.9 0.88 0.82 0.76 0.7 0.64 0.53

TiZr80 0.97 0.93 0.9 0.88 0.82 0.76 0.69 0.61 0.51

unchanged after 6 h of solar irradiation in the absence of catalyst.
The photocatalytic tests were performed at 20◦C with 150ml
of solution containing 5 mg/L of ACE at time zero, in which a
catalyst amount of 250 mg/L was added, at an initial pH of 6.9,
with an intensity of irradiation equal to 600W/m2.Table 9 shows
the results.

The non-crystalline samples with the highest Zr percentage
(TiZr60 and TiZr80) yielded lower acetaminophen conversion.
TiZr15 and TiZr30, characterized by the lower Zr amounts,
caused complete ACE photodegradation in < 3 h of irradiation.
The high performance of TiZr15, which allowed complete ACE
conversion within 90min was explained by the high porosity and
lower band gap value resulting from the partial substitution of
Ti4+ by Zr4+ in the structure of the MOF. The incorporation of
Zr ions, which are able to act as charge trappers, increases the
charge carrier lifetimes and reduces the recombination processes,
resulting in an increase in photoactivity.

The incorporation of the –NH2 group to the organic linker
also affects the photoactivity of these materials. It causes the
formation of a red shifted band at the valance bond (VB) of
the MOF, reducing the band gap value to 2.7 eV, thus enabling
photoexcitation as a result of irradiation with photons with λ

= 460 nm and lower. Moreover, the amine group increases the
charge transfer between metal and organic linker and inhibits
electron–hole recombination. It is also notable that no aromatic
intermediates were detected using HPLC (probably due to
low initial ACE concentration and/or fast conversion to other
organics). TiZr15, the most active photocatalyst, was active after
three successive runs.

Another recent work focused on the synthesis of MOF-
based photocatalysts activated by visible light. He et al. (2019)
prepared a magnetic (M-) MIL-101(Fe)/TiO2 composite for the
photodegradation of tetracycline under solar light irradiation.
The catalytic efficiency of M-MIL-101(Fe)/TiO2(magnetic)
and MIL-101(Fe)/TiO2 (non-magnetic) for tetracycline (TC)
degradation was investigated under visible light: after 3 h of
TC conversion, 91.24 and 84.85%, respectively. This difference
was attributed to the lower recombination rate observed for
the magnetic material. Process optimization tests showed that
using 1 g/L of catalyst in a 20-mg/L of aqueous solution of
TC at initial pH of 7 at 25◦C under direct solar irradiation,
92.76% TC conversion was obtained in 10min. The material was
magnetically separated from the solution and reused, showing
similar performances after five catalytic cycles. It is important

to point out that this high degradation rate was obtained under
solar irradiation, while artificial visible light irradiation yielded
poorer results, suggesting that UV photons in solar light have an
important role in the photoexcitation process.

CONCLUSIONS, CHALLENGES, AND
FUTURE PERSPECTIVE

Up to now, various applications ofMOFs are under investigation,
as they exhibit high versatility, low production costs, and high
efficiency. Particularly, MOFs show promising incorporation
in wastewater treatment technologies on an industrial scale.
The tunability of their structural and electronic features gives
the possibility to prepare materials, which can be both good
adsorbents and efficient photodegradation catalysts. However,
the development and the sophistication of new synthetic MOFs
face challenges that stem from the chemistry of these materials
and their future applications. In addition, the prospect of
wide-scale implementation of MOFs in wastewater treatment is
promising but needs further investigation, mainly considering
scaling up application to study their performances in real
conditions. In this review, we have summarized the fundamentals
of adsorption and photodegradation as common applications
in MOFs for EC remediation in wastewater. Moreover,
focus has been given to cutting edge researches pertaining
to these applications. MOF pore size can be appropriately
tuned to accommodate a specific pollutant. MOFs can also
be functionalized to enhance electrostatic, acid–base, π-π
interactions, or hydrogen bonding. They can be combined
with metals, inorganic semiconductors, or organic linkers
to enhance their photoexcitation rate and reduce electron–
hole recombination in order to obtain composites with high
photocatalytic efficiencies. In summary, MOFs are one of
the hottest topics of research today. Their phenomenal and
promising features in EC remediation makeMOFs very tempting
materials for researchers to further explore and investigate in
different potential directions.
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Abstract
In this work, the effective adsorption and the subsequent photodegradation activity, of  TiO2 brookite nanoparticles, for the 
removal of anionic dyes, namely, Alizarin Red S (ARS) and Bromocresol Green (BCG) were studied. Batch adsorption 
experiments were conducted to investigate the effect of both dyes’ concentration, contact time, and temperature. Photodeg-
radation experiments for the adsorbed dyes were achieved using ultraviolet light illumination (6 W, λ = 365 nm). The single 
adsorption isotherms were fitted to the Sips model. The binary adsorption isotherms were fitted using the Extended-Sips 
model. The results of adsorption isotherms showed that the estimated maximum adsorption uptakes in the binary system 
were around 140 mg  g−1 and 45.5 mg  g−1 for ARS and BCG, respectively. In terms of adsorption kinetics, the uptake toward 
ARS was faster than BCG molecules in which the equilibrium was obtained in 7 min for ARS, while it took 180 min for 
BCG. Moreover, the thermodynamics results showed that the adsorption process was spontaneous for both anionic dyes. All 
these macroscopic competitive adsorption results indicate high selectivity toward ARS molecules in the presence of BCG 
molecules. Additionally, the  TiO2 nanoparticles were successfully regenerated using UV irradiation. Moreover, molecular 
dynamics computational modeling was performed to understand the molecules’ optimum coordination,  TiO2 geometry, 
adsorption selectivity, and binary solution adsorption energies. The simulation energies distribution exhibits lower adsorp-
tion energies for ARS in the range from − 628 to − 1046 kJmol

−1 for both single and binary systems. In addition to that, the 
water adsorption energy was found to be between − 42 and − 209 kJmol

−1.

Keywords TiO2 nanoparticles · Brookite · Anionic dyes · Competitive adsorption · Photodegradation · Experimental · 
Molecular dynamics simulation

Introduction

The world faces a serious water challenge that affects liv-
ing beings. The substantial need for water for many human 
activities is dramatically growing due to the global popula-
tion growth, inefficient water consumption, and industrial 
use. The current produced industrial waste and its classical 
management methods such as dumping, industrial runoff, 
leaks and spills, mining, and many other processes gener-
ated devastating impacts on human lives and the ecosystem 
(Ashraf and Hanfiah 2017; Goel 2006). Dyes, especially syn-
thetic ones sourced from textiles and tanneries, pigment and 
leather making, cosmetics, etc., are one of the problematic 
contaminants that are produced and released in wastewater 
without being efficiently remediated (Abuhatab et al. 2019; 
Asgari et al. 2020; Badawi et al. 2021; Badran and Talie 
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2021; Bhardwaj and Ballabh 2022; El-Qanni et al. 2017; 
Foroutan et al. 2020a, 2021a; Mounteer et al. 2019; Sawalha 
et al. 2020). The wastewater streams generated from the 
textile industry include complex chemicals that can cause 
serious health and environmental problems (Ding et al. 
2011; Kurade et al. 2012; Sharma et al. 2016). The annual 
global production of dyestuff is more than 70 million tonnes, 
while synthetic dyes discharged to aquatic systems are more 
than 100 thousand tonnes (Feng et al. 2017; Shabbir et al. 
2017). Recent advances and applications of nanotechnol-
ogy through physiochemical approaches in wastewater 
treatment are currently gaining a lot of attention to mitigate 
water contamination problems and provide environmentally 
sound solutions (Adeleye et al. 2016; Alakhras et al. 2020; 
Aryee et al. 2021; Baresel et al. 2019; Dastgerdi et al. 2019; 
El-Qanni 2017; Foroutan et al. 2020b; Gehrke et al. 2015; 
Gutierrez et al. 2017; Ibrahim et al. 2019; Muniandy et al. 
2016; Singh et al. 2019; Wang et al. 2021a, b).

Most existing wastewater treatment options, such as dis-
tillation, membrane filtration, and electrochemical treatment, 
are prohibitively expensive and face many operational chal-
lenges. Furthermore, some of the wastewater pollutants do 
not require extreme treatment approaches. Hence, adsorp-
tion and photodegradation using nanomaterials and func-
tionalized nanonetworks are considered one of the states of 
sustainable technologies that are used in water purification 
(Adeleye et al. 2016; Ahmad et al. 2015; Azha et al. 2021; 
Behera et al. 2021; Dong et al. 2015; Gehrke et al. 2015; 
Hasan et al. 2021; Hou and Hao 2021; Ihsanullah 2022; 
Kiani Ghaleh sardi et al. 2021; Mohamed et al. 2022; Qian 
et al. 2021; Russo et al. 2020; Yadav et al. 2021; Zhang 
et al. 2022). These technologies have many advantages, once 
compared to other treatment techniques, such as simplicity, 
cost feasibility, and ease of operation including applying 
moderate operating conditions. Different magnetic-based 
and/or metal oxide-based nanocomposites were developed 
and applied recently in the field of dye removal, mainly the 
cationic ones (Badran and Khalaf 2020; Elkhider et al. 2020; 
Foroutan et al. 2022; Foroutan et al. 2021b, c; Alsurakji 
et al. 2021; Khan et al. 2020a; Lin et al. 2019). Owing to 
their unique characteristics,  TiO2 nanoparticles were inten-
sively studied in several related fields, especially in the rutile 
and anatase forms (Escribá et al. 2021; Palmisano 2013). 
Many research works introduced nanoparticles that are 
envisaged to treat wastewater contaminated with different 
types of dyes. Nonetheless, the exceptional and captivat-
ing photocatalytic properties of  TiO2 nanoparticles, virgin, 
supported, and functionalized forms, aid in considering 
these high-value materials to affordably and effectively treat 
wastewater (Peñas-Garzón et al. 2021). Despite the large 
volume of reported works on the use of rutile and anatase 
forms of  TiO2 in wastewater treatment, the brookite phase 
is the least studied in the literature (Al-Mamun et al. 2019; 

Choi et al. 2017; Palmisano 2013). This is due to the diffi-
culties in producing a highly pure composition in this phase 
purely. Nevertheless, Tomita et al. (2006) studied the synthe-
sis of nanocrystalline brookite by the hydrothermal method. 
In addition, Kozawa et al. (2013) succeeded in developing 
 TiO2 brookite by hydrothermal conversion of  Mg2TiO4. In 
the last few years, Machida et al. (2018) managed to inves-
tigate synthetic conditions to produce high-purity brookite. 
Furthermore, brookite  TiO2 nanoparticles have proven to 
have excellent photocatalytic performance that can exceed 
that of the anatase phase (Khan et al. 2020b). This behavior 
is directly dependent on the defect levels through the ther-
modynamic equilibria of point defects and electronic struc-
tures of pristine and defective brookite, by forming  Tii4+ that 
induces ideal shallow defect levels in brookite, while  TiO

4+ 
results in deep level formations (Khan et al. 2020b).

For several years, great effort has been devoted to the 
study of dye adsorption; therefore, a literature overview on 
experimental and theoretical studies, mainly using molec-
ular dynamics simulation, of anionic dyes throughout the 
years 2012–2022 has been conducted. Figure S1 (Supple-
mentary Material) shows the number of articles published 
in this domain using some keywords on Scopus. Clearly, 
when the search was narrowed down from “adsorption of 
anionic dyes” which showed around 3650 published arti-
cles to “combined experimental and theoretical adsorption 
of anionic dyes,” the number was only 2 publications. This 
indeed indicates the importance of addressing such kinds of 
studies that help both scientific and industrial communities.

However, the concepts of selective and competitive 
adsorption of organic and inorganic pollutants are impor-
tant for optimizing the types of adsorbents and nanomate-
rials that can be used in wastewater treatment processes. 
Different parameters such as type of process, recyclability, 
cost, the fate of spent nanomaterials, etc., play a vital role in 
environmental management. Therefore, researchers, scien-
tists, environmentalists, and chemical engineers alongside 
decision-makers are striving genuinely to find immediate 
and efficient water purification solutions. In this sense, the 
combination between adsorption and photodegradation via 
nanoparticle technology can be integrated with the existing 
treatment technologies. Yet, still, there is a need for compre-
hensive insights into the interaction of different pollutants 
onto the surfaces of any used/tested nanoparticles.

Hence, Table  S1 lists some recent publications that 
address the competitive adsorption of dyes and/or some inor-
ganic pollutants using either natural or synthetic adsorbents 
that fall into many applicable themes. It is crystal clear that 
most studies report experimental adsorption conditions and 
lack the mechanistic insights behind hypothesized adsorp-
tion mechanisms.

Herein, in this work,  TiO2 brookite nanoparticles are used 
to competitively adsorb and subsequently photodegrade two 
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anionic dyes, namely, Alizarin Red S (ARS) and Bromo-
cresol Green (BCG) under UV light irradiation. Moreover, 
the adsorption mechanisms, kinetics, isotherms, thermo-
dynamics, and molecular dynamics simulation are also 
included in this study. Finally, the regeneration of the  TiO2 
brookite nanoparticles under UV light irradiation is also 
explored.

Materials and methods

Materials

Two model anionic dyes were used in this study, namely, 
Alizarin Red S (ARS) and Bromocresol Green (BCG). Both 
were supplied from Honeywell, Jordan and used as received 
without further purification. The characteristics of the dyes 
are represented in Table 1. The concentrations of the dye 
solutions ranged from 20 to 400 gL−1 . The solutions were 
prepared using deionized water. Commercial  TiO2 brook-
ite nanopowder (product number: 791326, CAS number: 
12188–41-9, formula weight 79.87 gmol

−1 , and 99.99% trace 
metal basis, nanosized less than 100 nm) has been purchased 
from Merck (Haifa) via local sub-vendor BioTech Medical 
Supplies (Ramallah, Palestine).

Nanoparticle characterization

The commercial  TiO2 nanoparticles were characterized 
using Rigaku Ultima III X-ray diffraction (Rigaku Amer-
icas Corp., The Woodlands, TX) with Cu Kα radiation 
operating at 40 kV and 44 mA with a θ-2θ goniometer 
used to confirm the  TiO2 brookite phase. The surface areas 
of the  TiO2 brookite nanoparticles were measured using 
the Brunauer–Emmett–Teller (BET). This was accom-
plished by performing nitrogen physisorption at 77 K 
using a surface area and porosity analyzer (TriStar II 3020, 
Micromeritics Corporate, Norcross, GA). The test sample 
was firstly pretreated at 150 °C under  N2 flow overnight 
before analysis to remove any existed moisture. Scanning 

electron microscopy (SEM) was performed to investigate 
the surface morphology and the level of aggregation of 
the  TiO2 brookite nanoparticles. A field emission Quanta 
250 electron microscope manufactured by FEI was used, 
with an accelerating voltage of 20 kV and a spot size of 
3.0. to view the morphology of the sample. A very small 
quantity of the powdered sample was placed over a carbon 
tape sample holder, and it was tapped to release excess and 
loose particles.

Adsorption and photodegradation using  TiO2 
nanoparticles

“Adsorption tests of ARS and BCG organic model molecules 
onto the  TiO2 nanoparticles were performed in batch experi-
ments for both single and binary studies at 25 ◦C , and the pH 
was adjusted by adding NaOH and HCl of 0.1 M initial con-
centrations, as needed. Therefore, the pH of the solution was 
kept neutral ( 7.0 ± 0.1) . In all experiments, 25 mg of nano-
powder was added to a set of vials containing 5 ml solutions 
at different initial concentrations of ARS or BCG. Figure 1 
represents the experimental adsorption and photodegrada-
tion procedure for single and binary studies. The absorbance 
data of the solution samples were obtained from the optical 
spectra recorded on UV–Vis analysis using a model with 
wavelengths ranging from 200 to 800 nm, respectively. In a 
binary system with components ARS and BCG, the meas-
urement would be carried out at their maximum absorbance 
wavelength λ = 286 nm for ARS and λ = 616 nm for BCG.

The binary solution was prepared by fixing the concen-
tration of the ARS solution at 50 mgL−1 and varying the 
BCG concentrations from 50to250 mgL−1 . The same pro-
cedure was repeated at a fixed concentration of BCG to be 
50 mgL−1 and by varying the concentration of ARS from 
50to320 mgL−1 . The adsorption study of the two sets was 
tested at high and low concentrations. The vials were sealed 
firmly to avoid any loss of water. The vials were kept under 
vigorous mixing at a shaker in dark for 2 h (Grant OLS200 
Orbital Shaking Water Bath, Grant Instruments, Cambridge, 
UK) with a mixing speed of 200 rpm to ensure that the equi-
librium was attained. Then, the aqueous phase was sepa-
rated from the solid phase using a centrifuge at 3000 rpm 
for 10 min. The supernatant was decanted and tested using 
UV–Vis spectrophotometer (Genesys 10S, Thermo Sci-
entific Instruments Canada Inc., Mississauga, ON). Some 
experiments were performed in triplicate to quantify the 
amount adsorbed and to verify the adsorption capacity on 
the surface of the  TiO2 nanoparticles. To define the adsorp-
tion mechanism of ARS and BCG on  TiO2 nanoparticles in 
single cases, isotherm data were fitted and analyzed using 
the Sips model shown below (Febrianto et al. 2009, Foo and 
Hameed 2010):

Table 1  Structures and physicochemical properties of the examined 
anionic dyes ARS and BCG

Property BCG ARS

Chemical formula C21H13Br4NaO5S C14H7NaO7S
Molecular weight 

(

gmol
−1
) 720 342.64

Soluble in distilled water 
(

mgmL
−1
)

1 1

Melting point (◦C) 230  > 250
pKa (at 25 ◦C) 4.7 4.5, 11
λmax (nm) 616 286
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where Qe is the adsorption capacity at equilibrium (mgg−1) , 
Qmisthe maximum adsorbed amount 

(

mgg−1
)

, ks is the 
Sips adsorption equilibrium constant (Lmg−1) , Ce is the 
equilibrium concentration 

(

mgL−1
)

, ns is the Sips constant 
(dimensionless).

The adsorption uptake analysis of the binary solution was 
performed by measuring the UV–Vis absorbance and then 
by applying the following equations (McKay and Al-Duri 
1988; Sawyer et al. 1984):

where CA and CB (mgL−1) are the concentrations of organ-
ics in the binary solution, kA1 and kA2 are the slopes of the 
calibration curves of ARS and BCG at the maximum wave-
lengths (λmax), kB1 and kB2 are the slopes of the calibration 
curves of ARS and BCG, respectively. In addition, A1 and A2

(dimensionless) are the absorbance of ARS and BCG in the 
binary solution at λmax of each model molecule.

The experimental data for the binary solutions of compet-
itive adsorption were analyzed using the Extended-Sips iso-
therm model (Kumar et al. 2008; Zolgharnein et al. 2015):

where Qe is the adsorption capacity at equilibrium (mgg−1) , 
ks is the Sips adsorption equilibrium constant (Lmg−1) , ns 

(1)Qe =
Qm

(

ksCe

)ns

1 +
(

ksCe

)ns

(2)CA =
kB2A1 − kB1A2

kA1kB2 − kA2kB1

(3)CB =
kA2A2 − kA1A1

kA1kB2 − kA2kB1

(4)Qe =
Qm(ksiCei)

nsi

1 + (ksiCei)
nsi + (ksjCej)

nsj

is the Sips constant (dimensionless), Qm is the maximum 
adsorbed amount 

(

mgg−1
)

 , i and j represent the sorbate 
species.

The non-linear Chi-square (!2
) analysis was employed to 

assess the goodness of the fitting results. All isotherm model 
parameters and the χ2 analysis were performed using Excel 
2019 software. The low values of χ2 indicate the agreement 
between the model and the experimental data. The χ2 values 
were obtained using the following equation (Montgomery 
and Runger 2006):

where Qe and Qe(model) are the equilibrium uptake obtained 
experimentally and by model fitting (mgg−1) , respectively.

The photocatalytic reaction of  TiO2 took place 
using a UV light lamp (power = 6  W, light inten-
sity = 830 μW  cm−1, and with λ = 365 nm) inside a 50-mL 
glass beaker with continuous stirring over a magnetic stir-
rer. The dyes were adsorbed on the  TiO2 surface for 2 h 
before being irradiated with the UV light lamp for the 
next 12 h. Binary solutions which contain initial concen-
trations of 100 mgL−1 ARS with 50  mgL−1 BCG and 100 
mgL−1 BCG with 50  mgL−1 ARS were chosen to be tested 
for the regeneration study. The photocatalytic activity of 
 TiO2 was evaluated by measuring the time dependence 
of the concentration loss based on the adsorbed and the 
degraded dye compounds. The percentage of adsorp-
tion–photodegradation process was calculated using the 
formula in the equation below:

(5)!2
=
∑ (Qe − Qe(model))

2

Qe(model)

(6)%A − P =
Co − Ce

Co

× 100%

Fig. 1  A schematic representation of the experimental adsorption and photodegradation procedure for single and binary studies
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where %A − P is the percentage of adsorption and photo-
degradation of the dyes, Co is the initial concentration of 
the sample before irradiation under UV light 

(

mgL−1
)

,Ce is 
the concentration of the sample after irradiation under UV 
light (mgL−1).

Adsorption kinetics

To find the time needed to reach equilibrium for the adsorp-
tion of ARS and BCG ions onto  TiO2 nanoparticles, the 
adsorption uptake was determined at different time intervals 
of 2 to 180 min. The kinetics study was carried out at a con-
stant adsorbent dose: 25 mg . The initial concentration of the 
adsorbates was fixed at 50 mgL−1 ; the pH was controlled at 
around 7.0 at 25 ◦C . The following external mass transfer 
model was used to fit the kinetics experimental data (Worch 
2012):

where km is the external mass transfer coefficient in the liq-
uid phase (mmin

−1
) ; a is the specific surface area per the vol-

ume of the adsorbent (m2m−3) ; C is the concentration of the 
model molecules (mgL−1) at any time; and Cs is the concen-
tration of the molecules at the interface with the adsorbent 
(mgL−1) . The value of Cs can be determined from reforming 
the Sips model parameters in the results “Binary adsorption 
isotherms” sections, as shown below:

Q was obtained from the following mass balance equation:

where V  is the volume of the solution (mL) and m is the 
mass of the nanoparticles (mg). The following first-order 
differential equation was obtained by substituting Eqs. (8) 
and (9) into Eq. (7):

The initial condition to solve this ordinary differential 
equation is C = Co at time zero. The Sips constants can be 
obtained from the adsorption isotherm study for the binary 
system in the results. Polymath 6.10 software was used to 
estimate the kma (min

−1
) values by fitting the experimental 

data to Eq. (10).

(7)dC

dt
= −kma

(

C − Cs

)

(8)Cs =

[

Q

ks
ns
(

Qm − Q
)

]ns
−1

(9)Q =
V
(

Co − C
)

m

(10)dC

dt
= −kma

⎡

⎢

⎢

⎣

C −

[

V
(

Co − C
)

ks
ns
(

mQm − V
(

Co − C
))

]n−1
s
⎤

⎥

⎥

⎦

Thermodynamics study

The adsorption of ARS and BCG ions onto the  TiO2 nan-
oparticles was performed at three different temperatures 
25, 35, and 45 ᕑ in a batch mode. The effect of changing 
the temperature on the adsorption performance and the 
isotherm model parameters was investigated. The val-
ues of the thermodynamic parameters that describe the 
adsorption behavior, such as Gibbs free energy (ΔGo) , 
enthalpy (ΔHo) , and entropy (ΔSo) , were determined. The 
experimental design and operating conditions were iden-
tical to those in the adsorption isotherm study.

Fourier-transform infrared spectroscopy (FT-IR)

A Nicolet iS5 FT-IR spectrometer instrument (Thermo 
Scientific Instruments) with iD3 ATR accessory plates 
and DTGS KBr detector was used to study the mid-
infrared region before and after adsorption to infer and 
investigate the interaction of ARS and BCG with  TiO2 
nanoparticles. The spectra were recorded from 400 to 
4000  cm−1 with resolutions of 8  cm−1 and 16 scans for 
each spectrum.

Computational modeling

To understand the adsorption mechanism and the inter-
action between molecules and the surfaces of adsorbents, 
computational modeling was performed on Accelrys 
Material Studio Software (Crake et al. 2017) for ARS 
and BCG model molecules in the single and binary cases 
in the presence of water molecules. Forcite was used to 
optimize the structure geometry, and the condensed-phase 
optimized molecular potentials for atomistic simulation 
studies (COMPASS) forcefield calculations were selected 
and put on fine precision. The  TiO2 brookite (100) surface 
was created and optimized using the same optimization 
procedure. The  TiO2 optimized structure is shown in Fig. 2. 
The electrostatic forces and van der Waals forces were set 
to atom-based calculations (Marei et al. 2016).

Results and discussion

Characterization studies

The characterization results, XRD, textural properties, 
and SEM images of the commercial  TiO2 nanoparti-
cles are shown in Fig. 3. The X-ray diffraction pattern 
(Fig. 3a) of the  TiO2 nanoparticles confirms the material 
is crystalline  TiO2 with a brookite phase, as reported by 
the manufacturer. The structure was identified by com-
parison of the XRD signals with those reported in the pdf 
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card 01–076-4113 of the 2005 ICDD (International Cen-
tre for Diffraction Data) database included in the program 
JADE V.7.5.1 (Materials Data XRD Pattern Processing 
Identification and Quantification). As seen, the existence 
of brookite in the XRD patterns is evidenced by the pres-
ence of the (121) peak at 2θ = 30.2°. Figure 3b shows the 
 N2 physisorption isotherm of the  TiO2 nanoparticles. The 
surface areas of the  TiO2 brookite nanoparticles and the 
pore width were measured using the BET method and 
found to be 32.2 m2g−1 and 9.3 nm, respectively. Inter-
national Union for Pure and Applied Chemistry (IUPAC) 
has classified the physisorption isotherms into six cat-
egories (Types I to VI) and the possible hysteresis loops 
in these isotherms into five categories (Types H1 to H5) 

(Sing 1985; Thommes et al. 2015). Although it is well 
known in the literature that most metal-oxide-based nano-
particles are non-porous materials (Type II isotherm) (El-
Qanni et al. 2017), there is a mesoporosity with a hyster-
esis loop (Type IV isotherm) which is usually attributed 
to the synthesis method of the nanoparticles. Lastly, the 
SEM images (Fig. 3c) show the morphology of the  TiO2 
nanoparticles which looks like a cubic shape in an orderly 
manner.

Single adsorption isotherms

Isotherm studies indicate the way that the solution trans-
mits from the solution phase to the adsorbent phase at 

Fig. 2  Chemical structure of 
(a) ARS and (b) BCG; CPK 
representation of the optimized 
(c) ARS molecule (top and 
side views, respectively) and 
(d) BCG (top and side views, 
respectively). Grey atoms repre-
sent carbon, red atoms represent 
oxygen, white atoms repre-
sent hydrogen, yellow atoms 
represent sulfur, purple atoms 
represent sodium, and light red 
atoms represent bromide. The 
geometry optimization in forcite 
was set to fine and the forcefield 
to COMPASS
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equilibrium (Arfi et al. 2017). As seen in Fig. 4, excel-
lent agreement between the experimental data and the 
Sips model for ARS and BCG molecules was obtained 

in such a case at a temperature of 25 ◦C and pH of 7.0. 
This was confirmed by the low values of !2 for the Sips 
model: 0.019 and 0.13 for ARS and BCG, respectively. 
The error bars of each experimental measurement rep-
resent the standard error. The  TiO2 nanoparticles suc-
ceeded in adsorbing both model molecules, and signifi-
cant changes in the initial concentrations were observed. 
An obvious color change was observed after the adsorp-
tion of ARS and BG which confirms the occurrence of 
adsorption visually. As shown in Fig. 4, at relatively low 
dye concentrations, the adsorption capacity of BCG onto 
 TiO2 nanoparticles increased significantly compared to 
ARS, suggesting that the adsorption affinity of BCG was 
higher once compared to ARS molecule. Despite the high 
adsorption affinity of BCG onto  TiO2 nanoparticles, the 
 TiO2 nanoparticles exhibited higher uptake capacities 
toward ARS. The uptake of ARS and BCG was found 
to be 147.6 and 53.3 mgg−1 , respectively, indicating dif-
ferent adsorption behaviors of the two model molecules. 

Fig. 3  Characterization results 
of the  TiO2 brookite nanopar-
ticles. (a) X-ray diffraction 
powder pattern, (b)  N2 phys-
isorption isotherm, and (c) SEM 
images

Fig. 4  Macroscopic single solution-phase adsorption isotherm of 
BCG and ARS onto  TiO2 nanoparticles. Experimental conditions: 
nanopowder dose, 5 gL−1 ; contact time, 120 min; temperature, 25 ◦C ; 
and pH, 7.0. The symbols are experimental data, and the solid dashed 
lines are the Sips model

Table 2  Estimated single adsorption isotherm of the Sips model fit-
ting parameters

ARS BCG
Qm ks ns Qm ks ns

147.57 0.017 0.68 53.30 0.19 0.42
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The higher uptake of ARS could be attributed to its low 
molecular weight compared to BCG. The summary of 
the single adsorption isotherm of the Sips model fit-
ting parameters is listed in Table 2. The ns values in the 
Sips model play an important role in understanding the 
type of interaction between dyes and the surface of  TiO2 
nanoparticles. The dimensionless ns parameter qualita-
tively characterizes the heterogeneity of the adsorbate-
adsorbent interaction and depends on adsorbate rather 
than on adsorbent as can be seen by the obtained data 
in this study. The reported ns data for both cases is less 
than 1 (ns = 0.68 and 0.42 for ARS and BCG, respec-
tively) confirming the heterogeneous adsorption process 
as suggested by the values of the heterogeneity factor 
(ns). Thus, the isotherm that best describes the adsorption 
mechanism of ARS and BCG onto the  TiO2 nanoparticles 
is the Sips isotherm.”

Binary adsorption isotherms

Figure 5 shows the Extended-Sips model of ARS and 
BCG molecules onto  TiO2 nanoparticles at pH of around 
7 and 25 °C. The !2 values for the applied Extended-
Sips model were 6.7 × 10

−3 and 4.5 × 10
−5 for ARS and 

BCG in the binary solution, respectively. The  TiO2 nano-
particles succeeded in adsorbing both model molecules 
in the binary adsorption systems. The results and the 

fitting parameters are shown in Table 3. Interestingly, 
the adsorption capacity did not change notably by the 
presence of the other model molecules. It is worth noting 
here that the ARS-TiO2 adsorption isotherm was simi-
lar to that in the single system where the heterogeneity 
factor (ns) values remain 0.68 for both ARS single and 
binary systems. This suggests the selectivity of  TiO2 
nanoparticles toward adsorption of the ARS molecules 
in the presence of BCG molecules, that the energy of 
the binding sites did not face any change confirming the 
selective adsorption of ARS molecules. The adsorption 
behavior of BCG-TiO2 goes to Langmuir by the presence 
of ARS molecules. The ns value increased from 0.42 to 
0.92 in the presence of ARS molecules; therefore, it can 
be assumed that BCG molecules in the binary solution 
are chemisorbed in a monolayer onto the surface of  TiO2 
nanoparticles. Furthermore, the initial concentration 
of ARS was almost diminished after adsorption, while 
BCG concentration did not highly change in all cases. 
This was observed as the red color caused by ARS mol-
ecules almost disappeared, while the blue color caused 

Fig. 5  Macroscopic binary solution-phase adsorption isotherm of 
BCG and ARS onto  TiO2 nanoparticles. Experimental conditions: 
 TiO2 dose, 5 gL−1 ; contact time, 120  min; temperature, 25 ◦C ; and 
pH, 7.0. The symbols represent the experimental data, and the solid 
lines represent the Extended-Sips model

Table 3  Competitive adsorption isotherm fitting parameters

ARS BCG
Qm ks ns Qm ks ns

140.01 0.0029 0.68 45.45 0.1 0.92

Fig. 6  Adsorption kinetics of ARS onto  TiO2 nanoparticles. Experi-
mental conditions:  TiO2 dose, 5 gL−1 ; contact time, 60 min; tempera-
ture, 25 °C; and pH, 7.0. The symbols are experimental data, and the 
solid dashed lines are the external mass transfer model
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by BCG remained in the solution. This supports the idea 
that the ARS molecules were selectively and preferably 
adsorbed and separated from BCG in the binary solution 
adsorption. Further explanations will be discussed and 
presented in the computational modeling part.

Adsorption kinetics

The results of the single adsorption of ARS and BCG 
onto  TiO2 nanoparticles at predetermined time intervals 
are presented in Figs. 6 and 7. The phenomenological 
external mass transfer model was used to validate the 
experimental data. This model assumes that the film 
diffusion is the slowest step; thus, the equilibrium is 
obtained on the surface of the nanoparticles (Hines and 
Maddox 1985; Ruthven 1984; Wang and Guo 2020). The 
latter concentration gradient in liquid films is the driv-
ing force of external diffusion (Wang and Guo 2020). 
Herein, the concentration of ARS decreased significantly 
within the first 7 min, and then it remained constant. 
This reflects the quick removal of ARS. On the con-
trary, the concentration of BCG decreased slowly over 
time as shown in Fig. 9. It took more than 180 min to 
reach equilibrium. In this sense, the adsorption of ARS 
onto  TiO2 nanoparticles is dominantly external. Achiev-
ing equilibrium in a short time, for ARS compared to 

BCG, can be due to the low molecular weight of ARS 
which reduces external mass transfer limitations due to 
the ease of movement of relatively small molecules com-
pared to a large one. Moreover, the heterogeneity of ARS 
molecules is less compared to BCG as can be seen in 
Fig. 5, and these differences in structure will affect the 
adsorption mechanisms. In addition to that, size effects, 
which can be explained in light of the steric effect (steric 
hindrance), can provide a good explanation for the 
observed trends. Steric hindrance, which comes because 
of steric effects, involves reducing chemical interactions 
as a result of steric bulk, whereas large bulky molecules 
will experience lower chemical interactions due to size 
effects. It is important to mention that a similar trend was 
observed once the adsorption isotherm was discussed, 
where the same analysis can be applied. In conclusion, 
the slow and gradual decrease in BCG kinetics can be 
attributed to the slow external diffusion of BCG atoms 
on the surface of  TiO2 nanoparticles confirmed by the 
relatively low kma value which was 0.59 min

−1.

Adsorption thermodynamics

Thermodynamics of ARS adsorption onto  TiO2 
nanoparticles in binary solution

Figure 8 shows the adsorption isotherms for ARS onto 
 TiO2 in binary solution at different temperatures. Worth 

Fig. 7  Adsorption kinetics of BCG onto  TiO2 nanoparticles. Experi-
mental conditions:  TiO2 dose, 5 gL−1 ; contact time, 60 min; tempera-
ture, 25 °C; and pH, 7.0. The symbols are experimental data, and the 
solid dashed lines are the external mass transfer model

Fig. 8  Adsorption isotherms for ARS onto  TiO2 in binary solution at 
different temperatures
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mentioning, the Sips isotherm was used to determine the 
thermodynamic parameters, namely the changes in adsorp-
tion Gibbs free energy 

(

ΔG
◦

ads

)

 , enthalpy 
(

ΔH
◦

ads

)

 , and 
entropy 

(

ΔS
◦

ads

)

 using these equations:

where K = ks Csns

For the study of thermodynamics for ARS-TiO2 in 
binary solution adsorption, ΔG°ads value was negative 
indicating spontaneous adsorption. The value of ΔG°ads 

(11)ΔG
◦

ads
= −RTln(K)

(12)!"(K) =
ΔS

◦

ads

R
−

ΔH
◦

ads

RT
.

decreased with temperature, which means that the spon-
taneous nature of the adsorption is proportional to the 
temperature as shown in Table 4. Moreover, the positive 
value of ΔS°ads suggests that the system exhibits a random 
behavior. Furthermore, the estimated ΔH°ads value was 
positive 27.62 kJmol

−1 , and since this value is less than 
40.0 kJmol

−1 , this suggests that the interaction between the 
surface ARS and  TiO2 nanoparticles in this binary solu-
tion is physisorption (Worch 2012). Therefore, an increase 
in the temperature leads to higher adsorption of ARS at 
equilibrium and makes it physical by nature.

Thermodynamics of BCG adsorption onto  TiO2 
nanoparticles in binary solution

Figure 9 represents adsorption isotherms for BCG onto 
 TiO2 in binary solution at different temperatures. For this 
thermodynamics study, ΔG°ads value was negative indi-
cating spontaneous adsorption as illustrated in Table 5. 
The value of ΔG°ads decreased with the temperature, 
which means that the spontaneous nature of adsorption 
is proportional to temperature. Moreover, the positive 
value of ΔS°ads suggests that the system exhibits a ran-
dom behavior. However, ΔH°ads value was positive (41.82 
kJmol

−1
) possibly indicating the chemisorption of BCG 

onto the surface of  TiO2 nanoparticles (Worch 2012). 
Therefore, molecular dynamics simulation is needed here 
to give deep insight into this adsorption behavior.

FT-IR analysis

The infrared spectra of  TiO2 nanoparticles before and 
after the adsorption of organic model molecules in 
binary solution are shown in Fig. 10. As shown, the 

Table 4  Fitting parameters of 
ARS adsorption onto  TiO2 at 
different temperatures in binary 
systems

Temperature 
(°C)

Qm ks ns ΔG
◦

ads

(kJmol−1)

ΔH
◦

ads(

kJmol−1
)

ΔS
◦

ads

(Jmol−1K−1)

25 143.18 0.00107 0.594  − 6.81 27.62 116.13
35 148.43 0.00186 0.596  − 8.53 – –
45 154.12 0.00207 0.597  − 9.11 – –

Fig. 9  Adsorption isotherms for BCG onto  TiO2 in binary solution at 
different temperatures

Table 5  Fitting parameters of 
BCG adsorption onto  TiO2 at 
different temperatures in binary 
systems

Temperature 
(°C)

Qm ks ns ΔG
◦

ads

(kJmol−1)
ΔH

◦

ads

(kJmol−1)
ΔS

◦

ads

(Jmol−1K−1)

25 45.45 0.099 0.913  − 33.73 41.82 252.73
35 43.93 0.1 0.925  − 35.51 – –
45 43.69 0.11 0.96  − 38.82 – –
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framework region was from around 900 and 2000  cm−1 
of which modifications to the original  TiO2 signals 
were noticed. Noticeable modifications on the IR sig-
nal at 1021  cm−1 could be assigned to S—O and S—C 
stretching vibrations from ARS adsorption (Albadarin 
and Mangwandi 2015; Yang et al. 2018). Another clear 
IR band at around 1150  cm−1 corresponds to S = O of 
the —SO3

− group for BCG was reported (Murmu et al. 
2018). The IR band at 1272  cm−1 could be assigned to 
C—O modes in ARS adsorption (Moriguchi et al. 2003). 
Nonetheless, the adsorption has shifted the signals 
from 900 to 2000  cm−1 with new different intensities. 
Additionally, upon binary adsorption, signals around 

1640–1520  cm−1 assigned to aromatic C = C stretching 
vibration (El-Qanni et al. 2016) attributed to both ani-
onic dyes ARS and BCG are noticed. Furthermore, some 
broad IR bands centered at around 1560–1340   cm−1 
could be assigned to –OH bending vibration modes (El-
Qanni et al. 2017). A similar signal case was previously 
reported for  TiO2-mediated photodegradation of ARS 
on silver nanoparticles (de Souza and Corio 2013). With 
this information, the adsorption of ARS and BCG in 
binary solution onto  TiO2 nanoparticles was success-
fully confirmed.

Adsorption simulation of BCG and ARS onto  TiO2 
(100)

The adsorption calculations have occurred with the pres-
ence of 400 water molecules per run. First, each molecule 
of BCG and ARS was simulated individually. Second, four 
molecules of each component were applied to the adsorption 
run. Then, two molecules of each component were tested 
together in the same simulation, to mimic the binary solu-
tion adsorption. The vacuum slap was set to 27 Å, and the 
supercell range was set to be 2 nm × 2 nm which included 
224 O and 128 Ti atoms, as shown in Fig. 11.

In most cases, adsorbed ARS molecules tend to lie 
tilted on the surface of  TiO2. The affinity of ARS mol-
ecules was proven to be higher from BCG adsorption 
on the surface. This is due to the ARS adsorption’s low 
energy in comparison with the BCG molecules. The 
S–O and S = O bonds and  Na+ helped in creating closer 
interaction with the Ti atoms on  TiO2 surface. Further-
more, ARS molecules were shown to bind to  TiO2 by the 
interaction of electron pairs on the hydroxyl oxygens in 
alizarin with the d orbitals of Ti atoms. ARS chemical 
binding with  TiO2 can be through one Ti–O bond and 

Fig. 10  FT-IR spectra for (1) virgin  TiO2 nanoparticles; and (2)  TiO2 
nanoparticles loaded with ARS and BCG

Fig. 11  TiO2 (100) surface top 
and side view. Red atoms rep-
resent oxygen, and grey atoms 
represent titanium
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through two Ti–O bonds directed at a single or two sepa-
rate Ti atoms (Duncan et al. 2005). In both cases, binary 
and individual systems, BCG molecules showed higher 
adsorption energy and lower affinity toward the  TiO2 
surface. The atomic distribution and shape of the BCG 
molecules resulted in increasing the adsorption energy 
and higher adsorption distance between the surface and 

the BCG molecule, as shown in Figs. 12 and 13. This 
confirms the findings obtained via experimental adsorp-
tion isotherms, shown in “Binary adsorption isotherms” 
section. In addition, the simulation energy distributions 
are demonstrated in Fig. 14. The negative values of the 
interaction energy for both dyes indicate that the adsorp-
tion processes were spontaneous supporting the findings 

Fig.12  a) Adsorption system of 4 BCG molecules onto  TiO2 (100) 
surface and b) adsorption of 4 ARS molecules onto  TiO2 (100) sur-
face. Both cases were simulated in the presence of 400 water mol-
ecules. Gray atoms represent carbon, red atoms represent oxygen, 

white atoms represent hydrogen, yellow atoms represent sulfur, pur-
ple atoms represent sodium, light gray atoms represent titanium, and 
light red atoms represent bromide

Fig. 13  a) Binary adsorption system of 2 BCG and 2 ARS molecules 
onto  TiO2 (100) surface in the presence of 400 water molecules. Gray 
atoms represent carbon, red atoms represent oxygen, white atoms rep-
resent hydrogen, yellow atoms represent sulfur, purple atoms repre-

sent sodium, gray atoms represent titanium, and light red atoms rep-
resent bromide. b) Same as a, but each molecule type was colored 
differently to clarify the visual representation. ARS was colored yel-
low and orange for BCG
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of thermodynamics: Sections “Thermodynamics of ARS 
adsorption onto TiO2 nanoparticles in binary solution” 
and “Thermodynamics of BCG adsorption onto TiO2 
nanoparticles in binary solution”. Similar energy inter-
action trends for anionic dyes, eriochrome black T and 
Direct Red-23, adsorbed onto chitosan and sepioliteclay 
adsorbents, respectively, were observed in recent publi-
cations (Khnifira et al. 2021; Largo et al. 2020). Moreo-
ver, Fig. 14 shows lower adsorption energies for ARS 
of − 150 to − 250  kcalmol

−1 (− 628 to − 1046 kJmol
−1 ) in 

both scenarios, single and binary systems. This explains 
the higher adsorption affinity and removal in the experi-
mental part: adsorption isotherms. The water adsorp-
tion energy seems to be stable between − 10 and − 50 
kcalmol

−1 (− 42 to − 209 kJmol
−1 ) which is lower than 

BCG and ARS. The lower adsorption energy of the water 
may explain the higher entropy value in the thermody-
namics study, as a result of the water desorption and the 
replacement of BCG and ARS molecules.

Photodegradation of  TiO2 nanoparticles

Regeneration study is considered of paramount impor-
tance to achieve environmentally benign, scalable, and 
cheap catalysts. Therefore, the  TiO2 nanoparticles loaded 
with the dyes were regenerated by photodegradation for 
the study of second cycle adsorption. The efficiencies of 
ARS and BCG through the first and second adsorption 
cycles were calculated. Results show that the efficiency 
of  TiO2 decreased by 10.9% after the adsorption of ARS, 
while the adsorption efficiency of BCG dropped signifi-
cantly by almost 29.4%, as shown in Fig. 15. The higher 
reduction in efficiency of BCG (698.01 gmol

−1
) com-

pared to ARS ( 360.28 gmol
−1
) could be associated with 

its larger molecular weight (Chiu et al. 2019). Similarly, 
a study by Lachheb et al. explained the variation in the 
photodegradation rates of five different dyes according 
to their molar weight (Lachheb et al. 2002). The higher 
regeneration efficiency of ARS supports the conclusion 
of  TiO2 selectivity toward adsorbing ARS molecules.

Conclusions

In this study, batch adsorption and subsequent photodeg-
radation activity of  TiO2 brookite nanoparticles, for the 
removal of single and binary solutions of anionic dyes, 
ARS and BCG, were successfully achieved. Excellent 
agreement was obtained between the experimental data 
and the Sips model for ARS and BCG molecules in the 

Fig. 14  The adsorption energy distribution of the adsorbed mol-
ecules ARS and BCG in single and binary systems. a) BCG and  H2O 
adsorption energy in the 4 BCG single component adsorption system, 
b) ARS and  H2O adsorption energy in the 4 ARS single component 
adsorption system, and c) BCG, ARS, and  H2O adsorption energy in 
the 4 BCG binary component adsorption system
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single adsorption case, with higher adsorption affinity 
toward BCG and higher adsorption uptake capacity of 
ARS.  TiO2 brookite nanoparticles succeeded in adsorb-
ing both model molecules in the binary adsorption sys-
tems confirming the selective adsorption of ARS mol-
ecules and showing the goodness of the fitting results of 
the Extended-Sips model as verified by !2 analysis. The 
kinetics results revealed that the adsorption of ARS onto 
 TiO2 nanoparticles is predominantly external, achieving 
equilibrium in a short time for ARS when compared to 
BCG. The results of the thermodynamics study showed 
that the adsorption process was spontaneous with phys-
isorption and chemosorption behaviors for both ARS and 
BCG dyes, respectively. The simulation energy distribu-
tion investigated through molecular dynamics simula-
tion exhibited higher adsorption energies for ARS in the 
range from − 628 to − 1046 kJmol

−1 for both single and 
binary systems explaining the higher entropy value in the 
thermodynamics study. Finally, two regeneration cycles 
of  TiO2 nanoparticles using UV irradiation showed that 
the decrease of  TiO2 nanoparticles efficiency was around 
11% for the adsorption of ARS, while the adsorption 
efficiency in the case of BCG dropped significantly to be 
29%. The mechanistic insights for such a system can be 
investigated in futuristic works through complete photo-
degradation kinetics modeling.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 022- 21368-7.
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ABSTRACT: The adsorption e!ciency of commercial activated
carbon toward ibuprofen (IBU) was investigated and described
using the adsorption dynamic intraparticle model (ADIM).
Although the adsorption capacity of activated carbon has been
widely studied, the kinetic models used in the literature are
simplified, treating adsorption kinetics with pseudo-kinetic
approaches. In this paper, a realistic model is proposed,
quantitatively describing the influence of the main operation
parameters on the adsorption kinetics and thermodynamics. The
thermodynamic data were interpreted successfully with the
Freundlich isotherm, deriving an endothermic adsorption mecha-
nism. The system was found to be dominated by the intraparticle
di"usion regime, and the collected data allowed the determination
of the surface activation energy (ES = 60 ± 7 kJ/mol) and the fluid−solid apparent activation energy (EA = 6 ± 1 kJ/mol). The
obtained parameters will be used to design adsorption columns, allowing the scale-up of the process.

■ INTRODUCTION
Water is a vital resource for all living beings on Earth. Over the
past 20 years, the demand of water increased due to
industrialization and global population growth that is expected
to reach 9.7 billion in 2064.1 Nowadays, the presence of
pharmaceutical compounds in wastewaters is steadily increas-
ing. Ibuprofen (IBU) (C13H18O2) is one of the most common
pharmaceutical products classified under nonsteroidal anti-
inflammatory drugs (NSAIDs)2−4 found in wastewaters.2,5,6
The conventional water treatment technologies are not
designed to treat pharmaceutical compounds,7 and thus there
is a real risk of IBU accumulation in the environment leading
to serious risks to human beings and the ecological system.6,8
Therefore, the development of low-cost and scalable
technologies is a real need to ensure high water quality.
Adsorption is a separation process where one or more
component of a fluid mixture (liquid or gaseous) is transferred
on a solid surface.9,10 Activated carbon is one the most
versatile adsorbents due to its physicochemical properties (i.e.,
high specific surface area and porosity).9 More specifically,
adsorption of pharmaceutical compounds on activated carbon
shows a high potential in terms of adsorption e!ciency.11−13

The most recent results obtained for ibuprofen removal using
activated carbon are reported in Table 1. As revealed, several
activated carbons were tested and exhibiting high adsorption
capacities. Often, the modeling approaches are simplified,

assuming the pseudo-homogeneous models. Developing
reliable models is of paramount importance to describe the
adsorption process in terms of design, control, and
optimization. For this reason, there is a clear need to describe
adsorption kinetic data using reliable models based on the
description of the involved di"usion phenomena: (i) fluid−
solid; (ii) intraparticle; and (iii) surface di"usion. Hence, a
dynamic intraparticle model (ADIM) for fluid−solid adsorp-
tion kinetics was developed by our research group10 and was
already tested with success by other authors.14−16 The
significance of this model lies in describing both the
thermodynamics and kinetics of fluid−solid adsorption data
simultaneously. Furthermore, it can be considered general and
easily adapted for any specific case.17 Baltreṅaite-̇Gediene ̇ et
al.16 applied this model to simulate the pore volume and
surface di"usion in the case of Zn(II), Cu(II), and Mn(II) on
lignin biochar.
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For the mentioned reasons, in the present paper, an indepth
kinetic and thermodynamic investigation was conducted using
commercial activated carbons, namely, DARCO 20−40. The
collected data were interpreted using the ADIM model to
retrieve physicochemical parameters needed for a future design
of a continuously operating adsorption column.18

■ EXPERIMENTAL SECTION
Materials. DARCO 20−40 mesh (specific surface area of 629 m2/

g, average pore diameter of 3.7 nm, total pore volume of 0.748 cm3/g,
volumes of micropores 0.264 cm3/g, mesopores 0.190 cm3/g, and
macropores 0.294 cm3/g31) commercial granular activated carbon was
supplied by Sigma-Aldrich and used as a sorbent without any
pretreatment. Ibuprofen (4-isobutyl-α-methylphenylacetic acid, purity
99%) was supplied by Alfa Aesar.

Batch Adsorption Experiments. The kinetic study was
performed in a jacketed batch vessel. All of the experiments were
performed loading 150 mL IBU solution at 10 mg L−1 and neutral pH
with a fixed quantity of sorbent. The ratio between the adsorbate and
the adsorbent in the kinetic experiments was chosen after a
preliminary investigation, allowing to obtain measurable experimental
kinetic data. The temperature of the solution was controlled using an
external thermostat, while the stirring rate was adjusted via a
mechanical stirring system. In general, ibuprofen solution was loaded
and preheated at the desired temperature level at a fixed stirring rate.
Once the system was stable, the sorbent was added to the vessel.
Liquid samples (around 0.5 cm3) were withdrawn periodically to
measure the evolution of ibuprofen concentration with time. The
sampling line was provided with a sintered stainless steel filter
installed to avoid sorbent loss during sampling. The withdrawn
quantity was su!cient for analytical purposes, just marginally a"ecting
the sorbent concentration along the kinetic run. The samples were
stored in closed vials. A spectrophotometer (Jasco V-550 UV/vis) was
used to detect the residual IBU concentration in aqueous solutions. A
typical spectrum was reported in the supplementary material (Figure
S1). A calibration curve was recorded at λ = 222 nm, where the IBU
absorption reached the maximum value, obtaining the calibration
curve reported in eq S1, valid in a concentration range between 0 and
0.05 mol/m3 (Figure S2).

To investigate the adsorption kinetics, along with eventual mass-
transfer e"ects, several experiments were conducted varying the
operating conditions within a wide range (see Table S1).

Adsorption Isotherms. Adsorption isotherm experiments were
conducted at three di"erent temperatures of 303, 313, and 323 K.
Di"erent amounts of activated carbon were added to a set of vials
containing 10 mL solutions with an initial concentration of 10 mg
L−1, varying the sorbent/ibuprofen ratio. The vials were kept under
stirring at a fixed temperature for 3 days, to be sure that the system
would reach thermodynamic equilibrium. Three sets of solutions were
prepared to investigate the e"ect of temperature on the adsorption
performance. It is worth noting that the experiments were conducted
in triplicate to ensure the reproducibility of the results, obtaining an
error of less than 5%, calculated as the standard deviation.

Adsorption Modeling. The dynamic model ADIM was proposed
and tested in both batch and continuous adsorption modes in our
previous research,10,18,32 and it was used for the interpretation of the
collected data on adsorption kinetics considering all possible di"usion
processes and adsorption equilibrium. This model is based on the
following mechanism which consists of four successive steps: (i)
di"usion of the solute from the bulk liquid phase (where the solute
concentration in the bulk liquid phase, CB, is assumed constant at a
generic time t) to the solid surface; (ii) intraparticle di"usion; (iii)
equilibrium of the solute concentration between the liquid and solid
phase; and (iv) di"usion of the adsorbate species to the particle
surface. The following assumptions were adopted:

1. isothermal system,

2. monomodal particle size,Ta
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3. adsorption equilibrium in the pore with average porosity and
tortuosity of the particle, and

4. particle mass balance is adaptable based on the shape factor.
Following these hypotheses, it is possible to derive for the batch

system, the mass balance equations for the bulk liquid phase (eq 1)
and for the solid phase (eq 2)10 by considering both the film di"usion
and intraparticle di"usion limitations. The bulk accumulation is equal
to the film mass-transfer (eq 1), and the overall accumulation for both
liquid and solid phases is the sum of the pore and surface intraparticle
di"usion (eq 2)

= |C
t

k a C C( )R
B

m sp B L p (1)

where CB is the liquid bulk concentration, t the simulation time, km
the fluid−solid mass-transfer coe!cient, asp the sorbent specific
surface area per volume of particle, CL the concentration in the liquid
pores, and ε′ the fluid bulk/solid phase volumetric ratio

+
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where ε is the sorbent porosity, CS the concentration on the solid
surface, rP the sorbent radius, DP the pore di"usion coe!cient, DS the
surface di"usion coe!cient, S the shape factor, and C* defined as in
eq 3

* =
ikjjjjj y{zzzzzC
C
K

ln
n

S

F (3)

where KF and n are the Freundlich isotherm parameters.
The following physical and chemical parameters were considered.

The pore di"usivity (DP) presented in eq 4 was calculated from the
molecular di"usivity, correcting it with the porosity ε and tortuosity τ
of the solid. The corresponding molecular di"usivity (D0) was
estimated based on the Wilke−Chang equation (eq 5)

=D DP 0 (4)

= ◊
D

M T
V

7.4 10 ( )
0

12
B

0.5

B A (5)

where φ is the association factor (set to 2.6 for associating molecules),
MB the molecular weight of the solvent, T the temperature, μB the
viscosity of the solvent, and VA the molar volume calculated at the
standard boiling point calculated using Le Bas correlation, VA = 268
cm3/mol.

To solve the mentioned set of partial di"erential equations, it is
necessary to set appropriate boundary conditions.

Equations 6 and 7 represent the symmetry condition at the center
of the particle (rP = 0) for both liquid and adsorbed phases, whereas
eq 8 expresses the steady-state hypothesis at the solid surface (rP =
RP)
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Furthermore, the Freundlich isotherm (eq 9) was considered to
evaluate the solute concentration in the solid at equilibrium

=C K C n
S F L

1/ (9)

where KF is the Freundlich constant related to the adsorption
capacity, and 1/n is the adsorption intensity factor.

More theoretical information about the ADIM and the
mathematical demonstration of the mass balance equations can be
found in refs 1018

Numerical Methods. The adsorption process introduced in the
previous section is from the mathematical viewpoint for a system of
partial di"erential equations (PDEs), ordinary di"erential equations
(ODE), and algebraic equations (AEs). The simultaneous numerical
solution of these equations is very challenging, and it was performed
by using gPROMS ModelBuilder v.4.0. This software provides
algorithms based on the method of lines to solve the coupled system
of PDEs and ODEs. In particular, the second-order centered finite
di"erence method of approximation was used as the discretization
method of the radial coordinate in 100 points. The model input
parameters, namely, the sorbent properties, are listed in Table 2. The

surface di"usivity DS and the mass-transfer coe!cient km were
estimated by submitting the experimental data to nonlinear regression
analysis by using the MXLKHD mathematical solver for the
parameter estimation included in the software, considering the typical
ranges reported in our previous work.10,18

■ RESULTS AND DISCUSSION
Adsorption Isotherms. Experiments were conducted at

di"erent temperatures to investigate the adsorption capacity
trend with the temperature of the activated carbon and to
determine the corresponding adsorption isotherm. The
collected results are reported in Figure 1.
As revealed, the adsorption of IBU on activated carbon

increases by increasing the temperature. The adsorption
isotherms trends follow the Freundlich model as reported in
the literature for this system (see Table 1).21 This isotherm

Table 2. Input Parameters for ADIM

symbol value unit
RP 0.35 × 10−3 m
S 2
asp 8.57 × 103 m2 m−3

ε 0.38
τ 4.46
ρsolid 1950 kg m−3

Figure 1. Adsorption isotherms at di"erent temperatures. Symbols
represent the experimental data and lines the calculated profiles.
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describes the adsorption on a heterogeneous surface due by
sites characterized by di"erent adsorption energies, with the
possibility of interaction between the adsorbed molecules.33
The estimated parameters at the three di"erent temperatures
are displayed in Table 3, together with 95% confidence

intervals. The values of the empirical constant n fall in the
range of 1−10, indicating a strong interaction between IBU
and the activated carbon.34 Moreover, n increases with
temperature, indicating a stronger interaction between the
sorbent and adsorbate at higher temperatures, suggesting an
endothermic adsorption mechanism.
This e"ect was already reported in the literature (see Table

1).20,35,36 One explanation could be the ibuprofen change in
the conformation with temperature, giving another conformer
more strongly adsorbed. Certainly, the influence of mass
transfer could be another possibility. These are surely just
hypotheses and must be verified via dedicated experimentation
and quantum chemistry computations.
Kinetic Investigation. Adsorption kinetics can be

described by assuming a series of di"usion paths, where the
molecules move from the bulk liquid phase to the inner part of
the sorbent particles. The proposed model describes the
adsorption kinetics with no rate-determining steps, including
all of the possible paths from the film phase to intraparticle
di"usion.18
The case of ibuprofen adsorption on activated carbons is

well-suited as ibuprofen molecule dimensions (1.03 nm × 0.52
nm × 0.43 nm37) are compatible only with the mesopores and
macropores. As DARCO 20−40 is characterized by a
considerable fraction of micropores, intraparticle di"usion
certainly limits the adsorption kinetics. To verify the
mentioned assumption, Bangham’s equation (eq 10) was
used, in a first step, to verify if the intraparticle di"usion was
the only rate-determining step of the adsorption process

= +
i
kjjjjjj

y
{zzzzzz ikjjjj y{zzzzC

C q
k

V
tlog log log

2.303
log( )

t

B,0

B,0 bulk

b bulk

(10)

with qt the adsorbed quantity calculated as qt = (CB,0 − CB)/
ρbulk.
As an example, the plot of log log[CB,0/(CB,0 − qtρbulk)] vs

log t is reported in Figure 2 for the experiments performed at
di"erent T.
The goodness of fit of the Bangham model surely indicates

the presence of intraparticle di"usion limitations. Therefore, R2

values decrease when the temperature increases, indicating that
the intraparticle di"usion becomes less important at higher
temperatures. This conclusion is surely valid as di"usion
adsorption increases at higher temperatures.
For the mentioned reasons, there is a clear necessity to use a

sophisticated model that takes into consideration also the
intraparticle di"usion. Thus, the ADIM model was used to give
a deeper insight into fluid−solid, pore, and surface di"usion.

The e"ect of stirring speed on the adsorption kinetics of IBU
on activated carbon is depicted in Figure 3. The kinetic curves

show that the adsorption was rapid, reaching 80% of saturation
during the first 40 min. Moreover, varying the stirring rate
from 500 to 750 rpm does not lead to a significant change in
the adsorption kinetics. This phenomenon is reflected in the
trend of the km values in Table 4, indicating a first increase
until reaching a plateau value, within the error.
Figures 4 and 5 show the e"ect of the initial concentration of

IBU on adsorption at two di"erent sorbent bulk densities of
ρbulk = 0.39 kg m−3 and 0.82 kg m−3, respectively. The
experimental profiles show an increase in the initial slope when

Table 3. Parameters Estimated for the Adsorption
Isotherms

T [K] KF [(mol m−3)1−1/n] n [−]
303 2400 ± 100 2.8 ± 0.1
313 3000 ± 200 3.1 ± 0.1
323 3300 ± 40 4.1 ± 0.1

Figure 2. Bangham model for the adsorption of ibuprofen on
activated carbon at di"erent temperatures. Experimental conditions
are ρbulk = 0.39 kg/m3, CB,0 = 0.05 mol/m3, and v = 500 rpm.

Figure 3. Adsorption kinetics at di"erent stirring speeds; experimental
conditions are ρbulk = 1.67 kg/m3, CB,0 = 0.05 mol/m3, and T = 303 K.
Symbols represent the experimental data and lines the calculated
profiles.

Table 4. Mass-Transfer Coe!cient at Various Stirring Rates

v [rpm] km [m s−1]
250 (1.3 ± 0.1) × 10−4

500 (2.0 ± 0.8) × 10−4

750 (3.0 ± 0.1) × 10−4
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increasing the concentration of IBU (Figure 4). Moreover, the
adsorption kinetics is strongly influenced by the amount of
adsorbent used in the experiment (Figure 5): as the amount of
sorbent loading increases, there is a corresponding increase in
the adsorption kinetics.
The e"ect of temperature on the adsorption kinetics is

presented in Figure 6. The experimental results indicate that
the adsorption kinetics increases by increasing the temperature.
This finding is in agreement with previous studies.30,36,38 This
could be attributed to the increase of di"usion of the molecules
into the pores of the activated carbon.21 Additionally, the
overall positive surface charge leads to the donor−acceptor
interactions between the aromatic ring of IBU as an electron
acceptor and the surface carbonyl groups of the activated
carbon as an electron donor. In addition, since km and DS are
temperature-dependent parameters, it was necessary to
estimate their values for each temperature, as reported in
Table 5. It is evident that the higher the temperature, the
higher are both the liquid−solid mass-transfer coe!cient and

the surface di"usivity, indicating a positive e"ect of temper-
ature on both the external and internal di"usion steps.
The dependence of the surface di"usivity on temperature is

shown in Figure 7A. It can be noticed that it follows an
Arrhenius-like trend as demonstrated by Russo et al.32 Thus, it
is possible to use the mathematical expression as reported in eq
11

= ikjjj y{zzzD D
E
RT

expS S,0
S

(11)

From the nonlinear data fit analysis, a surface activation
energy ES = 60 ± 7 kJ/mol was obtained.
In a similar way, by plotting the natural logarithm of km as a

function of 1/T, assuming an Arrhenius-like dependence, a
linear trend is obtained (Figure 7B). From the slope of the
fitting curve, it is possible to calculate the value of the
activation energy EA = 16 ± 1 kJ/mol required by the
molecules to di"use from the bulk liquid phase to the solid
phase.
Figure 8 represents a comparison between the three di"erent

bulk densities, i.e., 0.39, 0.82, and 1.67 kg/m3 at CB,0 = 0.05
mol/m3 while the temperature and stirring rate were kept
constant. The results obtained at 303 K using a sorbent loading
of 0.39 kg/m3 lead to an adsorption capacity of 18.5 mg/g, that
is in line with the results reported in the literature (see Table
1).
The adsorption kinetics is slightly influenced by the initial

concentration of IBU. This can be attributed to more
adsorptive active sites introduced when loading a bigger
amount of activated carbon, and the corresponding initial
slopes of the kinetic curves significantly increase, which is in
agreement with the results reported in the literature.

Figure 4. E"ect of the initial concentration of IBU on the adsorption
kinetics; experimental conditions: ρbulk = 0.39 kg/m3, T = 303 K, and
v = 500 rpm. Symbols represent the experimental data and lines the
calculated profiles.

Figure 5. E"ect of the initial concentration of IBU on the adsorption
kinetics; experimental conditions: ρbulk = 0.82 kg/m3, T = 303 K, and
v = 500 rpm. Symbols represent the experimental data and lines the
calculated profiles.

Figure 6. E"ect of temperature on the adsorption kinetics;
experimental conditions are ρbulk = 0.39 kg/m3, CB,0 = 0.05 mol/m3,
and v = 500 rpm. Symbols represent the experimental data and lines
the calculated profiles.

Table 5. Estimated Parameters at Di"erent Temperatures

T [K] km[m s−1] DS [m2 s−1]
303 (2.0 ± 0.5) × 10−4 (0.50 ± 0.01) × 10−11

313 (2.4 ± 0.2) × 10−4 (0.9 ± 0.1) × 10−11

323 (3.0 ± 0.4) × 10−4 (2.0 ± 0.4) × 10−11
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The parity plot for all of the kinetic data fitting is shown in
Figure 9. Comparing the experimental results and model
predictions, all of the points fall within a confidence interval of
±20%. In conclusion, the overall goodness of fit is
corroborated by the coe!cient of determination R2 which
equals 0.987.
The influence of textural properties on the adsorption

kinetics was simulated by varying both the porosity and
dimensions of the sorbent (Figure 10).
As revealed, the structural properties of sorbents can a"ect

the adsorption performances. Figure 10A demonstrates that by
increasing the sorbent porosity, a decrease of the adsorption
capacity is expected, as the solid/fluid ratio is decreasing inside
the sorbent particle. Figure 10B clearly indicates that bigger
particles lead to a slower adsorption kinetics: de facto, the
di"usion path is increasing when the radius of the sorbent
particle is also increasing, leading to stronger concentration

gradients inside the solid phase. These results unequivocally
confirm flexibility of the model, able to predict di"erent cases
over a broad range of operation conditions.

■ CONCLUSIONS
In this work, the adsorption of ibuprofen, an emerging
contaminant, on activated carbon was investigated. The best
conditions for ibuprofen removal were identified. An extensive
kinetic and equilibrium study was carried out with dedicated
batch experiments to explore the e"ect of main operation
conditions. The adsorption equilibrium data could be
satisfactorily explained by the Freundlich model, indicating
the strong bond between IBU and activated carbon and
describing the heterogeneity of the surface sites with di"erent
adsorption energies. The ADIM model provided insights into
the di"usion mechanism of IBU through the determination of
km and DS values, the parameters needed to design an
adsorption column working in flow.
It must be pointed out that the results obtained in the

present study are related to a model system, ibuprofen in
water, adopted to test the ADIM model on ibuprofen
adsorption. Working with a real matrix will potentially lead

Figure 7. (A) Surface di"usion coe!cient trend as a function of temperature. (B) Fluid−solid external mass-transfer coe!cient trend as a function
of temperature.

Figure 8. E"ect of bulk density on the adsorption kinetics;
experimental conditions are CB,0 = 0.05 mol/m3 and v = 500 rpm.
Symbols represent the experimental data and lines the calculated
profiles.

Figure 9. Parity plot of all of the kinetic data collected in the present
article.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.2c03350
Langmuir XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c03350?fig=fig9&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c03350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to a more complex behavior, as the interference of other
organic and inorganic compounds could lead to a decrease of
the adsorption e!ciency of the selected sorbent. As the
composition of wastewaters strongly depends on their origin, it
is not easy to simulate a priori a real matrix in laboratory, thus
requiring testing di"erent sorbents and adjusting adsorption
parameters, and the latter is important when there is a natural
influence of the adsorbed species.
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Figure 10. Simulations of the ibuprofen adsorption kinetics conducted at di"erent (A) sorbent porosities and (B) sorbent dimensions. Simulations
were conducted fixing T = 303 K and ρB = 1.67 kg/m3.
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■ LIST OF SYMBOLS
aspgeometric specific area, m2·m−3

C0adsorbate initial concentration, mol·m−3

CBsolute bulk concentration, mol·m−3

CLsolute concentration in the liquid of the pores, mol·m−3

CSsolute concentration in the solid, mol·m−3

CS,*saturation solute solid concentration, mol·m−3

D0molecular di"usivity, m2·s−1

DPpore di"usivity based on the cross-sectional area, m2·s−1

DSsurface di"usivity, m2·s−1

kbBangham’s equation constant, m6 kg−1

KFFreundlich adsorption constant, (mol·m−3)1−1/n

kmmass-transfer coe!cient, m·s−1

MBsolvent molecular weight, g mol−1

nadsorption intensity
qtadsorbed amount at time t, mol kg−1

rPparticle radial coordinate, m
RPparticle radius, m
Sshape factor
ttime, s
Ttemperature, K
VAmolar volume of the solute at the standard boiling point,
cm3/mol
VPparticle volume, m3

wADSadsorbent mass, g
Greek Symbols

αslope of Bangham’s linear plot
εsolid particle porosity
ε′fluid bulk/solid phase volumetric ratio
μBsolvent viscosity, kg·m−1·s−1

ϕassociation factor
ρBsolvent density, kg·m−3

ρbulksolid bulk density, kg m−3

ρSsolid density, kg m−3

τtortuosity factor
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Abstract 23 

Photocatalytic activity, reaction kinetics, modeling, and thermodynamics of commercial TiO2-P25 24 

and ZnO nanoparticles (NPs) for ibuprofen (IBU) photodegradation were investigated. 25 

Photodegradation experiments were performed in a batch reactor under ultraviolet (UV) 26 

irradiation. The photocatalytic kinetic modeling was initiated by applying first and second order 27 

kinetic models and the corresponding reaction mechanisms were suggested. The photodegradation 28 

performances of TiO2 and ZnO NPs were further studied and modeled under different operation 29 

conditions, by varying the reaction temperature, catalyst bulk density, and the initial concentration 30 

of the IBU solution. The chemical and physical-diffusive aspects and the goodness of the kinetic 31 

modeling was studied. The descriptive kinetic models for the experimental data were tested, 32 

through the estimated kinetic parameters, together with the statistical information, revealing that 33 

the reaction rate in the case of TiO2 is of first order while the ZnO NPs follow second order kinetics 34 

with respect to IBU. The photodegradation mechanisms for both TiO2 and ZnO NPs were 35 

determined to be Langmuir-Hinshelwood and Eley-Rideal, respectively.  Thermodynamic 36 

parameters were assessed, particularly, Gibbs free energy (ǻG°), enthalpy (οܪι) and entropy (οܵι) 37 

indicating the efficient photodegradation performance of these NPs. 38 

 39 

Keywords: zinc oxide, titanium dioxide, nanoparticles, ibuprofen, photodegradation, kinetics, 40 

thermodynamics. 41 

 42 

 43 

 44 

 45 
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1. Introduction 46 

Since the world population is increasing annually with an unsustainable rate, the rapid depletion 47 

of clean water sources on the planet increases [1]. Therefore, the need of wastewater treatment is 48 

more relevant than ever. Nowadays, more than 700 emerging contaminants (ECs) being either 49 

synthetically or naturally produced are chaotically disposed in water bodies [2, 3]. These ECs 50 

include personal-care products, organic wastewater compounds, and pharmaceutically active 51 

compounds which can be harmful to both ecological and human health. Ibuprofen, 2-(4-52 

isobutylphenyl) propionic acid (IBU) is a well-known nonsteroidal anti-inflammatory drug that is 53 

widely detected in wastewaters [4-6]. Numerous studies and reviews pertaining to the occurrence, 54 

the toxicity, and the impact of this emerging contaminant has been undertaken over the last few 55 

decades due to the harmful bioactive nature of IBU [4, 7, 8]. Mezzelani et al. studied the occurrence 56 

of IBU and other pharmaceutical substances and concluded that the presence of such materials in 57 

aquatic bodies and the long-term exposure can cause many problematic consequences [9]. Thus, 58 

finding sustainable methods to purify contaminated water is one of the global priorities. Most of 59 

the existing advanced wastewater treatment options include physical separation of contaminants 60 

and biological oxidation, that are expensive and face many operational challenges [10, 11]. 61 

Furthermore, they are not efficient enough for the decontamination of toxic, nonbiodegradable 62 

organic compounds. Hence, heterogeneous photocatalysis using non-conventional solids can be 63 

one of the state sustainable and promising technologies for water purification [12]. These 64 

technologies have many advantages because they generate harmless by-products with easily 65 

operated equipment design to treat wastewater [13]. TiO2 and ZnO nanoparticles are most widely 66 

used for different catalytic applications as they provide a high catalytic activity with high electron 67 

mobility and good chemical stability. [14-16]. Gnanaprakasam and coworkers [14] studied the 68 
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photocatalytic degradation of azodyes using in-house prepared TiO2 and ZnO NPs under UV 69 

irradiation. They proved that ZnO exhibits a better photocatalytic activity than TiO2 towards acid 70 

red 27 and coralene red F3BS dyes. In the systematic review article of Zhao et al. [17] about the 71 

advances in employing NPs for the photodegradation of emerging contaminants, the authors 72 

confirmed that TiO2 and ZnO nanoparticles have shown a great potential for removing emerging 73 

contaminants. In the recent studies presented in Table 1, the photocatalytic degradation of IBU in 74 

water using TiO2 and ZnO, under artificial UV and solar irradiation was investigated. The authors 75 

studied different parameters affecting the degradation rate and mineralization of IBU in batch and 76 

continuous reactors. In this sense, performing studies on the reaction kinetics can be an important 77 

pillar for prospective scale up systems of AOPs [18]. Moreover, studying the reaction rate 78 

experimentally, the rate constant, and the activation energy which are independent of the scale, 79 

will be insightful about the progress of the reaction, and thus the predicted reaction time.   80 

Herein, the scope of this research is to investigate the photodegradation kinetic modeling, 81 

photodegradation mechanisms, and thermodynamics of commercial TiO2 and ZnO nanoparticles 82 

towards IBU photodegradation.  Different parameters were considered in the kinetic study. The 83 

efficiency of TiO2 and ZnO nanoparticles towards IBU photodegradation in terms of temperature, 84 

catalyst bulk density and IBU solution initial concentration was studied. Kinetic modeling was 85 

proposed considering descriptive kinetic models of the reaction, in addition to the chemical and 86 

physical-diffusive aspects. Consequently, the parameter estimations characterizing the systems, 87 

and the corresponding activation energies were determined. Finally, thermodynamics parameters 88 

(ǻG°, οܪι, and οܵι) were assessed. 89 
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Table 1. Some previous published works on the photocatalytic activity of commercial TiO2 and ZnO NPs towards IBU 90 
photodegradation. 91 

NPs Process parameters Reactor type with light 
radiation 

Highlights Reference 

ZnO x CIBU,0 =5-60 mg/L,  
x CZnO = 10 mg/L 

Batch reactor with UV±
Vis solarium lamp (60 
W). 

x Smaller particles are more active than larger ones 
due to increased specific surface area and 
adsorption. 

x Intermediates such as benzene and phenolic 
derivatives were identified during photocatalytic 
degradation of IBU. 

[19] 

ZnO x CIBU,0 =10 mg/L, 
x C ZnO= 0.5 g/L, 

 

Batch reactor with 18 
UV lamps �Ȝ��365 nm) 
Visible metal halide 
ODPSV��Ȝ�����±800 nm) 

x The performance of the bare TiO2 and ZnO were 
compared to TiO2/ZnO, RGO/TiO2 binary 
composites.  

x The synthesized heterojunction RGO/TiO2/ZnO 
catalyst exhibited superior photocatalytic 
performance towards IBU degradation under 
visible light irradiation. 

[20] 

TiO2, ZnO x CIBU,0 =20 mg/L, 
x C ZnO= 1 g/L, 

Continuous reactor with 
UV lamp (40 W) 

x The main conclusions drawn were that both 
nanoparticles showed better performance under UV 
irradiation and acidic conditions for TiO2, whereas 
ZnO had higher degradation efficiency under 
neutral conditions. 

[21] 

TiO2 P-25 x CIBU,0 =20-200 mg/L, 
x CTiO2 = 0.1 g/L 

Tubular photoreactor, 
Compound parabolic 
concentrator (CPC) 
under solar light. 

x The time needed for a sufficient TOC removal was 
between 0.5 and 1.5 day to reach biodegradable 
properties of the treated solution. 

x The photocatalytic treatment increases the 
biodegradability of IBU solutions and coupling 
with post biological treatment was recommended. 

[22]  

TiO2 P-25 x CIBU,0 =20-200 mg/L, 
x CTiO2 = 1g/L 

Batch reactor with 
Xenon arc lamp, 450 W 

x Sonophotocatalysis showed a slight better 
performance of IBU degradation when compared 
with photocatalysis. 

[23] 
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x IBU photodegredation intermediate were identified 
through HPLC±MS. 

TiO2 P-25 x CIBU,0 =1 mg/L, 
x C TiO2= 0.5 g/L, 

Continuous reactor with 
Hg vapor lamp125 W 

x The by-products generated during the 
photodegradation of IBU using TiO2/UV showed to 
be more toxic to Daphnia similis than the original 
compound. 

[24] 

Synthesized 
TiO2 

x CIBU,0 =0.02 mg/L, 
x C TiO2= 0.5 g/L, 

 

Batch reactor with 
Simulated solar light 

x Photocatalytic degradation of IBU was achieved 
using different phase ratios of TiO2 photocatalyst. 

x The best performance was with 61.8% Anatase and 
38.2% Brookite. 

x The prepared photocatalyst at specific conditions is 
very stable after eight cycles without loss its 
photocatalytic performance. 

[25] 

Sensitized 
TiO2 film 

coated glass 

x CIBU,0 =200 mg/L, 
x C TiO2= 0.5 g/L, 

 

Batch reactor with UV-
Vis light 

x Begonia extracts were used as sensitizers for TiO2-
based photodegradation of IBU showing promising 
performance. 

[26] 

Commercial 
TiO2 

x CIBU,0 = 10í4 M, 
x C TiO2= 0.1±0.5 g/L, 

 

Batch reactor with 
mercury lamp, 125 W 

x The optimum photodegradation conditions were 
0.03 g of TiO2 and pH=5.0, reaching 100% 
decontamination in 5 min. 

x The proposed mechanism of IBU degradation into 
4-isobutylacetophenone occurred through 
decarboxylation reaction followed by oxidation. 

[27] 

TiO2 P-25 x CIBU,0 =5-20 mg/L, 
x C TiO2= 0.25±2 g/L, 

 

Batch reactor with 
polychromatic UVA 
lamp 

x The maximum photoactivity of TiO2 towards IBU 
was accomplished when the catalyst concentration 
was 0.8 g/L. 

x The photocatalytic degradation followed a pseudo-
first-order reaction following Langmuir-
Hinshelwood model. 

[28] 

   92 
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2. Materials and methods 93 

2.1 Materials 94 

IBU solutions were prepared using 4-isobutyl-Į-methylphenylacetic acid at 99% (Alfa Aesar). 95 

ZnO was purchased by Sigma-Aldrich (Milan, Italy). TiO2-P25 was supplied by Evonik Industries 96 

(Essen, Germany). Bi-distilled Milli-Q water, also filtered using 0.20 µm filters, was obtained 97 

through Merck Millipore (Darmstadt, Germany). The characteristics of both NPs are listed in 98 

Tables S.1 and S.2 for TiO2 and ZnO, respectively. 99 

2.2 Photodegredation experiments 100 

Photodegradation experiments were carried out following the same protocol as in our previous 101 

work [29]. In brief, 1.5 L jacketed glass vessel with a three-neck head was used and connected to 102 

ultra-thermostat to regulate the temperature. Air was fed to the reactor system using a digital flow-103 

meter regulator (supplied by Bronkhorst), connected to a sintered filter used as gas sparger, to 104 

provide a good gas-liquid interface in the mass transfer of air to the liquid phase. UV lamp of 4W 105 

was coaxially mounted in the reactor (Toshiba FL4BLB), with a wavelength of Ȝ=365nm. 106 

In a typical photodegradation experiment, an IBU solution was prepared with the desired 107 

concentration, and was loaded into the magnetically stirred reactor vessel. The reactor was closed 108 

with a lid and connected to a thermostat, set at a pre-specified reaction temperature. The air flow 109 

was adjusted with a pressure reducer to 1 bar and the digital flow meter was set at a fixed flow, 110 

after which the catalyst was loaded into the reactor. The reactor was then shielded before switching 111 

on the UV lamp to reduce any ray dispersion. The initial concentration of IBU was measured, then 112 

the reaction was started by switching on the lamp, and samples were withdrawn periodically to 113 

follow the reaction kinetics until a maximum time of 5 h. Each sample was then centrifuged at 114 

3000 rpm for 30 minutes, and the resulting liquid sample was analyzed by UV-VIS spectroscopy 115 
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(UV-Vis Jasco V-550). A typical spectrum is reported in Supplementary material (Figure S.1). A 116 

calibration curve was prepared at Ȝ=222 nm, where the absorption of IBU reached the maximum 117 

value, obtaining the calibration curve reported in Eq. 1, valid in a concentration range between 0-118 

0.05 mol/m3 (Figure S.2). 119 

ூ஻௎ܥ ൌ ሺͻǤʹʹ͵ േ ͲǤͲͲʹሻܣǡ ܴଶ ൌ ͲǤͻͻ               (1) 120 

where A represents the absorbance and CIBU is the IBU concentration expressed in mol/m3. 121 

To investigate the reaction kinetics, along with eventual mass transfer limitations, several 122 

experiments were conducted by varying the operation conditions within a wide range. The 123 

summary of the adopted reaction conditions is provided in Tables S.3 and S.4 for TiO2 and ZnO 124 

NPs, respectively. 125 

2.3 Modeling and parameter estimation 126 

All the modeling efforts were performed using Matlab R2020b. The ode23s routine was used to 127 

solve the underlying ordinary differential equations, while the parameter estimation, i.e. 128 

minimization of the objective function with particleswarm algorithm. The confidence intervals of 129 

the parameters were calculated using nlparci algorithm. The objective function was estimated as 130 

follows [30]: 131 

2

, ,

1 ,

1 dataN
i EXP i CALC

obj
idata i EXP

c c
F

N c 

§ ·�
 ¨ ¸¨ ¸

© ¹
¦                           (2) 132 

3. Results and discussion 133 

3.1 Evaluation of the external mass transfer limitations and intraparticle diffusion 134 

The stability of IBU under UV irradiation and in the absence of the catalyst was verified and 135 

confirmed in our previous work [29] giving a maximum conversion of 5% before plateauing 136 

(Figure S.3). The influence of the gas-liquid transfer resistance was checked by varying air flow 137 
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rate to the reactor since the gas-liquid mass transfer could affect the overall rate of the reaction. 138 

The air flow rate effect is presented in Figures S.4 and S.5 for TiO2 and ZnO, respectively. The 139 

result validated that increasing the air flow rate led to an increase in the observed reaction rate, up 140 

to 0.94ൈ10-6 m3/s reaching a stable plateau in both cases of ZnO. For TiO2 nanoparticles, increasing 141 

the air flow rate showed a very slight mass transfer resistance effect which was negligible. 142 

Therefore, the impact of the gas-liquid mass transfer resistance can be neglected and thus, all the 143 

other experiments were conducted imposing 0.94·10-6 m3/s airflow. The kinetic investigations 144 

were performed on an optimal stirring rate of 750 rpm, which was proven in our previous work 145 

[29], where it was found that beyond 500 rpm, the reaction rate is stabilized. 146 

The intraparticle diffusion limitations were assessed through the Weisz-Prater criterion as 147 

elucidated in eq 3,  148 

�୛୔ ൌ
െ�ᇱ୅ሺ���ሻɏେ��ଶ

�ୣ���୅ୱ��ɏ୆�
����������������������������������������������������������������������������������������������������������������ሺ͵ሻ 149 

Where  �ᇱ୅ (obs) is the reaction observed rate in mol/(m3·s), ɏେ� is the density of the catalyst in 150 

kg/m3, � is the particle radius in m, �ୣ��is the effective diffusivity in m2/s, �୅ୱ��is the 151 

concentration of species A on the catalyst in mol/m3��ȡB is the bulk density in kg/m3. 152 

Based on the external mass transfer results, it is possible to assume that the concentration of IBU 153 

on the outer surface of the catalyst is the same as that in the bulk solution. Therefore, the effective 154 

diffusivity, was assumed to  be of 1/10 of the molecular diffusivity of a given species, in an 155 

infinitely diluted liquid systems [31]. Therefore, the Wilke-Chang equation given in eq S.1 and 156 

the Le Bas increments for the solute molar volume, eq S.2 were employed. The obtained values 157 

of �୛୔��were 6.0ൈ10-5 for ZnO and 3.7ൈ10-7 for TiO2 NPs. Since the values of �୛୔  for 158 1 ا

the two NPs, the intraparticle diffusion limitations can be ignored for both systems [31].  159 
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3.2 Reaction order for TiO2 and ZnO nanoparticles  160 

The following first order reaction kinetics was applied for TiO2 and ZnO NPs at different 161 

temperatures.  162 

��୍୆୙
��

ൌ െ�ɏ୆
୬ ՜

��୍୆୙
��

ൌ െ��୍୆୙ɏ୆
୬ ՜ න

��୍୆୙
�୍୆୙

େ౅ా౑

େ౅ా౑ǡబ
ൌ න െ�ɏ୆

୬��
୲

଴
՜ �� ቆ

�୍୆୙
�୍୆୙ǡ଴

ቇ163 

ൌ െ�ɏ୆
୬��������������������������������������������������������������������������������������������������������������������ሺͶሻ 164 

R2 values for the first-order linearization test are presented in Table S.5 for both NPs. The high R2 165 

for TiO2 NPs suggest a first-order kinetics, as illustrated in Figure 1, demonstrating that the 166 

reaction kinetics follows a first-order rate law. This observation is in agreement with the findings 167 

of Méndez-Arriaga and coworkers [32] where they elucidated that the most probable degradation 168 

path of IBU mainly follows the first step of the degradation, due to a hydroxylation process, 169 

especially at high initial concentrations of IBU. 170 

  171 

 172 

 173 

 174 
 175 
 176 
 177 
 178 
 179 
 180 
 181 
Figure 1. First order reaction kinetics plots at different temperatures using TiO2, CIBU,0 = 5·10-2  182 
mol/m3, ȡB = 0.5 kg/m3, Qair = 0.94·10-6 m3/s and v = 750 rpm. 183 
 184 
However, the fitting of ZnO nanoparticles was not good enough as given in Table S.5. Therefore, 185 

second order kinetics was considered as later step. The data were aligned to a straight line, as 186 

shown in Figure 2, elucidating that the reaction kinetics follows a second-order rate law, 187 
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Figure 2.  Second order kinetic plots at different temperatures using ZnO nanoparticles, CIBU,0 = 191 
5·10-2  mol/m3, ȡB = 0.5 kg/m3, Qair = 0.94·10-6 m3/s and v = 750 rpm. 192 
 193 

Based on the coordination compound theory, organic compounds, for example IBU, with their 194 

functional groups can bind, acting as Lewis bases, with metallic ions, e.g. zinc, that acts as a Lewis 195 

acid, forming ring structures called coordination compounds [33]. In particular, IBU contains a 196 

carboxylic group, which has a high affinity for zinc and participates with two molecules in the 197 

formation of the complex. This has also been studied by Kaur and coworkers [34].  198 

The oxygen concentration in the liquid phase was estimated in each reaction step at different  199 

temperatures using the following empirical formula fitted to the data published in the literature 200 

[35], ensuring the correct oxygen concentration  at each temperature, 201 

ைమܥ ൌ ሺͷʹǤͻͶ ሺ݌ݔ݁ െ ܶȀʹͷǤͻሻ ൅ ͹Ǥͷ ڄ ͳͲିସሻߩுమை��������������������������������������������������������������������������������ሺ͸ሻ      202 

The experimental data were interpreted with a pseudo-homogeneous single-phase model, as 203 
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neither fluid-solid nor intraparticle diffusion limitations appeared according to the results 204 

presented in section 3.1. The general mass balance equation is reported in equation 7, 205 

ௗ஼೔
ௗ௧

ൌ σ ߭௜௝ݎ௝ߩ஻௡
ேೝ
௝ୀଵ                                       (7) 206 

where ܥ௜  is the concentration of component i in mol/m3, ߭௜௝is the stoichiometric coefficient of 207 

component i in reaction j, ݎ௝ is the reaction rate of step j in mol/(kg.s), n linearization coefficient 208 

for catalyst bulk density, and ȡB catalyst bulk density in kg/m3. 209 

In the evaluation of the reaction order, the catalyst bulk density was elevated to a proportional 210 

coefficient n, to take into consideration the shielding effect of the catalyst loading on the UV-light 211 

penetration in the liquid phase [36]. This coefficient was determined from the experimental data, 212 

plotting the ln(robs) vs ln(ȡB), as given in equation 8. 213 

௢௕௦ݎ ൌ ஻௡ߩݎ ՜ ݈݊ሺ ௢௕௦ሻݎ ൌ ݈݊ሺ ሻݎ ൅ ݊ ݈݊ሺ  ஻ሻ����������������������������������������������������������������������������������������ሺͺሻ 214ߩ

Figures 3 and 4 show the plots of ln(robs) vs ln(ȡB), for both TiO2 and ZnO NPs. The corresponding 215 

calculated coefficient of TiO2 NPS was n=0.68 ± 0.09. In case of ZnO the calculated coefficient 216 

value was n=0.38 ± 0.09. The higher the value of the parameter n for TiO2 NPs is attributed to the 217 

whiter color of these NPs which results in a bigger penetration shielding effect to light showing 218 

scattered behavior in comparison with ZnO NPs that tend to be grey. 219 
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  220 
Figure 3. Logarithm of the reaction rate as a function of the logarithm of the bulk density for 221 
TiO2 nanoparticles T=303K, CIBU,0=5·10-2 mol/m3, Qair = 0.94·10-6 m3/s, v = 750 rpm. 222 
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 223 

Figure 4. Logarithm of the reaction rate as a function of the logarithm of the bulk density for 224 
ZnO nanoparticles T=303K, CIBU,0 = 5·10-2  mol/m3, Qair = 0.94·10-6 m3/s, v = 750 rpm. 225 

3.3 Reaction mechanism 226 

In final stage of the kinetic modelling a Langmuir-Hinshelwood mechanism was proposed to 227 

describe the experimental data and the subsequent parameter estimations were based on this model. 228 

According to the model, both the reactants, IBU and oxygen, are adsorbed on the active sites of 229 
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the catalyst surface. The surface reaction between adsorbed oxygen and IBU is assumed to be the 230 

rate determining whereas the adsorption and desorption steps are rapid. Consequently, the reaction 231 

mechanism and the rate expression were described as follows, 232 

 233 
ߠ ൅ ��� ՞  ��������������������������������������������������������������������������������������������������������������������������������ሺܽሻ 234�ߠ

�୍୆୙ ൌ
୆୙୍ߠ

�ሾ���ሿߠ
�������������������������������������������������������������������������������������������������������������������������������ሺܾሻ 235 

ߠ ൅ �ʹ ՞  �����������������������������������������������������������������������������������������������������������������������������������ሺܿሻ 236ʹ�ߠ

�୓మ ൌ
୓మߠ

�ሾ�ଶሿߠ
�����������������������������������������������������������������������������������������������������������������������������������ሺ݀ሻ 237 

ߠ ൅ߠ���� ൅ ʹ�ߠ ൌ ͳ�����������������������������������������������������������������������������������������������������������������������ሺ݁ሻ 238 

ߠ ൅���ߠ���ሾ���ሿ ൅ �ሾ�ʹሿߠʹ�� ൌ ͳ��������������������������������������������������������������������������������������������ሺ݂ሻ 239 

ߠ ൌ
ͳ

ͳ ൅ ����ሾ���ሿ ൅ ��ʹሾ�ʹሿ
���������������������������������������������������������������������������������������������������ሺ݃ሻ 240 

� ൌ �ୡ୍ߠ୆୙ߠ୓మ ൌ � �ୡ��୍୆୙ߠ�ሾ���ሿ�୓మߠ�ሾ�ଶሿ����������������������������������������������������������������������������ሺ݄ሻ 241 

� ൌ
�ୡ��୍୆୙�୓మ�ሾ���ሿሾ�ଶሿ

ሺͳ ൅ �୍୆୙ሾ���ሿ ൅ �୓మሾ�ଶሿሻଶ
�����������������������������������������������������������������������������������������������ሺ݅ሻ 242 

where ߠ is the fraction of the sites, kc is the kinetic constant and KIBU and KO2 are the adsorption 243 

constants of IBU and oxygen, respectively.  244 

This model was applied for both TiO2 and ZnO NPs. Parameter estimations for the kinetic 245 

constants and the adsorption constants were considered, using the modified Arrhenius equation 246 

and the Van't Hoff equation to describe the temperature dependences of the rate and equilibrium 247 

constants (eqs S.3 and S.4). The calculated values of the kinetic and adsorption constants are 248 

reported in Tables S6 and S7.  The adsorption constant for O2 in case of ZnO was very small 249 

around zero (Table S.7). This led to propose the Eley-Rideal mechanism for ZnO, where just one 250 

reactant, which is IBU, is adsorbed on the active sites of the catalyst surface, while the other one 251 

reacts from the bulk phase. Therefore, starting from the balance on the sites and through 252 
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mathematical manipulations, the following expression is obtained for the second order reaction 253 

rate of IBU on ZnO NPs. 254 

ߠ ൅ ʹ��� ՞  �������������������������������������������������������������������������������������������������������������������������������ሺ݆ሻ 255�ߠ

�Ԣ୍୆୙ ൌ
୆୙୍ߠ

�ሾ���ሿଶߠ
����������������������������������������������������������������������������������������������������������������������������ሺ݇ሻ 256 

ߠ ൅ߠ���� ൌ ͳ������������������������������������������������������������������������������������������������������������������������������������ሺ݈ሻ 257 
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ʹ ൌ ͳ���������������������������������������������������������������������������������������������������������������ሺ݉ሻ 258 
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ͳ

ͳ ൅ �Ԣ����ሾ���ሿ
ʹ ��������������������������������������������������������������������������������������������������������������������ሺ݊ሻ 259 

� ൌ �Ԣୡ୍ߠ�୆୙ ൌ �Ԣୡ��Ԣ୍୆୙ߠ��ሾ���ሿଶ����������������������������������������������������������������������������������������������ሺ݋ሻ� 260 

�ԢԢୡ ൌ �Ԣୡ��Ԣ୍୆୙�������������������������������������������������������������������������������������������������������������������������������ሺ݌ሻ� 261 

� ൌ
�ԢԢୡ�ሾ���ሿଶ

ͳ ൅ �Ԣ୍୆୙�ሾ���ሿଶ
��������������������������������������������������������������������������������������������������������������������ሺݍሻ� 262 

where k'c is the apparent kinetic constant as it has the equilibrium thermodynamic constant K. 263 

3.4 Effect of temperature 264 

Figure 5 shows the temperature effect on the IBU concentration for TiO2 (Figure 5A) and ZnO 265 

NPs (Figure 5B), as a function of time, maintaining the other parameters constant. Remarkably, 266 

the degradation continuously increases with time, indicating the stability of the two photocatalysts. 267 

Specifically, the photodegradation trends of TiO2 (Figure 5A) show that increasing the reaction 268 

temperature, increases the photodegradation efficiency up to 303 K. Beyond this temperature, no 269 

significant photodegradation can be observed. This could be attributed to the rapid recombination 270 

rate of photogenerated electron-hole pairs, which perturbs the photodegradation reaction at higher 271 

temperatures [37]. Whereas the photodegradation efficiency of ZnO NPs (Figure 5B), was 272 

markedly affected by increasing the temperature. 273 
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   274 
Figure 5. Experimental results of the kinetic tests conducted at different temperatures, fixing CIBU,0 275 
= 4·10-2  mol/m3, ȡB = 0.5 kg/m3, Qair = 0.94·10-6 m3/s and v = 750 rpm. Trends of the concentration 276 
profiles vs the reaction time for A) TiO2 and B) ZnO.  277 
 278 
 279 
3.5 Effect of catalyst bulk density 280 

The effect of the catalyst bulk density was evaluated by changing the catalyst load while other 281 

system parameters were fixed. Figure 6 presents the trends detected using different catalyst loads 282 

of TiO2 (Figure 6A) and ZnO (Figure 6B) NPs within the range of 0.05 and 0.5 kg/m3. Generally, 283 

the concentration of IBU decreases upon increasing the catalyst load. The IBU concentration 284 

almost approached zero in case of TiO2 NPs at ȡ%�value of 0.5 kg/m3. The possible explanation is 285 

that the increase in the number of active surface sites available for the photocatalytic reaction, 286 

enhances the generation of hydroxyl radicals due to the increase of the concentration of charge 287 

carriers [28]. This is in agreement with the findings of Jallouli and coworkers [38], where the IBU 288 

removal reached 100% showing no shielding effect at catalyst load up to 4 kg/m3.  On the other 289 

hand, increasing the catalyst load of ZnO NPs in the range of ȡB 0.2 to 0.5 kg/m3 did not give any 290 

significant effect on the performance, as the three kinetic curves are almost overlapped. 291 

Conversely, increasing the load beyond 0.37 kg/m3, reduced the degradation efficiency of ZnO 292 

NPs. This can be explained by the screening effect that the catalyst exerts on the penetration of 293 
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UV light, thus retarding the chemical reaction [28, 38]. In other words, as the catalyst concentration 294 

increases, the reaction rate increases and then the screening effect prevails. Moreover, possible 295 

loss in the surface area of the NPs can be caused by the agglomeration at high loading, and thus 296 

preventing the absorption of photons by the catalyst [28]. 297 

 298 

Figure 6. Experimental results of the kinetic tests conducted at different catalyst loading, fixing 299 
CIBU,0 = 4·10-2 mol/m3, T = 303K, Qair = 0.94·10-6 m3/s and v = 750 rpm. Trends of the concentration 300 
profiles vs the reaction time for A) TiO2 and B) ZnO.  301 
 302 
3.6 Effect of the initial concentration of IBU 303 

The initial concentration effect of IBU was studied to verify the reaction order as demonstrated in 304 

Figure 7. As observed, the higher the concentration of IBU is in the solution, the lower 305 

photodegradation efficiency. Similar findings have been reported by Choina and coworkers [19] 306 

where the photodegradation of IBU on ZnO was higher at low concentrations (<5 ppm) in 307 

comparison with concentrated solutions. Plausibly, fewer radicals were shared for each IBU 308 

molecule and so the lower percentage of degradation is obtained, as attributed by Bennemla et al. 309 

[28]. Nevertheless, the detected IBU concentrations in wastewater bodies are usually less that 310 

1ȝJ�/ [38], which is sufficiently low.  However, further studies are needed to evaluate the 311 

efficiency of these systems with lower pollutant concentrations. 312 
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  313 
Figure 7. Experimental results of the kinetic tests conducted at different catalyst loading, fixing 314 
ȡB = 0.5 kg/m3, T = 303K, Qair = 0.94·10-6 m3/s and v = 750 rpm. Trends of the concentration 315 
profiles vs the reaction time for A) TiO2 and B) ZnO.  316 
 317 
3.7 Kinetic modeling and parameter estimation analysis 318 

The following reactions were first hypothesized, in which the adsorption of IBU and oxygen on 319 

the free sites of the catalyst is considered, and the subsequent mechanism of radical activation 320 

leading to the formation of radicals and reaction products, 321 

��� ൅ ߠ ՞  ሻ 322ݎ୆୙�����������������������������������������������������������������������������������������������������������������������������������ሺ୍ߠ

�ଶ ൅ ߠ ՞  ሻ 323ݏ୓మ���������������������������������������������������������������������������������������������������������������������������������������ሺߠ

୓మߠ ൅ �ି ՜  ሻ 324ݐ୓ή�����������������������������������������������������������������������������������������������������������������������������������ሺߠʹ

୆୙୍ߠ ൅ ୓ήߠʹ ՜ �������� ൅  ሻ 325ݑ�������������������������������������������������������������������������������������������������������������ሺߠʹ

Considering all the reactions, the following mechanism is suggested [31] and the corresponding  326 

parameter estimation analysis was conducted simultaneously to retrieve kinetic information, 327 
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The kinetic constant was calculated at a reference temperature Tref = 303K, and activation energy 332 

for each reaction, adopting the modified Arrhenius equation 9, 333 

,
1 1exp j

j ref j
ref

Ea
k k

R T T

§ ·§ ·�
 �¨ ¸¨ ¸¨ ¸¨ ¸© ¹© ¹

                          (9) 334 

The summary of the estimated parameters, along with statistical information are reported in Tables 335 

3-6 for TiO2 and ZnO NPs, respectively. The corresponding fittings were presented previously in 336 

Figures 5-7 confirming the goodness of the fit. The tree constants listed in Tables 3 and 4 show 337 

variation in order and magnitude confirming that the rate-determining step between adsorbed 338 

oxygen and IBU can be assumed among the involved reactions.  339 

Table 3. Summary of the statistical information for TiO2 NPs. Tref = 303K, M the correlation 340 
matrix. 341 

M kref,1 Ea,1 kref,2 Ea,2 kref,3 Ea,3 ۹܎܍ܚǡ۷۰܎܍ܚ۹ ܃ǡ۽૛ ઢ۶۷۰܃ ઢ۶۽૛  

kref,1 1.00          

Ea,1 0.41 1.00         

kref,2 0.48 0.14 1.00        

Ea,2 -0.04 -0.61 -0.36 1.00       

kref,3 0.99 0.41 0.48 -0.04 1.00      

Ea,3 0.41 0.99 0.14 -0.61 0.41 1.00     

    1.00 0.55- 0.97- 0.01 0.50- 0.55- 0.97- ܃ǡ۷۰܎܍ܚ۹

   ૛ 0.45 -0.35 0.07 0.20 0.46 -0.35 -0.22 1.00۽ǡ܎܍ܚ۹

ઢ۶۷۰1.00 0.25- 0.70 0.82- 0.70- 0.51 0.18- 0.82- 0.70- ܃  

ઢ۶۽૛ -0.44 0.36 -0.07 -0.20 -0.44 0.36 0.20 -0.99 0.23 1.00 

  342 

Table 4. Summary of the statistical information for ZnO NPs. Tref = 303K, M the correlation 343 
matrix. 344 

M k̵ǯref,1 Eǯa,1 k̵ǯref,2 Eǯa,2 k̵ǯref,3 Eǯa,3 ۹Ԣ܎܍ܚǡ۷۰܃ 

k̵ǯref,1 1.00       

Eǯa,1 0.95 1.00      

k̵ǯref,2 0.43 0.43 1.00     
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Eǯa,2 0.21 0.22 -0.38 1.00    

k̵ǯref,3 0.99 0.94 0.43 0.21 1.00   

Eǯa,3 0.90 0.97 0.41 0.23 0.89 1.00  

۹Ԣ܎܍ܚǡ۷۰1.00 0.89- 0.99- 0.20- 0.44- 0.95- 0.99- ܃ 

ઢ۶Ԣ۷۰0.90 0.98- 0.90- 0.25- 0.42- 0.99- 0.91- ܃ 

 345 
The calculated activation energies presented in Tables 5 and 6 fall within a range of kinetic regime 346 

with calculated error less than 25%. 347 

 348 
Table 5. Summary of the estimated kinetic parameters for TiO2 NPs, Tref = 303K. 349 

Parameter Value Unit 

kref,1 2.2·10-3 [mol/ (kg·s)] 

Ea,1 26.9·103 [J/mol] 

kref,2 2.0 [mol/ (kg·s)] 

Ea,2 10.1·103 [J/mol] 

kref,3 2.7·10-3 [mol/ (kg·s)] 

Ea,3 38.8·103 [J/mol] 

 [m3/mol] 3.3 ࢁ࡮ࡵǡࢌࢋ࢘ࡷ

 ૛ 12.6 [m3/mol]ࡻǡࢌࢋ࢘ࡷ

 [J/mol] 103·95.4- ࢁ࡮ࡵࡴࢤ

૛ࡻࡴࢤ  -112.1·103 [J/mol] 

 350 

 351 
Table 6. Summary of the estimated kinetic parameters for ZnO NPs, Tref = 303K. 352 

Parameter Value Unit 

�̹ǯref,1 9.1·10-5  [m6/ (kg·s·mol)] 

�ǯa,1 102.8·103 [J/mol] 

�̹ǯref,2 0.02 [m6/ (kg·s·mol)] 

�ǯa,2 18.1·103 [J/mol] 

�̹ǯref,3 3.0·10-4 [m6/ (kg·s·mol)] 

�ǯa,3 80.9·103 [J/mol] 

 [m6/mol2] 131.5 ࢁ࡮ࡵǡࢌࢋԢ࢘ࡷ
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 ૛ 0 [m6/mol2]ࡻǡࢌࢋԢ࢘ࡷ

 [J/mol] 103·94.6- ࢁ࡮ࡵԢࡴࢤ

 ૛ 0 [J/mol]ࡻࡴࢤ

 353 
 354 
3.8 Thermodynamic analysis 355 

Studying the thermodynamic aspects is pivotal to understand the energetic consideration of a 356 

reaction. The temperature variation effect on IBU photodegradation using TiO2 and ZnO NPs was 357 

investigated, and the results are collected in Tables 7 and 8. To estimate the thermodynamic 358 

parameters, equations 10 ± 12 were used: 359 

οܪι ൌ ௔ܧ ൅ ܴܶ                                                                                                                                     (10)   360 

��ሺ݇Ȁܶሻ ൌ ��ሺܭ஻Ȁ݄ሻ ൅ ሺοܵιȀܴሻ െ ሺοܪιȀܴܶሻ                                                                                  (11) 361 

 οܩι ൌ οܪι െ ܶοܵι                                                                                                                          (12)                                                                                                              362 

where, οܩι is the activation Gibbs free energy, οܪι the change in enthalpy, οܵι is the change in 363 

entropy, ܴ is the ideal gas constant (8.314 J/mol.K), ܭ஻ is Boltzmann constant (ͳǤ͵ͺ ൈ ͳͲିଶଷ 364 

m2.kg/s2.K), ݄ Planck constant (͸Ǥ͸͵ ൈ ͳͲିଷସ m2.kg/s), ݇ is the kinetics rate constant (m3/mol)s-1. 365 

7KH�HVWLPDWHG�YDOXHV�RI�ǻG°, ǻH° DQG�ǻS° for TiO2 NPs (Table 7) show that the reaction is non-366 

spontaneous, endothermic with a minor random behavior. Moreover, WKH�LQFUHDVLQJ�ǻG° values, 367 

for TiO2 NPs, as the temperature increases reduces the spontaneity of the reaction producing, 368 

highly hydrated transition state complex, which needs enough energy to be produced [39-41] 369 

which was validated in the previous sections, where the performance of TiO2 NPs was lesser at 370 

higher temperatures (Figure 5A), exhibiting low values of the reaction rate constants. The obtained 371 

VPDOO� DQG� QHJDWLYH� ǻS° value suggests that weak bonds are present in the activated complex 372 

leading to a rapid degradation of IBU into simple products [40].  373 
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Table 7. Kinetic and thermodynamic parameters for the photodegradation of IBU using TiO2 NPs 374 
at ܧ௔ଵ ൌ ʹ͸Ǥͻ݇ܬȀ݉375 .݈݋ 

T 
(K) 

k 
ሺ݉ଷȀ݈݉݋ሻିݏ૚ ࢔࢒ሺ࢑Ȁࢀሻ οࡴιȀࢀࡾ οࡴι 

ሺ݇ܬǤ݉ି݈݋ଵሻ 
οࡿι 

ሺ݇ܬǤ݉ି݈݋ଵିܭଵሻ 
οࡳι 

ሺ݇ܬǤ݉ି݈݋ଵሻ 

288 ͸Ǥ͵ ൈ ͳͲିସ -13.0 12.3 ʹͻǤ͵ -0.21 ͻͲǤͻ 
293 ͹Ǥ͸ ൈ ͳͲିସ -12.9 12.1 ʹͻǤͶ  ͻʹǤͲ 

303 ͳǤͳ ൈ ͳͲିଷ -12.5 11.7 ʹͻǤͷ  ͻͶǤʹ 
313 ͳǤͷ ൈ ͳͲିଷ -12.2 11.4 ʹͻǤͷ  ͻ͸ǤͶ 
323 ʹǤͳ ൈ ͳͲିଷ -11.9 11.0 ʹͻǤ͸  98.6 

For ZnO NPs, the rate constants and the corresponding values of the thermodynamic parameters, 376 

οܩιǡ οܪι, and οܵι for ZnO NPs show that increasing the reaction temperature, notably increases 377 

the rate constants (Table 8). The appreciably high positive activation enthalpy proves that the 378 

endothermic reaction nature is possibly due to electrostatic attraction between the ZnO NPs and 379 

IBU, leading to a uniform adsorption of IBU molecules onto ZnO particles to accomplish an 380 

efficient photodegradation. This was previously confirmed in Eley-Rideal mechanism for ZnO, 381 

where just one reactant, which is IBU, is adsorbed on the active sites of the catalyst surface. Also, 382 

this was previously confirmed in Figure 5B and in the kinetic modeling section (Table 3), where 383 

the probability of collisions increases, yielding into enhancing the photodegradation efficiency of 384 

ZnO NPs [40]. 385 

Table 8. Kinetic and thermodynamic parameters for the photodegradation of IBU using ZnO NPs 386 
at ܧ௔ଵ ൌ ͳͲʹǤͺ݇ܬȀ݉387 .݈݋ 

T 
(K) 

k 
ሺ݉ଷȀ݈݉݋ሻିݏ૚ ࢔࢒ሺ࢑Ȁࢀሻ οࡴι

Ȁࢀࡾ 
οࡴι 

ሺ݇ܬǤ݉ି݈݋ଵሻ 
οࡿι 

ሺ݇ܬǤ݉ି݈݋ଵିܭଵሻ 
οࡳι 

ሺ݇ܬǤ  ଵሻି݈݋݉

288 ͲǤ͸ -6.2 43.9 ͳͲͷǤʹ 0.11 ͹ͶǤͷ 
293 ͳǤʹ -5.5 43.2 ͳͲͷǤ͵  ͹ͶǤͲ 
303 ͶǤ͹ -4.2 41.8 ͳͲͷǤ͵  ͹͵ǤͲ 
313 ͳͲǤ͹ -2.9 40.5 ͳͲͷǤͶ  ͹ʹǤͲ 
323 ͷͲǤͺ -1.7 39.2 ͳͲͷǤͷ  71.0 

 388 
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4. Conclusions 389 

This study was devoted to the photodegradation kinetics of IBU, using two semiconductor 390 

catalysts, TiO2 and ZnO NPs. Extensive kinetic experiments were carried out in a batch reactor by 391 

varying the operating conditions such as temperature, catalyst load, and initial concentration of 392 

IBU. The air flow rate and stirring speed parameters were useful to exclude limitations to the gas-393 

liquid and liquid-solid mass transfer, while further modelling efforts carried out neglecting the 394 

intraparticle diffusion effect. After evaluating the apparent reaction order and proposing a kinetic 395 

law for each material, a kinetic model was proposed, both to describe the trends of the experimental 396 

data and to estimate the model parameters such as frequency factors, activation energies, pre-397 

exponentials of adsorption constants and enthalpies. Finally, to further characterize the system, 398 

thermodynamic analysis was carried out. In general, both TiO2 and ZnO NP materials 399 

demonstrated a good photodegradation capacity of IBU, showing different behaviors under 400 

varying operation conditions. The reaction system was found to be suitable for the IBU 401 

photodegradation and it will be used in the future to investigate different reaction conditions 402 

considering studies on other emerging pollutants. This work opened the prospective future 403 

applications of these NPs in continuous processes that could be coupled with post biological unit 404 

to convert IBU to less harmful products. 405 

Notation 406 

Abs  Absorbance [-] 407 

Ci  Concentration of component i [mol/m3] 408 

CIBU  Concentration of ibuprofen [mol/m3] 409 

Eaj  Activation energy for reaction j [kJ/mol] 410 

Fobj  Objective function [-] 411 
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h  Planck¶V constant [m2.kg/s] 412 

KB  %ROW]PDQQ¶V�FRQVWDQW�>m2.kg/s2.K] 413 

KIBU  Adsorption constant of ibuprofen 414 

KƍIBU  Apparent adsorption constant of ibuprofen 415 

KO2  Adsorption constant of oxygen 416 

kc  Kinetic constant  417 

k'c  Apparent kinetic constant  418 

Nƍƍc  Apparent kinetic constant  419 

kref,j  Kinetic constant calculated at a reference temperature [(m3/mol)(m3/kgn)s-1] 420 

n  Exponent for catalyst bulk density [-] 421 

Ndata  Number of available experimental data [-] 422 

Qair  Volumetric flow rate of air [m3/s] 423 

rj  Reaction rate of step j [mol/(kg.s)] 424 

robs  Observed reaction rate [mol/(m3.s)] 425 

R  Ideal gas constant [kJ/(K.mol)] 426 

R2  Coefficient of determination 427 

t  Time [s] 428 

T  Temperature [K] 429 

Tref  Reference temperature, 303K [K] 430 

 431 

Greek symbols 432 

ઢ۶Ԣ۷۰܃                       Enthalpy change [J/mol] 433 

οܪι    Enthalpy change [J/mol] 434 
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οܩι   Gibbs free energy change [J/mol] 435 

οܪι    Enthalpy change [J/mol] 436 

οܵι   Entropy change [J/(mol K)] 437 

v  Stirring rate [rpm] 438 

 ஻  Catalyst bulk density [kg/m3] 439ߩ

 ுమை  Water density [kg/m3] 440ߩ

ijX   Stoichiometric coefficient of component i in reaction j [-] 441 

 Fraction of site [-] 442                      ߠ

 443 

Abbreviations 444 

1-OH  1-OH ibuprofen 445 

1-OXO 1-OXO ibuprofen 446 

NPs  Nanoparticles 447 

CALC  Calculated 448 

EXP  Experimental 449 

IBU  Ibuprofen 450 

M  Correlation matrix 451 
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 12 

Abstract ± Metakaolin-based geopolymers with different molar ratios of Si/Al were synthesized and 13 

utilized as an efficient adsorbent for the removal of methylene blue (MB) as a model cationic dye 14 

from aqueous solution. Multiple analytical tools were applied in the characterization of the 15 

synthesized geopolymers. The influence of the main operation conditions on the adsorption kinetics 16 

of MB onto the geopolymer was examined under various operating conditions. Results showed a 17 

significant maximum MB adsorption capacity at the temperature of 30 °C for all four types of 18 

geopolymers studied (designed as A, B, C, and D) up to 35.3, 23.6, 25.5, 19.0 mg gí1, respectively. 19 

The corresponding order of Si/Al ratio was A<C<B<D. Adsorption kinetics was so fast and reached 20 

equilibrium in 10 min and the experimental results were described using the adsorption dynamic 21 

intraparticle model (ADIM). The equilibrium data for MB removal was in agreement with Langmuir 22 

isotherm. 23 

Keywords: Geopolymers; metakaolin; adsorption; methylene blue; wastewater treatment.  24 
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1. Introduction 25 

The global population continues to grow, and so does the demand for industrial products, leading to 26 

the expansion of many industrial sectors [1,2]. This rapid increase in production also leads to generate 27 

considerable amounts of wastewater that may harbor noxious chemicals and dyes [3,4]. Therefore, 28 

wastewater treatment is important because it helps to remove harmful contaminants and pollutants 29 

from wastewater before it is discharged back into the environment [5,6] since inadequately treated 30 

wastewater has the potential to elicit deleterious effects on both the environment and human health 31 

[7].  32 

In this context, wastewater treatment plays a crucial role in reducing the industry's environmental 33 

footprint and ensuring sustainable production practices. Textile industries are a case in point, where 34 

large amounts of water are used in the production process [8]. The chaotic discharge of textile 35 

wastewater causes severe pollution since they are rich in toxic metals (like chromium, antimony, and 36 

cobalt) and dangerous organic substances such as dyes [8,9]. Concerning the latter, it has been 37 

estimated that more than 700 thousand tons per year are produced annually [10]  and the 2% of them 38 

are discharged directly in aqueous effluents generating massive volumes of colored wastewater [11].  39 

Dyes are classified according to the chemical constitution, application class, and end use [12] and 40 

many of them are toxic and even cancerogenic [13]. Furthermore, they can reduce the transmission 41 

of light altering the biological metabolism of the hydrosphere and they may cause micro toxicity to 42 

marine life due to their tendency to sequester metals [14±17]. Thus, treatment of wastewater 43 

containing dyes is challenging and it is still in the spotlight of the scientific community since these 44 

compounds are recalcitrant organic molecules that show high resistance to aerobic digestion and high 45 

stability to light, heat, and oxidizing agents [11,18±20]. Several methods of dye wastewater treatment 46 

have been tested and reviewed in the last 30 years including photocatalytic degradation [4,21], 47 

sonochemical degradation, electrochemical degradation, integrated chemical-biological degradation, 48 

precipitation processes, coagulation, flocculation, and use of cation exchange membrane [10,22±24]. 49 
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To date, by considering the advantages and disadvantages of these removal techniques, adsorption 50 

represents an interesting and promising technology that can be applied on an industrial scale due to 51 

its affordability, simplicity of design, ease of operation and insensitivity to toxic substances [25] and 52 

it does not result in the formation of harmful substances [26]. 53 

Methylene blue (MB) is used extensively in industries such as cotton, wood, and silk dyeing. 54 

Although it is not typically considered acutely toxic, the widespread release of MB can lead to the 55 

development of diseases and other adverse health effects in exposed populations[27,28]. At the state 56 

of the art, several papers deal with the adsorption of MB with different types of adsorbents. 57 

Commercial activated carbon represents the most popular choice for the removal of MB [29]. 58 

However, the focus of the scientific community has moved to find cheaper alternatives. Therefore, 59 

unconventional adsorbents were tested like fly ash, pine leaves, mango seeds, and clays [30] showing 60 

in some cases good removal capacities. Table 1 lists the recent studies of MB removal over the last 61 

two years, using different unconventional adsorbents, and various parameters were studied to explore 62 

economic, environmentally benign, and efficient adsorbents.   63 

 In this work, four different geopolymers obtained from two different types of metakaolin are tested 64 

for the removal of MB. Geopolymers are synthetic aluminum silicate materials, typically amorphous, 65 

[31] presenting a structure similar to tectosilicates, and so consisting of a three-dimensional network 66 

of SiO4
4- tetrahedral units covalently linked together [32]. Often the silicon atoms, the center of the 67 

tetrahedral units, are replaced by aluminum atoms as in clays [31,33]. They are obtained via a 68 

polycondensation reaction, the so-called geopolymerization, through mixing an aluminum-silicate 69 

source such as metakaolin, fly ash, blast furnace slag, or synthetic raw materials (alumina and silica) 70 

with a strongly alkaline activating solution [31,34]. During geopolymerization, a gel is formed which 71 

acts as a glue for the unreacted particles and any fillers can be added as reinforcement. The process 72 

takes place at low temperatures, between 25 and 60 °C, with minimal shrinkage and rapid 73 

consolidation, from 5 to 10 hours, similar to quick-setting cement [35,36]. The most significant 74 

advantage of using geopolymers lies mainly in their environmental and economic sustainability [33]. 75 



4 
 

Other advantages are the short preparation time, the controllable process, the low cost due to the low 76 

synthesis temperature and the absence of mechanical processing to obtain a finished product, and the 77 

possibility of producing the material in situ [37].  78 

Metakaolin is often used to obtain geopolymers [33,37]. One of the key advantages of metakaolin is 79 

its high pozzolanic reactivity, which allows it to react quickly with alkali activators and form a strong, 80 

hardened material [38]. Metakaolin also has a high silica content, which contributes to the strength 81 

and durability of the final product [33,39]. Furthermore, the use of metakaolin in geopolymer 82 

synthesis can reduce the amount of waste materials generated from industrial processes, as it can be 83 

derived from the waste products of kaolin mining [40].  84 

This work focuses on having an in-depth kinetic and thermodynamic understanding of the adsorption 85 

of metakaolin-based geopolymers for the removal of MB and compare it to the performance of a 86 

commercial activated carbon. The collected data obtained from the kinetics study were analyzed using 87 

the dynamic intraparticle model (ADIM) for fluid±solid adsorption developed and investigated by 88 

our research group. The retrieved physico-chemical parameters will be useful in the future design of 89 

a continuously operating adsorption column that can remove organic contaminants from wastewater. 90 
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Table 1. Some previously published works on the adsorption of MB using various types of adsorbents. 91 

Adsorbent Process parameters Maximum 
adsorption 
capacity 
[mg g-1] 

Kinetic 
model/s 

Thermodynamic 
model/s* 

Highlights Ref 

Carboxylate-
functionalized  
Hydrochar 
(CFHC) 

x c0 =50 mg L-1 
x Cadsorbent =800 mg L-1 
x pH 2-10 

at 30 ÛC:  
155.57 

x PFO 
x PSO 
x WFID 

x Langmuir 
isotherm  

x Freundlich 
isotherm  

x The adsorption equilibrium time for MB was 
150 min. 

x The adsorption mechanism of MB followed ʌ-ʌ�
interaction, electric attraction, and hydrogen 
bonding between MB and CFHC. 

x The optimal adsorption pH was > 4. 

[26] 

MFI zeolite (NZ)  
and ZSM-5 zeolite 
(CZ) 

x c0 =50 mg L-1 
x Cadsorbent =0.5 mg L-1 
x pH 2-10 

at 25 ÛC: 
x NZ 

476.19  
x CZ 

105.82  

x PFO 
x PSO 
x WFID 

x Langmuir 
isotherm  

x Freundlich 
isotherm  

x Temkin 
isotherm  

x The kinetics of adsorption was so fast and 
reached equilibrium in 10 min. 

x The adsorption mechanism is based on 
electrostatic adsorption and hydrogen bonding 
between zeolite and MB.  

x The optimal pH value for the adsorption of MB 
was 11. 

[41]  

Natural clay x c0 =20 mg L-1 
x Cadsorbent =0.3 mg L-1 
x pH 1-11 

at 25 Û&�� 
113.63 
 

x PFO 
x PSO 
 

x Langmuir 
isotherm  

x Freundlich 
isotherm  

x Temkin 
isotherm 

x BET isotherm 

x The adsorption equilibrium time for MB was 
120 min. 

x It was observed that as the adsorbent dose, 
stirring speed and temperature were increased, 
MB removal increased while increasing the 
initial concentration of MB and the clay particle 
size, the removal decreased. 

x The optimal pH value for the adsorption of MB 
was 5. 

[42] 

Cellulose, clay and 
sodium alginate 
composites 

x c0 =10 mg L-1 
x Cadsorbent =0.05 mg L-1 
x pH 7-11 

at 30 Û&�� 
113.63 
 

x PFO 
x PSO 
 

x Langmuir 
isotherm  

x Freundlich 
isotherm  
 

x The adsorption equilibrium time for MB was 60 
min. 

x Physical interaction forces are involved in the 
adsorption mechanism. 

x The quantum chemical calculations provided 
insights about the interaction mechanism to 

[43] 
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understand the electrophilicity, nucleophilicity 
and the expected reactive sites of the composite. 

x The optimal pH value for the adsorption of MB 
was 11. 

Natural clay 
Na-bentonite 

x c0 =100 mg L-1 
x Cadsorbent =0.8 mg L-1 
x pH 3-12 

at 30 Û&�� 
24.99  

x PFO 
x PSO 
 

x Langmuir 
isotherm  

x Freundlich 
isotherm  

x The adsorption equilibrium time for MB was 60 
min. 

x At pH >7, the active sites turn to more negatively 
charged onto the surface of Na-bentonite, 
improving the adsorption by electrostatic 
attraction forces.  

x The optimal pH value for the adsorption of MB 
was 7-10. 

[44] 

Moroccan clays x c0 =100-900 mg L-1 
x Cadsorbent =500 mg L-1 
x pH 3-12 

at 60 Û&�� 
456.62  

x PFO 
x PSO 
 

x Langmuir 
isotherm  

x Freundlich 
isotherm  

x The adsorption equilibrium time for MB was 60 
min. 

x The rate-limiting step can be chemical 
adsorption involving valence forces through the 
sharing or exchange of electrons between the 
adsorbent and the adsorbate. 

x The optimal pH value for the adsorption of MB 
was 10. 

[45] 

Metakaolin-based 
geopolymers 

x c0 =50 mg L-1 
x Cadsorbent =0.5 mg L-1 
x pH 2-10 

Maximum 
adsorption 
capacity of 
geopolymers 
at 30 ÛC: 
Type A:  35.3 
[mg g-1] 
Type B:  23.6 
[mg g-1] 
Type C:  25.5 
[mg g-1] 
Type D:  19.0 
[mg g-1] 

x ADIM x Langmuir 
isotherm  

x Freundlich 
isotherm  
 

x The kinetics of adsorption was so fast and 
reached equilibrium in 5 min. 

x The adsorption capacity of the type A 
geopolymer towards MB was significantly 
higher than that of activated carbon for the same 
surface area, owing to the electrostatic 
interactions between the cationic dye and the 
geopolymer. 

x The optimal pH value for the adsorption of MB 
was 8.7. 

This 
study 

*Pseudo first-order (PFO), Pseudo second-order (PSO), Weber-Morris intraparticle diffusion (IPD), Adsorption dynamic intraparticle model (ADIM) 92 
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2. Materials and methods  93 

2.1 Materials  94 

Methylene blue (MW= 319.76 g/mol) powder with purity > 98%, was supplied by ICN Biomedicals 95 

(Inc Ohio, USA). Commercial granular activated carbon DARCO 20-40 mesh (specific surface area 96 

of 650 m2/g, average pore diameter of 3.7 nm, total pore volume of 0.748 cm3/g) was supplied by 97 

Sigma Aldrich (Milan, Italy). Bi-distilled Milli-Q water, also filtered using 0.20 µm filters, was 98 

obtained through Merck Millipore (Darmstadt, Germany). Metakaolin MetaMax® (by BASF) was 99 

provided by Neuvendis s.p.a. (Milan, Italy), and metakaolin Mefisto® was supplied by Neuchem S.r.l. 100 

(Milan, Italy). The sodium silicate solution was supplied by Prochin Italia S.r.l (Caserta, Italy). The 101 

chemical composition of metakaolin and sodium silicate solution is shown in Table S1. Sodium 102 

hydroxide with reagent grade was supplied by Sigma-Aldrich (Milan, Italy). All materials were used 103 

as received without further purification. 104 

 105 

2.2 Methods 106 

2.2.1 Synthesis and characterization of geopolymers 107 

The preparation of the four types of metakaolin-based geopolymers was carried out as dense 108 

specimens. The amounts of the different components are listed in Table S.2, while Table S.3 shows 109 

the molar ratios of Si/Al, Si/Na, and Al/Na. In a typical synthesis, an activating alkaline solution was 110 

prepared by dissolving solid sodium hydroxide in a sodium silicate solution. This highly exothermic 111 

reaction was carried out in a water and ice bath by gradual addition of sodium hydroxide to the sodium 112 

silicate solution, stirring until completely dissolved. The resulting solution was left to cool for 24 113 

hours at room temperature. The composition of the solution obtained can be expressed as Na2O: 1.34 114 

SiO2:10.48 H2O. Metakaolin was added to the activating solution in variable quantities and mixed 115 

mechanically at 500 rpm. Mixtures were then poured into molds. The obtained samples were sealed 116 

at 95% relative humidity and stored at room temperature (23 ± 2°C) for 24 h. Then, they were placed 117 
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in an oven at 60°C for the next 24h. The samples were left sealed at room temperature for further five 118 

days and finally opened and left for 21 days at room temperature. The pictures of the produced 119 

geopolymers are shown in Figure S.1. 120 

Different tools were employed to characterize the synthesized metakaolin-based geopolymers. Wide 121 

angle X-ray diffraction profiles were recorded with an Empyrean automatic powder diffractometer 122 

�3$1DO\WLFDO���XVLQJ�&XNĮ�UDGLDWLRQ��Ȝ ������c��ILOWHUHG�ZLWK�1LFNHO��7KH�profiles were recorded 123 

E\�FRQWLQXRXV�VFDQQLQJ�RI�WKH��ș�GLIIUDFWLRQ�DQJOH��LQ�WKH�UDQJH��-�����DW�D�VSHHG�RI�������V��ǻ�ș� �124 

����� DQG� ǻW�  � �V�� The phase recognition was carried out by using the ICDD-PDF-4+ 2021 125 

(International Centre for Diffraction Data®) database. The morphological properties of the 126 

geopolymers were investigated using Scanning Electron Microscopy (SEM) technique by FEI Nova 127 

NanoSEM 450 at an accelerating voltage of 5 kV with Everhart Thornley Detector (ETD) on fresh 128 

fracture surfaces, after metallization with Au-Pd. Jasco Ultra-violet and visible (V-550 UV/VIS 129 

Spectrophotometer) was used to detect the residual MB amounts in the aqueous solutions after the 130 

adsorption. MB shows a major absorption band at 665 nm [46]. The calibration curve equation is 131 

reported in Figure S.2 which is valid in a concentration range between 0.0-0.5 mol m-3. N2 132 

physisorption analysis was conducted using BET Autosorb 1 (Quantachrome) to determine the 133 

surface area and the pore volume of the geopolymers.  134 

 135 

2.2.2 Pre-treatment of geopolymers  136 

Before being used in the adsorption tests, the synthesized geopolymers were ball milled using Retsch 137 

GmbH Mills-Type PM 100 CM. The collected powder was sieved in the range 17-����ȝP to have a 138 

uniform particle size. The samples were washed two times, under stirring at 600 rpm, with 500 mL 139 

of water for 30 minutes. This step was repeated four times under the same stirring rate until the pH 140 

value no longer showed appreciable variations and settled around the value of 8. The pH values were 141 

measured by using a Methrohm 914 pH meter. These washing cycles were necessary to remove salts 142 

and other impurities. The collected samples were dried in the oven at 60 °C overnight.  143 
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2.2.3 Sorbents screening experiments 144 

To investigate the pH effect on adsorption capacity, each geopolymer (0.100 g) was suspended in 10 145 

mL of water, and the pH of each solution was adjusted to 2, 5, 7, 9, and 12 using HCl or NaOH 146 

solutions (0.1 M). After adjusting the pH, the solid was separated, and all samples were dried at 100 147 

°C overnight. Then, batch adsorption screening tests were conducted by adding 5 mg of each 148 

geopolymer (treated at different pH levels) to vials containing 10 mL of a a 15 mg L-1 MB solution. 149 

The vials were placed in a thermostatic bath at 30°C for 24 hours and stirred magnetically at 500 rpm. 150 

The pH of the dye solution in contact with the adsorbent was measured and vials were sealed. After 151 

the test, the samples were centrifuged at 3000 rpm for 60 minutes to separate the solid and the 152 

concentration of MB in the supernatant aqueous solution was detected by means of a UV/VIS Jasco 153 

V-550 spectrophotometer. The uptake of MB qads (mg g-1) was calculated as in Eq. 1.  154 

0
ads

e

ads

c cq V
w

§ ·�
 ¨ ¸
© ¹

           (1) 155 

where V is the solution volume (mL), c0 is the initial MB concentration (mg L-1), ce is the equilibrium 156 

MB concentration (mg L-1) and wads is the weight of the dry geopolymer (g). Once the ideal pH 157 

conditions were determined, the performance of the different geopolymers was tested and compared 158 

under the same experimental conditions. The aim was to identify the best-performing geopolymer in 159 

terms of MB adsorption uptake. 160 

 161 

2.2.4 Thermodynamic and kinetic experiments 162 

The adsorption isotherm experiments of MB onto the chosen geopolymer were performed at three 163 

different temperatures i.e., 30, 40, and 50 °C respectively, at the ideal pH conditions determined by 164 

previous investigation. A fixed quantity of the adsorbent (5 mg) was suspended in 10 mL MB 165 

solutions with different initial concentrations (5±30 mg L-1). The vials were placed in a water bath at 166 

constant temperature and the solution was kept under stirring at 500 rpm for 3 hours. The adsorption 167 

kinetics of MB onto the geopolymer was examined under various operating conditions which are: 168 
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temperature, solid bulk density (i.e., the sorbent mass per liquid phase volume), initial MB 169 

concentration, and agitation speed as listed in Table S.4. In a typical kinetics investigation, 250 mL 170 

of MB solution was prepared with a concentration of 30 mg L-1 and was then loaded in a 500 cm3 171 

glass jacketed three-necked reactor equipped with an impeller ensuring the desired rotational speed 172 

and connected to a thermostat to ensure temperature control. 125 mg of the geopolymer was added 173 

to the solution and stirred at 450 rpm. The reactor was closed with the lid and connected to the 174 

thermostat, set at a pre-specified reaction temperature. Samples were withdrawn with a syringe at 175 

different time intervals (0, 2, 4, 6, 8, 10, 30 and 60 min) then stored in sealed vials for subsequent 176 

centrifugation at 3000 rpm for 60 minutes and UV-VIS analysis.  177 

 178 

2.2.5 Modelling activity 179 

The development of a mathematical model is necessary for the interpretation of the kinetic data, 180 

collected in the batch experiments, considering all the possible phenomena occurring on a molecular 181 

scale. Specifically, the ADIM was used to describe the adsorption kinetics of MB onto the type A 182 

geopolymer. This mathematical model was proposed by Russo et al. [47] who tested it on a wide 183 

number of pollutant/adsorbent systems of different chemical natures demonstrating its general 184 

applicability [48]. In particular, the ADIM successfully described the adsorption kinetics of 185 

methylene blue over silica in both batch and continuous devices [49]. According to the model, the 186 

adsorption of the pollutant occurs in a four-steps mechanism: first, the dye molecules diffuse from 187 

the bulk liquid phase, where its concentration is assumed to be constant in a fixed time t, to the liquid 188 

film surrounding the solid; the adsorbate reaches the solid surface through the film diffusion and then 189 

it diffuses along the particle radius in the pore; a local equilibrium is established between the liquid 190 

and solid phases inside the particle, and finally, the solute can diffuse on the adsorbent surface. The 191 

system was considered isothermal; the adsorbent particles were assumed to be spherical (shape factor 192 

s=2), with the same size and characterized by an average porosity and tortuosity factor; the 193 

intraparticle equilibrium is described, in this case, by the Langmuir adsorption isotherm. Based on 194 
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the above-mentioned mechanism and the proposed hypotheses, by dividing the system into two main 195 

domains (i.e., the liquid bulk and the intraparticle regions), the mass balance (Eqs. 2 and 3) for the 196 

batch system are: 197 

' ( | )
p

B
m sp B L R

C k a C C
t

H w
 � �

w
           (2) 198 

*

1(1 ) (1 )
1 /

S SS S SL P L
P PS S

P P P P P S S P

C D CC D Cr r
t t r r r r r C C r

H H H H
§ ·§ ·w ww ww w

� �  � � ¨ ¸¨ ¸w w w w w � w© ¹ © ¹
   (3) 199 

Eq. 2 describes the mass balance of the bulk phase where the accumulation term equals the fluid-200 

solid mass transfer, while in Eq. 3, the overall accumulation term (for the liquid and the solid phase 201 

concentration inside the particle) equals the sum of the pore and surface diffusion limitations which 202 

are dependent on the values of the effective diffusivity DP and the surface diffusivity DS, respectively. 203 

The DP value can be easily calculated from the molecular diffusivity of the solute in the bulk liquid 204 

phase D0 (estimated from the Wilke-Chang correlation [50]) multiplied by the ratio between the 205 

porosity of the solid İ and the tortuosity factor Ĳ (Eq. 4). 206 

0PD DH
W

             (4) 207 

DS value range in the order of magnitude of 10-12 and 10-18 m2/s and it depends on the interactions 208 

between the adsorbate and the adsorbent, so it is not directly calculable. Thus, it is estimated by fitting 209 

the experimental data.   210 

The boundary conditions to solve the system of partial differential equations are: (i) the symmetry 211 

condition at the center of the particle (rp=0) for both liquid and solid phases (Eqs. 5 and 6); (ii) the 212 

surface steady-state hypothesis at rp=Rp expressed by Eq. 7. 213 
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Another important condition is the local equilibrium between the concentration of the solute in the 217 

liquid and solid phase inside the particle, which is assumed to occur instantaneously, and it is 218 

expressed by the Langmuir adsorption isotherm (Eq. 8). The latter is used to evaluate the solute 219 

concentration in the solid (CS) at the equilibrium. 220 

* ( , )
( , )

1 ( , )
L p

S p s
L p

C t r
C t r C b

bC t r
 

�
            (8) 221 

The simultaneous solution of partial differential equations (PDEs), ordinary differential equations 222 

(ODEs) and algebraic equations (AEs) is rather difficult to perform. The method of lines, in particular 223 

the second order centered finite difference method, was adopted for discretizing the coordinate in 100 224 

points thus converting the problem into a system of ODEs to obtain bulk concentration profile vs 225 

time. The model equations were implemented in g gPROMS ModelBuilder v.4.0 to perform all the 226 

calculations and to estimate the values of the surface diffusivity DS and the tortuosity factor Ĳ by 227 

submitting the experimental data to non-linear regression analysis. A list of the input parameters for 228 

the model is reported in Table 2. It should be noted that the external mass transfer coefficient km was 229 

fixed to a large value since the system was not limited by the fluid-solid mass transfer as discussed 230 

later. 231 

Table 2. Input parameters for the model. 232 

Symbol Value Unit 
RP 27.6×10-6 m 
s 2 - 

asp 1.09×105 m-1 

İ 0.26 - 
ȡsolid 943 kg m-3 
km 10.0 m s-1 
D0 6.06×10-10 m2 s-1 

  233 
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3. Results and discussions 234 

3.1 Characterization  235 

Figure 1 presents the WAXD patterns of the four types of metakaolin-based geopolymers synthesized. 236 

It can be observed that the samples are mostly amorphous with some diffraction peaks due to the 237 

presence of unreacted kaolinite, quartz and anatase that were already present in the starting 238 

metakaolins (see Figure S.5) and to some trona (sodium hydrogen carbonate hydrate) formed during 239 

reaction.  240 

SEM images shown in Figure 2 describe the morphology of the tested samples. In all cases (Figure 241 

2A-D), the morphology is typical of a geopolymeric material. In particular, a rather homogeneous 242 

and continuous structure is observed, with some small fractures most likely due to the mechanical 243 

stress to which the sample was subjected to obtain a fresh fracture surface to be observed by SEM.  244 

The lamellar crystals of unreacted kaolinite (detectable also in the X-ray pattern reported in Figure 245 

1) are still evident and can be identified thanks to their distinctive morphology. Finally, the high-246 

magnification images ()LJXUH��$¶-'¶) point out also the typical fine morphology of geopolymeric 247 

samples, i.e. characterized by the presence of a sort of nanometric spheres deriving from the gel phase 248 

that the geopolymer undergoes during the polycondensation process[33,39]. 249 

The results of the surface area, pore size, and pore volume for the tested adsorbents are listed in Table 250 

3 where data relative to commercial activated carbon used as reference material are reported too. As 251 

apparent, the geopolymer based adsorbent is characterized by a surface area that is at least one order 252 

of magnitude lower than the commercial activated carbon. As far as pore dimensions, in the case of 253 

commercial activated carbon we found an average pore volume of around 0.75 cm3/g while in the 254 

case of geopolymer samples, average volume ranged from 0.2 to 0.4 cm3/g, thus being around ¼ to 255 

½ in respect to that of activated carbon.  256 

 257 
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 258 

Figure 1. WAXD patterns of the geopolymers A, B, C, and D. Main diffraction peaks of the 259 

crystalline phases have been indicated: A ± anatase (01-070-7348); K ± kaolinite (01-080-0886); Q- 260 

quartz (01-083-0539), T- trona (00-001-1077). 261 

 262 
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 263 

Figure 2. SEM images of fresh fracture surfaces of geopolymers A, B, C, and D at different 264 

magnifications: A, %��&��'�����[��$¶��%¶��&¶��'¶������[. 265 

 266 
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Table 3. Textural properties of the adsorbents. 267 

Geopolymer Surface area 
[m2 g-1] 

Average pore volume 
[cm3 g-1] 

Si/Al 
[mol mol-1] 

Type A 51 0.371 1.51 
Type B 44 0.186 1.74 
Type C 43 0.256 1.64 

Type D 34 0.237 1.89 
Activated carbon 650 0.748 - 

 268 

 269 

3.1 Screening tests 270 

The adsorption tests conducted using geopolymers treated at different pH levels allowed the 271 

identification of the ideal pH conditions for maximum adsorption capacity. On the basis of the 272 

obtained results (see Figure S.3), further adsorption experiments were carried out at pH=7, which is 273 

a typical pH value found in real industrial wastewater containing methylene blue. 274 

Each geopolymer was subjected to adsorption experiment to evaluate the adsorption performance of 275 

the four types of geopolymers, under identical experimental conditions (T= 30°C, C0=8.02×10-2 mol 276 

m-3; ȡbulk= 0.50 kg m-3, v=450 rpm, pH= 7). The uptake (qads) of MB for the four synthetic 277 

geopolymers is shown in Figure 3. Type A geopolymer was selected for the kinetic investigation 278 

since it displayed the highest uptake and affinity towards MB in comparison with types B, C, and D. 279 

This could be explained by taking into account the chemical structure of geopolymers (schematically 280 

reported in Figure S.4), consisting in a polyanionic network able to realize significant electrostatic 281 

interactions with the cationic MB. Thus, since Type A geopolymer is characterized not only by the 282 

highest surface area and pore volume between the studied samples (see Table 3), but also by the lower 283 

Si/Al ratio, it is likely to expect that it has the greatest adsorbing affinity towards positively charged 284 

pollutants, as MB.  285 

Furthermore, the adsorption capacity of type A geopolymer was compared with commercial activated 286 

carbon under the same operational conditions. Type A geopolymer has a surface area of 51 m2 g-1 287 

while activated carbon has a surface area of 650 m2 g-1, which is 10 times larger. For this reason, it is 288 



 

17 
 

considered more appropriate to normalize the qads results based on the surface area of the adsorbent 289 

(Figure 4). It is evident that the adsorption capacity towards methylene blue of the type A geopolymer 290 

is significantly higher than that of activated carbon for the same surface area. The obtained results 291 

are proof of the great potential of this novel adsorbent in the removal of cationic dyes from 292 

wastewater. 293 

 294 

Figure 3. Adsorption uptake of MB by using different synthetic geopolymers. 295 
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 296 

Figure 4. Adsorption uptake of MB normalized by the surface area of the adsorbent.  297 
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3.2 Adsorption isotherms 298 

To investigate the adsorption capacity of the Type A geopolymer and to determine the corresponding 299 

adsorption isotherm, experiments were performed at three different temperatures i.e., 30, 40 and 50 300 

°C. The experimental results of adsorption were fitted using both Langmuir and Freundlich 301 

adsorption isotherm models, to describe the trend of CS vs CB and to understand the equilibrium 302 

phenomena behind the adsorption process. The results, shown in Figure 5, clearly indicate that the 303 

experimental data were best fitted by the Langmuir isotherm. Moreover, the plateau values of 304 

concentration, collected from the kinetic experiments, match the Langmuir fitting line. According to 305 

the Langmuir model, the adsorption of the adsorbate is limited to a monolayer assuming a 306 

homogeneous adsorption process with no interaction between the adsorbed molecules. The 307 

mathematical expression of Langmuir isotherm is reported in Eq. 8. The estimated model parameters 308 

are shown in Table 4 along with the 95% confidence intervals. 309 

 310 

Table 4. Estimated adsorption parameters of Langmuir model. 311 

T [°C] CS* [mol m-3] b [m3 mol-1] 
30 120±10 1900±500 

40 130±10 1800±400 

50 134±3 1200±100 

 312 

 313 
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 314 

Figure 5. (a) Langmuir and (b) Freundlich isotherm plots for the adsorption of MB dye on Type A 315 

geopolymer at different temperatures. 316 

 317 

Table 5 summarizes the calculated values of key thermodynamic parameters which are ǻ*�, ǻH°, 318 

and ǻS° at different temperatures, i.e., 303, 313, and 323 K of the adsorption of MB onto Type A 319 

geopolymer. The thermodynamic parameters were estimated according to Eqs 9 ± 10 [51,52]. 320 

ln S Hb
R RT

q q' '
 �                                                                                                     (9) 321 

ln CG RT Kq'  �                                                                                                                 (10)                                                                                                              322 

where, �ܾ is the Langmuir adsorption parameter (m3 mol-1), ǻ*��(kJ mol-1) is the activation Gibbs free 323 

energy, οܪι (kJ mol-1) is the change in enthalpy, οܵι (kJ mol-1 K-1) is the change in entropy, ܴ is the 324 

ideal gas constant (8.314 J mol-1 K-1), and T is the absolute temperature (K). 325 

The obtained thermodynamic parameters are listed in Table 5. The negative values of ǻ*� showed 326 

that the adsorption process is spontaneous and MB molecules have high affinity and uptake onto 327 

geopolymer Type A [53]. On the other hand, the negative value of ǻ+� indicated that the adsorption 328 

process was relatively exothermic, this may be due to the destruction of binding sites between MB 329 

dye and the geopolymer. In this study, ǻH° is lower than 40 kJ/mol confirming that the adsorption is 330 

mainly physical in nature [42,53,54]. TKH� SRVLWLYH� YDOXH� RI� ǻS° supports the randomness of the 331 

adsorbent surface after adsorption which is beneficial for spontaneous adsorption process [53].  332 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0

20

40

60

80

100

120

140

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0

20

40

60

80

100

120

140

Thermodynamics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C

Kinetics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C
 Langmuir isotherm fitting

C
S
 [m

ol
 m

-3
 S

O
L]

CB [mol m-3 LIQ]

Thermodynamics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C

Kinetics data:
 T= 30 °C
 T= 40 °C
 T= 50 °C
 Freundlich isotherm fitting 

C
S
 [m

ol
 m

-3
 S

O
L]

CB [mol m-3 LIQ]



 

21 
 

Table 5. Kinetic and thermodynamic parameters for the adsorption of MB using on Type A 333 

geopolymer. 334 

T 
[K] 

ǻH° 
[kJ/mol]  

ǻ6� 
[kJ/(mol K)] 

ǻ*� 
[kJ/mol] 

R2 

303 

-18.54 0.25 

-19.02 

0.99 313 -19.50 
323 -19.04 

 335 

3.2 Adsorption kinetics 336 

Evaluation of adsorption kinetics is important as it provides insights about the adsorption mechanism. 337 

In this section, the obtained results are reported in terms of the bulk liquid concentration of the MB 338 

normalized by the initial concentration in the solution (CB/C0) as a function of the time (t). The 339 

adsorption kinetics of methylene blue over Type A geopolymer was studied at different experimental 340 

conditions (listed in Table S4) by varying the stirring rate, the initial concentration of the dye, the 341 

adsorbent bulk density, and the temperature.   342 

Figure 6 shows the concentration profiles at different stirring rates Ȟ. The curves are overlapped and 343 

a common uptake value of 50 % is obtained at different Ȟ, clearly indicating the absence of external 344 

mass transfer limitations to the kinetics of adsorption and the irrelevance of this effect. The latter 345 

justifies the choice of the authors to fix the fluid solid mass transfer coefficient km to a large value 346 

during the simulation activity.    347 

The effect of the initial concentration of MB is shown in Figure 7. It can be noticed that the higher 348 

the initial concentration of MB, the lower the adsorption efficiency. This result can be considered in 349 

line with the assumption of a monolayer adsorption mechanism according to the Langmuir model.  350 
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 351 

Figure 6. The effect of the stirring rate on the methylene blue adsorption kinetics over Type A 352 

geopolymer. Experimental conditions are: T=30°C; C0=8.02×10-2 mol m-3; ȡbulk= 0.50 kg m-3.  353 

 354 

 355 

Figure 7. The effect of the initial concentration on the methylene blue adsorption kinetics over 356 

Type A geopolymer. Experimental conditions are: T=30°C; v= 450 rpm; ȡbulk= 0.50 kg m-3.  357 
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The effect of the adsorbent bulk density on the adsorption kinetics was studied by varying the amount 358 

of the geopolymer added to the MB solution as shown in Figure 8.  359 

 360 

Figure 8. The effect of the adsorbent bulk density on the methylene blue adsorption kinetics over 361 

Type A geopolymer. Experimental conditions are: T=30°C; v= 450 rpm; C0= 8.02×10-2 mol m-3.  362 

 363 

It is evident that using higher loading of solid increases the adsorption kinetics. In fact, the slope of 364 

the curves is higher, thus the adsorption is faster, by increasing the adsorbent bulk density. The uptake 365 

of the dye on the solid increases from 15 to 50 % by changing ȡbulk from 0.14 to 0.50 kg m-3. 366 

In the end, kinetic experiments at different T were carried out to study the effect of temperature. The 367 

obtained results are presented in Figure 9 and they agree with what was observed in the adsorption 368 

isotherm study. It is seen that the temperature does not have a significant effect on the removal 369 

efficiency of MB and no appreciable improvement on the adsorption kinetics and solute uptake was 370 

noted. 371 

The experimental data were analyzed by nonlinear regression, and it was possible to estimate the 372 

values of the tortuosity of the particles Ĳ� and that of the surface diffusivity DS. The latter is a 373 

0 500 1000 1500 2000 2500 3000 3500
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 Ubulk= 0.14 kg m3

 Ubulk= 0.30 kg m3

 Ubulk= 0.40 kg m3

 Ubulk= 0.50 kg m3

 ADIM prediction 

C
B
/C

0 
[-]

t [s]



 

24 
 

temperature-dependent parameter so, it was necessary to determine its value at the different 374 

temperatures. The results of the parameter estimation are listed in Table 6. 375 

The dependence of surface diffusivity from temperature can be expressed by an Arrhenius-like 376 

equation (Eq. 12)[47]. The estimated values of DS are plotted against the temperature in Figure 10.  377 

,0 exp s
S S

ED D
RT

§ · �¨ ¸
© ¹

          (12) 378 

From the fitting of the values of DS vs T, a surface activation energy ES of 35±5 kJ/mol is obtained. 379 

 380 

Figure 9. The effect of the temperature on the methylene blue adsorption kinetics over Type A 381 

geopolymer. Experimental conditions were set as: v= 450 rpm; C0= 8.02×10-2 mol m-3, ȡbulk= 0.50 382 

kg m-3.  383 
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Table 6. Estimated parameters with statistical analysis. 384 

PARAMETER  T=30° C T=40° C T=50° C 

Ds×1013 [m2 s-1] 1.1±0.1 1.6±0.4 2.6±0.2 

Ĳ [-] 5±1 

 385 

 386 

Figure 10. Surface diffusion coefficient trend as a function of temperature. 387 
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 394 

Figure 11. Parity plot of methylene blue normalized concentration. 395 
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4. Conclusions 397 

In this work, metakaolin-based geopolymers were synthesized and applied for the removal of MB as 398 

a cationic model dye. Four different types of geopolymers were synthesized with different molar 399 

ratios of Si/Al. Multiple analytical tools were applied in the characterization of the synthesized 400 

geopolymers, confirming the formation of geopolymer particles with amorphous structure and 401 

morphology. Screening tests for the four types of geopolymers alluded that the geopolymer of type 402 

A has the highest adsorption capacity with the highest uptake and affinity towards MB.  Moreover, 403 

the adsorption capacity of the type A geopolymer towards MB was significantly higher than that of 404 

activated carbon for the same surface area, owing to the electrostatic interactions between the cationic 405 

dye and the geopolymer, and the unique structural properties of these geopolymers. Subsequently, an 406 

extensive kinetic and equilibrium study was carried out in batch experiments to explore the effect of 407 

the main operation conditions such as temperature, solid bulk density, initial concentration of MB, 408 

and agitation speed on the adsorption kinetics of MB onto Type A geopolymer. Langmuir model 409 

showed the best fitting to the adsorption equilibrium indicating the strong bond between MB and 410 

Type A geopolymer and indicating that the adsorption process can be described as monolayer 411 

adsorption with homogeneous surface sites and adsorption energies. The ADIM model provided 412 

insights into the diffusion mechanism of MB through the determination of km and DS values, 413 

parameters needed to design an adsorption column working in flow. Additionally, the thermodynamic 414 

analysis indicated that the adsorption of MB onto type A geopolymer was exothermic and 415 

spontaneous. Lastly, it is concluded from the results of this study that these geopolymers have good 416 

potential as adsorbent material for use in wastewater treatment applications.  417 
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List of symbols 418 

asp  geometric specific area, m2�m-3 419 

b  Langmuir adsorption parameter, m3�mol-1 420 

c0  adsorbate initial concentration, mg�L-1 421 

C0  adsorbate initial concentration, mol�m-3 422 

Cadsorbent adsorbent concentration, mg�L-1
 423 

CB  solute bulk concentration, mol�m-3 424 

ce  adsorbate equilibrium concentration, mg�L-1 425 

CL  solute concentration in the liquid of the pores, mol�m-3 426 

CS  solute concentration in the solid, mol�m-3 427 

CS
*   saturation solute solid concentration, mol�m-3 428 

D0  molecular diffusivity, m2�s-1 429 

DP   pore diffusivity based on the cross-sectional area, m2�s-1 430 

DS   surface diffusivity, m2�s-1 431 

km   mass transfer coefficient, m�s-1 432 

MB  Methylene blue 433 

MW  Molecular Weight, mol g-1  434 

qads              adsorbed amount at time t, mol kg-1  435 

rP   particle radial coordinate, m 436 

RP   particle radius, m 437 

s  shape factor, - 438 

S  specific surface area, m2 g-1 439 

t  time, s 440 

T  temperature, K 441 

VP   particle volume, m3 442 
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wADS   adsorbent mass, g 443 

   444 

Greek symbols 445 

İ  solid particle porosity, - 446 

İ'   liquid bulk-solid phase volumetric ratio, - 447 

ȡbulk               solid bulk density, kg m-3
 448 

ȡsolid          solid density, kg m-3 449 

Ĳ             tortuosity factor, -  450 
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