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Preface

The book “Adsorption — Fundamental Mechanisms and Applications” is composed
as a volume of self-contained research articles that describe different aspects of

the nature, fundamental features, and mechanisms of adsorption processes occur-
ring in natural and technological systems under various conditions, as well as some
applications of such processes in science, various technical, and ecological systems.
Numerous examples have demonstrated that adsorption processes have evolved

into an indispensable tool for addressing various modern-day challenges, including
environmental, energy, industrial, catalytic, biomedical, and other applications. The
importance of adsorption lies in its diverse applications that address critical chal-
lenges in environmental protection, industrial efficiency, energy sustainability, and
healthcare. Its ability to selectively remove or store substances provides a foundation
for innovative technologies and systems that will improve the quality of life and
reduce environmental impact.

All chapters were written by scientific experimental groups actively working in the
fields of physical chemistry and the synthesis of new types of adsorbents with unique
effectiveness and selectivity properties, including applications in water purification,
isolation of chiral compounds, antibacterial adsorbents in biology and medicine,

the development of new systems for targeted drug delivery, and various other
applications.

Chapter 1, “Understanding Adsorption: Theories, Techniques, and Applications”,
written by Marwah Ahmed Alsharif, considers the modern meaning of “adsorption”
as a complex physicochemical phenomenon and a multifaceted process that occurs
in several stages depending on various factors. The chapter describes the historical
aspects of the development of fundamental principles, key regulations of adsorp-
tion theories, and the modern significance of adsorption. The author discusses

the fundamental mechanisms of adsorption, identifies key factors influencing the
overall process and the kinetics of its various stages, and explores existing and
potential applications. These include gas separation and purification, hydrogen
storage for new energy sources, post-combustion carbon capture, purification of
water and waste liquids, drug delivery systems, detoxification through adsorption
of toxins and poisons in the gastrointestinal tract, treatment of drug overdoses,
and other biomedical uses.

Chapter 2, “Selective Adsorption of Chiral Nanomaterials: Mechanisms and
Biomedical Applications”, by Yana Andreevna Gromova and Tatyana I. Shabatina,
presents recent findings on the supramolecular synthesis of chiral nanomateri-

als and their biomedical applications. This chapter highlights the most promising
examples of efficient adsorbents for chiral substance separation, discusses various
adsorption mechanisms, and explores current and future biomedical applications.
The approach involves nanomaterials capable of selectively adsorbing specific



chiral isomers, offering new possibilities to enhance therapeutic medications

and develop novel diagnostic methods. Research in this area is primarily focused
on developing materials that enable the selective adsorption of chiral substances,
which can also support targeted drug delivery by minimizing toxic effects and
enhancing treatment efficacy. Thus, selective adsorption of chiral molecules repre-
sents a promising direction for the future of biomedical technology and medicinal
chemistry.

The book places particular emphasis on the synthesis methods of new types of adsor-
bents with surfaces tailored for specific tasks. One of the most intriguing topics is
the specific surface area, which determines the number of active surface centers that
interact with gaseous or liquid substances and target compounds, thus influencing
adsorption efficiency. Functionalization of adsorbent surfaces, whether hydrophobic
or hydrophilic, makes them uniquely suited for various specialized adsorbates.

Chapter 3, “Surface Functionalization of a Biosorbent with Surfactant and

Iron Nanoparticles for Fluoride Adsorption: Mechanisms and Thermodynamic
Parameters”, by Selene Anaid Valencia-Leal, Adriana Vazquez-Guerrero, Ruth
Alfaro-Cuevas-Villanueva, Rafael Huirache-Acufia, Orlando Herndndez-Cristobal
and Raul Cortés-Martinez, explores how surface functionalization using different
surfactants and iron nanoparticles enables effective fluoride ion removal.

Chapter 4, “Ion Adsorption and Hydration Superlubricity”, by Tianyi Han, Chenhui
Zhang, and Jianbin Luo, presents experimental results on ion adsorption that lead to
superlubricity, a state in which friction is nearly eliminated.

Chapter 5, “The Wettability of PMMA Surface by Aqueous Solutions of Anionic
Gemini Surfactants with Different Hydrophobic Carbon Chain Lengths”, by Zhe
Hang, Lu Zhang, Fenrong Liu, and Wangjing Ma, investigates how the wettability
of poly(methyl methacrylate) (PMMA) surfaces changes when adsorbing anionic
Gemini surfactants, particularly focusing on the effect of varying hydrophobic
chain lengths.

Chapter 6, “Study of Reducing and Adsorption Properties of Carbon Nanomaterials:
Graphene and Hierarchically Structured Carbon Films — In Relation to Manganese
Ions in an Aqueous Medium”, by Liudmila Yolshina and Varvara Dorogova, presents
findings on the reducing and adsorption behavior of graphene and specially synthe-
sized carbon films when exposed to manganese ions in water.

Chapter 7, “Heterogeneous Hydrogenation in Pharmaceutical Development”, by
Alan Steven, showcases recent advancements in the use of heterogeneous catalytic
hydrogenation for pharmaceutical process development.

Chapter 8, “Utilization of Red Mud Waste as a Dye Adsorbent”, by Hellna Tehubijuluw,
details the synthesis of a hierarchical zeolite adsorbent (ZSM-5) using bauxite waste
(Red Mud) from Britan Island, Indonesia, in the Riau Archipelago. The two-stage
synthesis yields a high-mesoporous material with a specific surface area of 734 m?/g,
which is used to remove methylene blue from water. The adsorption kinetics were
shown to follow a pseudo-first-order model.

XIvV



The editors hope that this book will be both interesting and useful to scientists and
researchers working in the fields of physical and chemical adsorption and chroma-
tography. It is also intended to introduce graduate and PhD students to the fascinating
world of physicochemical processes involved in adsorption and its diverse, promising
applications across many fields.

Tatyana I. Shabatina and Yana Andreevna Gromova
Department of Chemistry,

Lomonosov Moscow State University,

Moscow, Russian Federation
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Chapter1

Understanding Adsorption:
Theories, Techniques,
and Applications

Marwah Ahmed Alsharif

Abstract

The chapter topic “Understanding Adsorption: Theories, Techniques, and
Applications” will provide a comprehensive exploration of the fundamental theories,
experimental techniques, and practical applications of adsorption processes. It will
begin by discussing the foundational theories that explain adsorption behaviour,
including physisorption and chemisorption, and their underlying molecular interac-
tions. Key adsorption models, such as Langmuir, Freundlich and BET isotherms, will
be reviewed to offer insights into adsorption dynamics, capacity and surface interac-
tions. The chapter will also cover various experimental techniques used to character-
ise adsorption, such as gravimetric methods, gas adsorption analysis and calorimetry,
which help determine the properties of adsorbents and adsorbates. Furthermore, the
chapter will examine real-world applications of adsorption in diverse fields, including
environmental engineering for water and air purification, gas separation, catalysis
and energy storage systems. The potential of advanced adsorbent materials, such as
porous materials and nanostructures, will be discussed in light of emerging chal-
lenges and technological advancements. This chapter aims to equip readers with both
theoretical knowledge and practical insights into the wide-ranging applications of
adsorption processes.

Keywords: adsorption mechanisms, nanomaterials for adsorption, adsorption
thermodynamics, adsorbate, adsorbent

1. Introduction

The phenomenon of adsorption is defined as the accumulation of molecules,
atoms or ions from a fluid, which could be either a gas or liquid, onto the surface
of a solid material [1]. The concept is different from absorption in that the latter
is based on the bulk penetration of material into the surface. While this process is
different, it has different nonindustrial and environmental applications, which are
based on its ability to interact with specific molecules selectively. This means it allows
purification, separation and catalytic transformation, and these techniques are used
in applications such as water purification, gas separation, energy storage and many
others. An example of this is the use of activated carbons to remove organic pollutants
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from water and also from volatile organic compounds found in the air [2, 3]. Within
applications related to environmental sustainability, techniques for removing heavy
metals from wastewater are commonly used, but there are numerous applications that
can be adopted using this approach [4, 5]. The broad range of applications that the
approach provides is what makes it ideal for addressing many of the challenges that
are present.

1.1 Historical background and evolution of adsorption science

The concept came into the limelight in the eighteenth century when Carl Wilhelm
Scheele observed that charcoal was able to absorb gases, which was then later further
explored by Michael Faraday with a focus on investigating the concept of absorp-
tion related to solids and gases [6, 7]. Later in the twentieth century, with increasing
interest, Irving Langmuir developed a quantitative theory linked to adsorption,
which focused on monolayer adsorption on homogeneous surfaces, and this theory
is considered the groundwork for modern surface chemistry and is still popular [8].
Building on this theory, the Brunauer-Emmet-Teller (BET) theory was introduced,
which shifted from homogenous layers and focused on multilayer adsorption, which
provided increased insight into the phenomenon of porous surfaces [9]. The theory
has been used to advance technology and determine adsorbents’ surface area and
porosity. At the end of the twentieth century and the beginning of the twenty-first
century, many advancements were observed, and in the twentieth century, the
discovery of metal-organic frameworks (MOFs) could be considered a revolutionary
invention. MOFs have been a focus due to their higher surface area and other proper-
ties the material possesses, like tuneable porosity and selectivity, which all make it
ideal for gas adsorption applications [10, 11]. In the twenty-first century, further
advances were observed, and in this, the use of nanotechnology and computational
modelling has allowed for the use of materials like graphene and covalent-organic
frameworks (COFs), which have shown improved capabilities in different applica-
tions like drug delivery and environmental protection [12, 13].

1.2 Scope and objectives

The focus of this particular chapter is to shed light on the concept and science
behind the phenomenon and explore the existing best practices. The objectives
include:

* Defining the concept and the principles behind it, including molecular interac-
tions and thermodynamics.

* Reviewing classical adsorption isotherms like BET to understand surface interac-
tion and adsorption capacity.

* Highlighting experimental methods like gravimetric analysis and gas adsorption
isotherms to measure adsorbent properties.

* Discuss traditional and advanced adsorbents, including activated carbons, COFs
and MOFs.
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* Examining the role of the phenomenon in solving real-world problems.

* Addressing challenges in scaling adsorption technologies and exploring innova-
tion in the field for sustainable adsorbent development.

2. The theories of adsorption

Understanding the mechanisms, isotherms, thermodynamics and kinetics of
adsorption is critical in optimising the adsorption processes.

2.1 Fundamental mechanisms

Adsorption mechanisms are mostly categorised into physisorption and chemisorp-
tion. Physisorption has weak van der Waals forces, which would lead to low adsorption
enthalpies, which are between 5 and 40 kJ/mol. The process is generally reversible and
happens at very low temperatures, and it could also occur between multiple layers in
the adsorbent material [14]. On the other hand, the process of chemisorption is based
on the formation of strong chemical bonds between the adsorbate and the surface,
and these are known to have higher enthalpies ranging between 40 and 800 kJ/mol.
Chemisorption is also irreversible, and these are favoured at higher temperatures,
which also require higher activation energy. The difference between the two types is
considered critical for catalysis, where strength and reversibility of adsorption would
impact the catalytic efficiency [14]. It is also important to note that the size, radius,
polarity, shape, molecular weight and other characteristics of the component in the
adsorption impact the interactions between the absorbent sources and the adsorbed
particles [14]. In the case that there is more than one component within the solution, it
would lead to the selective adsorption of one of these components in the solution with-
out using the other. Increasing the molecular weight of the adsorbent is found to help in
the process on the surface as a result of the increase in the possibility of its association
with the surface in more than one site, and the existence of different aromatic rings in
the composition is also said to impact the distribution of the surface when it comes to
their nature of regulatory or homogeneity [15, 16]. Figure 1 provides an overview of
the adsorption approaches and shows the bonding formation in the techniques.

(a) Adsorption Substrate Surface
Physisorptioy. O ® ./
O C
Binding site
Chemisorption /

1

Figure 1.
Adsorption approaches [17].
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There are several factors that impact the adsorption process, one of which is the
nature of the gases. Elements that are easier to liquefy tend to be more adsorbable,
and adsorption increases with the critical temperature of the gas. The adsorption
process in studies has been shown to increase with the increase in air pressure, and
the trend shown is that there is a rapid increase at first, after which it would gradually
slow down as the surface would then be covered by the gas particles [18]. Another
factor that has an impact is the nature of the surface area, and it is mentioned that
when the surface area is large, the adoption efficiency is also large. Increasing the
temperature is found to increase surface activity, and for coal, it is found to increase
the surface activity when the temperature is raised from 350 to 1000 degrees
celsius [14].

The adsorption mechanism involves interaction between the adsorbate mole-
cules and the surface of the adsorbent, which is ideally represented by the Langmuir
and Freundlich models [19]. According to the Langmuir model, in monolayer
adsorption, within which there are active sites on the adsorbent, the adsorbate
molecule would bind to one of the adsorbate molecules, which emphasises specific

Adsorbate Solvent  Adsorption capacity Key influencing factors Gibbs free energy
(mmol/g) change (AG) (kJ/mol)
Phenol Water 311 Small size and lack of -2/27

bulky substituents enable
better micropore access and

stronger interaction
HCI 161 A positive charge on —2.44
adsorbent reduces
interaction
NaOH 1.03 Repulsion Forces due to —-6.53

negatively charged adsorbate
and adsorbent

Salicylic Acid HCI 1.49 Ionisation mitigates -3.39
repulsion; hydrogen bonding
improves adsorption

Water 144 Carboxylic acid substituent No data
reduces n-stacking
interactions and makes the
process heterogenous

NaOH 0.57 Repulsion Forces dominate -2.49
due to negative charges

Methylparaben Water 1.58 Substituents hinder power —5.26
access but allow moderate
adsorption based on
n-stacking interactions

HCI 1.39 Ester groups cause —7.32
displacement of water from
activated carbon

NaOH 141 Stronger interaction with -812
basic functional groups on
adsorbent

Table 1.
Adsorption capacities and mechanisms for adsorbates on activated carbon [19].
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interactions like n-stacking and hydrogen bonding. Phenol is said to show the
highest adsorption capacity at 3.11 mmol/g in water, largely due to the smaller size
and lack of any bulky substituents, which enables better accessibility for micropores
and stronger interaction with activated carbon [19]. Methylparaben, which has an
adsorption capacity of 1.58 mmol/g, is said to show reduced capacities, which are
hindered by the lack of pore access due to substituents and altering the chemical
reactivity [19]. pH levels play a critical role as they modify the surface charge and
ionisation states and, at a basic level, are said to reduce adsorption as a result of the
electrostatic repulsion that is absorbed between the negatively charged adsorbent
and the adsorbate species. Thermodynamically, the process was spontaneous across
conditions that had Gibbs free energy changes that range from —2.27 to —8.12 kJ/
mol, and the immersion enthalpy experiments show that there is a change in the
energy once the interaction leads to displacement of the solvent molecules [19].
Table 1 summarises the information and helps provide clarity on how different
adsorbates react to activated carbon.

2.2 Adsorption isotherms

Adsorption isotherms describe how the amount of adsorbate on the adsorbent
would vary with pressure or concentration at a constant temperature. There are
many adsorption isotherm models, and in this section, three of them are discussed:
Langmuir isotherm, Freundlich isotherm and BET theory.

2.2.1 Langmuir isotherm

This model is based on the assumption that the distribution of the reactive
groups across the surface of the particles is homogenous, as there are no lateral
interactions between the particles [20, 21]. The equation used with the model has
been developed based on the theory of gases and is mostly used to describe the gas
adsorption on solids. The isotherm is applicable in scenarios where solute adsorp-
tion from a solution occurs as a monolayer, characterised by a finite number of
identical sites on the adsorbent and a uniform adsorption mechanism, with no
observed migration of the adsorbate across the surface plane [22]. The nonlinear
equation for the model is:

QK. C0

2 (1+K,C,) @

There is some difference when it comes to the linearised model, and it is repre-
sented as:
C 1 C

e e

Q KQ K, @)

In this, the Qg represents the maximum amount that is absorbed, while K, is the
Langmuir constant. The monolayer assumption is said to require identical adsorp-
tion sites, and from this, only one molecule would be adsorbed at each site. There is
no more adsorption at a site when a molecule already occupies it. The model is said
to convert the Henry isotherm at very low contents, and the L-shape of the curve,
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Figure 2.
L-, S- and LS- shape adsorption isotherms [23].

as shown in Figure 2, shows the Langmuir isotherm model having a single plateau.
Another important parameter that is important for the model is the separation factor
or equilibrium parameter, which is denoted as Ry, and is used for checking if the
adsorption is favourable or unfavourable and it is mathematically represented as:

1
1+K,C, 3)

L

In eq. 3, the K; and Cy are the Langmuir constant and the highest initial concentra-
tion of the surfactant. In general, a value of this variable, that is Ry, is less than one
would indicate the adsorption is favourable, and if it is equal to one, it means the
adsorption is linear, and if it is greater than one, then it is unfavourable adsorption
[23]. This model assumes that the adsorption occurs just at one layer or the surface,
which is inaccurate when multilayer adsorption occurs. The theory also assumes that
the sites of adsorption on the surface have the same energy and are equally accessible,
but it fails to understand the heterogeneities that are present with real-world adsor-
bents. It also neglects the lateral interaction between the adsorbed molecule and the
limited applicability in low adsorbate concentrating pressure [22, 23].

2.2.2 Freundlich isotherm

Unlike Langmuir, this empirical model is perfectly capable of being used in
multilayer adsorption within heterogeneous sites [23]. The assumption is that the
adsorption heat distribution, along with affinities towards the heterogenous surface,
is found to be non-uniform, and the model can be represented using the equation:

g, =bC" 4)

In the above equation, b is the adsorption capacity, while 1/n is the intensity or
surface heterogeneity. When the intensity is between zero and one, it is considered
favourable; if it is greater than 1, it is considered unfavourable; and lastly, if it is
one, it is irreversible [23]. The linearised form of the equation is easy, but on the
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other hand, the linearisation process would create more errors, which would create
erroneous predictions. Thus, using nonlinear regression to solve the nonlinear model
is recommended for calculating the model parameters. The isotherm is capable of
describing the multilayer adsorption and also assumes the exponential decay when

it comes to the energy distribution of adsorbed sites, but this is not valid for a large
range of adsorption data [23]. The isotherm is entirely empirical and lacks the theo-
retical basis for the parameters, and it also provides no physical explanation for the
constraints, which makes the interpretation quite challenging. The specific nature of
the adsorption energies or interaction on the surface is not described by the model. In
addition, at high or low pressures or concentrations, there are changes for the model
to fail due to the deviation due to multilayer adsorption or competition for the sites.

2.2.3 Bernauer-Emmett-Teller theory (BET)

The BET theory is a refinement of the Langmuir model where the focus shifts from
monolayer to multilayer adsorption, especially near the critical pressure for gas-liquid
phase transitions. The BET theory states that absorption would happen in different
areas when the critical pressure for liquefaction is low, and this is favoured energeti-
cally when compared to the formation of phase-separated droplets. The energy
from direct surface binding within the first layer would compensate for the surface
exposure costs associated with the liquid droplets [24, 25]. Unlike the phase-separate
clusters, the successive layers would have minimal surface tension once the initial
layer is formed. The theory does not account for cooperative bonding effects and the
surface tension of the multilayer adsorbates, which could lead to wetting or dewetting
[25]. Figure 3 provides an overview of the BET-based binding isotherm, showcasing
the different processes or stages involved.

The BET equation is:
p_ 1 (c-Dp
o(p-p) v veop (5)
U(Po —P) v,c V0P,
Unsaturated binding Saturated monolayer Multi-layer adsorbtion Phase separatlon
binding ,;3 N\ S g o
Jd
- % cr ¢y
w
N Q. W L ﬁ:ﬁar“ wW
Y . W %
3 w3
et =i B ppapiinonans
* *® A
________ N, ‘f
-------- \ / -
------- TN -
Proteins bound
per site : . i
H i Saturation concentration for
Saturated . S / phase separation
monolayer
Increasing concentfation
of soluble w
Figure 3.

Hypothetical BET-based binding isotherm [25].
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In this equation, p is the equilibrium pressure, while py is the saturation pressure,
v is the volume of gas adsorbed and v, is the monolayer volume of gas adsorbed, with
c being the content linked to the adsorption. The theory is widely used for determin-
ing the surface area of porous materials [26].

2.3 Thermodynamics of adsorption

The thermodynamics of adsorption would involve the changes in energy,
enthalpy, entropy and Gibbs free energy. The adsorption energy quantifies the
strength of the interaction that exists between the adsorbate and adsorbent. The
exothermic process is found to release energy, which leads to a negative enthalpy
change, while physisorption does have lower enthalpy values compared to chemi-
sorption, which is a reflection of weakened interactions. Adsorption generally leads
to a decrease in entropy as a result of the restrictions of the adsorbate molecules on
the surface, and the change in Gibbs free energy helps determine the spontaneity
of adsorption. A negative Gibbs free energy change would indicate a spontaneous
process, which is said to happen more likely with the exothermic enthalpy changes
and minimal entropy loss.

2.4 Kinetics of adsorption

The kinetics of adoption are used to describe the rate at which the process occurs,
along with the mechanisms that are involved. The pseudo-first-order model makes
the assumption that the rate of occupation of adsorption sites would be proportional
to the number of unoccupied sites [27-29]. This model is said to be used under the
physisorption process, where the adsorption makes use of weak van der Wals forces,
and the linear form of the pseudo-first-order is represented as:

k
log(q. ~q,)=logq. >~ =t ©6)

In this, q represents the amount of adsorbate that has been adsorbed at time t and
equilibrium, followed by k, which is the rate constant of pseudo-first-order adsorp-
tion. This model, though, often fails to accurately predict adsorption kinetics over
extended periods, especially in situations where the process does not conform to
first-order behaviour.

The second-order model was developed by Ho and McKay, and it assumes that the
rate of adsorption is proportional to the square of the number of unoccupied sites,
which indicates that chemisorption in the rate-limiting step [28, 29]. Based on this,
we have the following equation:

t 1 t
= + —

9. kq 4. @)

This model is said to be effective in describing the adsorption where there are
chemical interactions and often is a better fit for experimental data across the entire
adsorption period compared to the previous first-order model. The choice between
the models depends on the specific system under study.
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2.5 Intraparticle diffusion and rate-controlling steps

Adsorption processes are often finetuned by multiple transport mechanisms
like film diffusion, intraparticle diffusion and surface reactions. Film diffusion or
external mass transfer would involve the movement of adsorbate molecules from the
bulk solution towards the external sauces of the adsorbent, which moves across the
boundary layer. The rate of this process would depend on factors like concentration
gradient, fluid velocity and overall thickness of the boundary layers [30]. Once the
adsorbate molecules reach the external surface, they need to diffuse into the internal
pores of the adsorbent in order to access the available sites. This intraparticle diffu-
sion could be divided into macropore and micropore diffusion, which depends on
the pore size. The rate of intraparticle diffusion is influenced by the structure, size
distribution and tortuosity of the adsorbent material. This is also considered to be the
rate-limiting step for porous materials that have complex internal structures [30].

The rate-controlling step is required to optimise the adsorption system, and the
Boyd model is commonly used to distinguish between film and intraparticle diffu-
sion control. If a poly of the Boyd function versus time leads to a linear relationship
that applies through the origin, then intraparticle diffusion is the rate-controlling
step [30]. Deviation from the linearity of intercepts indicates that film diffusion or
another process could be the limiting rate. In addition, the Weisz-Prater criterion
could be applied to assess the significance of internal diffusion resistance within
porous crystals, which would help evaluate the provided diffusion limitation [31, 32].
Thus, understanding and defining the rate-controlling step in the process helps to
tailor the system parameters effectively, which improves the overall performance.

3. Techniques for studying adsorption

To optimise the adsorption processes and develop advanced adsorbents, research-
ers are able to use different techniques to characterise adsorbents, measure adsorption
properties and simulate the adsorption mechanisms.

3.1 Characterisation of adsorbents

Characterisation refers to the analysis and understanding of the special and
chemical properties of the adsorbent materials that are said to have an impact on
their adsorption capacity as well as efficiency. Proper characterisation would involve
determining the surface area, pore size distribution, structural integrity and surface
functionality. These are the properties that would be given how effective an adsorbent
is and can capture and retain adsorbates, which makes characterisation very critical
when it comes to material design and application.

3.1.1 Surface and pore size analysis

The surface area and position of the adsorbent are very critical, and the
Brunauerr-Emmett-Teller (BET) method is often used for identifying the specific area
of porous material, which is through analysing the nitrogen gas adoption isotherms
[33, 34]. This also provides the required information on the total surface area, which
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would be available for adsorption. The Barrett-Joyner Halenda (BJH) is also a method
that works well with BET and provides a detailed analysis of the pore size distribu-
tion, especially when the material is mesoporous [35, 36]. These techniques are
critical in the valuation of materials like activated carbon, metal-organic frameworks
(MOF) and zeolites.

3.1.2 Microscopic and spectroscopic techniques

Microscopic techniques like scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) help visualise adsorbent surface morphology
and pore structures. SEM is used to help provide detailed images of the surface
textures, while TEM is found to provide high-resolution imaging of the internal
pore arrangements [37, 38]. Other spectroscopic methods like X-ray diffraction
help in the identification of the crystalline phases, which helps to better under-
stand the structure stability. Fourier Transform Infrared Spectroscopy (FTIR) is
capable of detecting function groups on the surface of the adsorbent, which offers
more insight into the chemical nature of the interaction that happens between the
adsorbate and adsorbent [38].

3.2 Measurement techniques

To evaluate the adsorption efficiency, different measurement techniques are used,
which quantify how much and how fast the adsorbate is captured.

3.2.1 Gravimetric and volumetric methods

Gravimetric methods are used to measure the mass change of adsorbent during
the adsorption process, while the volumetric method helps monitor the change in
liquid or gas concentration [39, 40]. These techniques help construct the adsorp-
tion isotherm, which is then used to illustrate the relationship between the absent
and adsorbate concentrations in the equilibrium stage. There is a need to ensure
accuracy when both techniques are used, but the extraction of complex and reliable
kinetic information from the transient response is more challenging, considering the
observed rate could be influenced and controlled by other effects [40].

3.2.2 Calorimetry for heat of adsorption

Calorimetric methods measure the heat that is released or absorbed during
the process, which offers thermodynamic insight like enthalpy changes. These
measurements are critical in identifying and differentiating between physisorp-
tion and chemisorption and measure the number of molecules that interact with
the surface, and this provided information could help to understand the binding
energy, which helps to describe the adsorbate-adsorbent bonds that are formed
theoretically [41, 42].

3.2.3 Chromatography for dynamic studies

Chromatography in an adsorption study is mainly used to help measure dynamic
parameters like the adsorption capacity, mass transfer kinetics and breakthrough
time. The measure evaluates how the adsorbate would flow through a column that
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Figure 4.
Dynamic adsorption setup [43].

is packed with an adsorbent when it is put under controlled conditions [43-45]. The
output is a breakthrough curve that reflects the concentration of adsorbate as a func-
tion of time, and the point indicates when the adsorbents become saturated, while

the shape of the curve provides insight into the adsorption efficiency, kinetics and
rate-limiting steps. This data are critical in designing and optimising the performance
of the adsorbent. Figure 4 provides an overview of the dynamic adsorption setup that
is commonly used in research.

3.3 Modelling and simulation

Computational modelling is said to help in providing atomic-level insights into the
mechanism, and there are two popular approaches. The first is the molecular dynam-
ics simulation model, which focuses on the dynamic behaviour of the adsorbates
on adsorbents, while the Monte Carlo simulations explore equilibrium adsorption
properties in different conditions. Both of these techniques are capable of predicting
the behaviour and optimising the design based on requirements [46, 47]. Predictive
modelling is another approach that uses adsorption isotherms like Langmuir,
Freundlich and other isotherms to predict the adsorption activity and behaviour,
which would aid in developing efficient systems [48].

4, Advanced adsorbent materials

Adsorbent materials play a critical role in the adoption process and in applications
like water purification, gas separation and catalysis. Advanced adsorbents could be
classified as emerging and traditional materials, with most of the research focused on
enhancing or improving the materials for specific applications.

11
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4.1 Traditional materials
4.1.1 Activated carbon

This is one of the most widely used adsorbents due to the high surface area it
possesses, its cost-effectiveness, and its large pore volume. This could be derived from
natural sources like wood, coal and coconut shells and find themselves to be sued for
different applications like water treatment, air purification and chemical separation.
The overall microporous structure is quite effective for adsorbing small molecules like
organic contaminants and gases.

4.1.2 Zeolites

These are crystalline structures of aluminosilicates found to possess intricate
porous architectures, which make them suitable for several applications involving
molecular sieving [49, 50]. The ion exchangeability and the thermal stability are quite
favourable for catalytic reactions, water softening and gas separations and they are
also found to be more effective in eliminating ammonia or other heavy metals from
aster water as they possess cation-exchange properties.

4.1.3 Silica gels

These materials are amorphous, porous materials that have a hydrophilic
nature and high thermal stability and are used as a desiccant and also for chro-
matography, which is attributed to their table pore sizes and ability to adsorb
moisture [51, 52]. Their surface could be chemically altered to target specific
adsorbates, which would also improve their selectivity for various industrial and
environmental applications.

4.2 Emerging materials
4.2.1 Metal-Organic frameworks (MOFs)

They are porous crystalline materials made of metal nodes that are linked
to organic compounds and show high surface areas, tunable pore structure and
chemical versatility, which makes them ideal for gas storage, carbon dioxide
computer and catalysis applications [53-55]. Advances in material design have
also allowed for functionalisation to target specific molecules like hydrocarbons or
heavy metals.

4.2.2 Covalent-organic frameworks (COFs)

Here, unlike MOFs, covalent bonds are formed between organic compounds
that lead to a crystalline material that is lightweight. The high porosity, thermal
stability and chemical resistance make them ideal for gas storage, and they
have also been used for water purification and energy storage. COFs are also func-
tionalised like MOFs, which further improves their selectivity and incorporation
of anime groups, for example, allowing for application in carbon dioxide
capture [56-58].

12
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4.2.3 Graphene-based materials

These materials and their derivatives, like graphene oxide (GO) or rGO, have
gained a lot of focus in research due to their high surface area, mechanical strength
and electronic properties and also their ability to work and improve properties by
functionalised with other elements, including MOFs and COFs [59-62]. They are
quite effective in adsorbing heavy metals, dyes and organic pollutants, and the
conductivity of the material makes them promising for energy storage and catalytic
applications.

4.2.4 Bioadsorbents

These are those adsorbent materials derived from renewable sources like agri-
cultural waste or biopolymers that are sustainable alternatives, which makes them
attractive in the current situation where there is an increased push for environmen-
tally friendly products. Materials like cellulose have shown that they are capable of
removing elements like dyes, heavy metals and other pollutants from wastewater, and
their eco-friendly nature and abundance make them very attractive options.

These materials could be mixed and matched to improve the design and modified
for specific purposes, which would ensure efficiency and sustainable solutions in

different fields.

5. Application of adsorption

Adsorption is really versatile, and depending on the material, it can be used in
different sections or for different applications, which are explored in this section.

5.1 Environmental applications
5.1.1 Wastewater treatment

The adsorption process plays a critical role in the purification of water and waste-
water treatment, which helps to remove organic pollutants and other elements and
make the water pure. Traditional adsorbents like activated carbon and emerging mate-
rials like bio adsorbents would make use of different techniques but provide affordable
and efficient solutions [63, 64]. Materials like graphene oxide and MOFs have higher
selectivity and adsorption capacities, which allow them to be used as tools to remove
contaminants such as pharmaceuticals and pesticides from wastewater [65, 66]. The
adoption process ensures the recovery of valuable resources like nutrients and natural
materials from wastewater, which supports the UN’s sustainable goals.

5.1.2 Air pollution control

Activated carbon, for example, is often used for air filters, which helps to remove
carbon compounds in air like toluene and other elements that are generated in the
industrial exhaust streams. The process would begin with the polluted air passing
through the column or filter bed that is packed with the material, and as the molecules
diffuse through the air, it would adore into the surface of the activated carbon due to
the higher surface area and porous structure. The adsorption process is very effective
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in removing nearly 95% of the carbon compounds, helps to ensure compliance with
environmental regulations, and also improves air quality [67, 68]. This is also scalable
and can be used in industries such as petrochemicals, paints and others where emis-
sions are highly prevalent.

5.2 Industrial applications

Zeolites are often used for separating nitrogen from the air in oxygen concentra-
tors, and the process involves feeding compressed air into a column packed with
zeolites they adsorb nitrogen due to their molecular sieving property and also affinity
towards nitrogen, while oxygen is less adsorbed and exists within the space [69, 70].
After saturation, the zeolite with nitrogen adsorbed would be regenerated by reduc-
ing the pressure, which frees the nitrogen atoms, and this process ensures a continu-
ous supply of oxygen for medical and industrial use.

5.3 Catalysis and chemical synthesis

Zeolites are used as catalysts in the production of gasoline through the fluid
catalytic cracking (FCC) process, where hydrocarbon feedstock is introduced into a
reactor containing zeolite catalysts. The adsorption of hydrocarbon into the surface of
the zeolite occurs, and this is where the active acidic sites would catalyse the cracking
of the long hydrocarbon chains into smaller, more valuable molecules like gasoline
[71, 72]. The products would desorb and be collected while the spent catalyst would
be regenerated by a bruin of carbon deposits.

5.4 Biomedical applications

The MOFs are often used in drug delivery for cancer treatment through the use
of doxorubicin as the drug, and it begins with loading the molecules into the porous
structure of the MOF using adsorption, and then this is administered to the patient,
where the acidic environment of cancerous tissues would trigger the release of the
medicine [73, 74]. The adsorption and controlled release ensure targeted delivery and
help to minimise the side effects while maximising therapeutic efficacy.

This shows that adsorbents have many uses and different adsorbents have different
applications, but they can also be created based on requirements.

6. Challenges and future perspectives
6.1 Limitations

Even though existing techniques and materials have made significant advance-
ments, they face several limitations. The first of these is that most of the adsorbents
are known to lose their efficiency after repeated use, which is due to structural
degradation, fouling or difficulty for the material to regenerate [75, 76]. For example,
we have activated carbons that are known to be widely used and require energy-
intensive thermal regeneration, which is very costly and hard to use in different
applications. It is also reported that magnetic adsorbents are capable of overcoming
some of the limitations, as they allow for easy separation using the application of an
external magnetic field, which would reduce the overall energy consumption and also

14



Understanding Adsorption: Theories, Techniques, and Applications
DOI: http://dx.doi.org/10.5772/intechopen.1008865

minimise the adsorbent loss during the recovery process. That said, to achieve this, it
is important to overcome practical application of magnetic adsorbent in wastewater
treatment, which would include the stability of materials under different environ-
mental conditions [77].

Another challenge for the use is the high selectivity for the specific adsorbates
within complex mixtures, and one example of this would be the difficulty of the con-
ventional adsorbents in differentiating between chemically similar molecules during
the gas separation process [77, 78]. This would mean that contaminants could often
be added to the mixture, which could cause difficulties or issues with the application.
In addition to these, the adsorbents are known to have very low adsorption capacity
when it comes to removing contaminants, and this is seen to be more prominent when
the application requires high concentration or diverse mixtures [79]. The higher cost
of materials like MOF and COF makes them expensive to produce and also limits
their scalability for large-scale applications. Often, the synthesis of the materials
would require costly reagents along with time-consuming procedures, which makes
them impractical for widespread use [80]. The spent adsorbents need to be disposed
of properly, and if they are not, then they could lead to environmental pollution and
cause more damage.

6.2 Future trends

There has been significant progress made when it comes to improving the absorp-
tion capacity by using nanostructured materials like carbon nanotubes, MFs and
graphene, as these materials possess very high surface area and also customisable
pore structures that allow for efficient binding and removal of diverse contaminants.
The unique properties of these materials are not just limited to the surface area, but
they help with chemical interaction and confinement effects that would help to boost
the adsorption process, and this interaction provides new avenues for capturing
and removing contaminants that were previously challenging to address [81, 82].
There has also been a rise in functionalisation techniques which has allowed for the
introduction of specific function groups for different applications, and this would
allow for the targeted removal of specific contaminants and thus enhance the overall
efficiency and selectivity [83]. There have also been innovations that are focused on
enhancing the specificity and efficiency of adsorbents using different approaches,
and one of the innovations in this would be the Molecularly Imprinted Polymers
(MIPs), which are engineered to replicate the molecular recognition that is found
within the natural system [84, 85]. Recent research in the field has shown that novel
adsorbents that are more resistant to a broad spectrum of physical-chemical stresses
are being developed [77]. CNTs and GOs are known to enhance the use of functional-
isation and reduction approaches that ensure the presentation of adsorption efficacy.

7. Conclusion

Adsorption is said to be the accumulation of molecules, atoms, or ions on the
solid surface, and this is a fundamental process that is different from absorption and
is governed by specific molecular interactions, and has different applications. The
historical development of science begins with the foundational work of Scheele and
Fardat to the advanced theories like BET theory and Langmuir theory that highlight
how the process and approach have changed. The research also explored the different
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mechanisms like physisorption and chemisorption, and this mechanism was found

to be influenced by factors like surface area, pore structure and molecular properties,
which are critical in optimising the process and adsorbent. The paper also explores
the thermodynamic and kinetic analyses that offer insight into the spontaneity,
energy changes and rate of adsorption while exploring the isotherms, which helped
provide the mathematical framework used to understand the adsorption behaviour
under different conditions. Characterisation techniques like BET analysis and mea-
surement models like gravimetric and calorimetric models are also explored, and it
shows these methods could be used as a tools to help refine the design and application
of an adsorption system.

Over the years, adsorption technologies have made headway in addressing some
significant challenges across different industries. Water treatment, air pollution con-
trol, gas separation, catalysis and biomedical technologies are among the many appli-
cations that demonstrate the efficacy of adsorption — be it with traditional adsorbents
like activated carbon and zeolites or with modern MOFs, COFs and graphene-based
adsorbents. At the same time, there are many adsorbent technologies that have yet to
be fully explored, and hurdles like cost, selectivity and scalability need to be over-
come. Further, the regeneration and reusability challenges make the usage of these
technologies more difficult on a larger scale. Although progress is already underway
in green synthesis, hybrid materials and functionalisation work together to optimise
efficiency and drive innovation.
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Selective Adsorption of Chiral
Nanomaterials: Mechanisms and
Biomedical Applications
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Abstract

In recent years, the selective adsorption of chiral substances has attracted
considerable research attention due to its potential applications in biomedicine. This
process involves the use of materials capable of selectively adsorbing one of the chiral
isomers, which opens the possibility to improve drugs and create new diagnostic and
therapeutic methods. Current scientific research is generally focused on the develop-
ment and improvement of materials capable of selective adsorption of chiral sub-
stances, which can facilitate more precise delivery of drugs into the body, minimizing
side effects and improving treatment efficacy. Thus, selective adsorption of chiral
molecules represents a promising direction for the future of biomedical technology
and medicinal chemistry. In this overview, chapter examples of efficient selective
adsorbents for chiral substances, adsorption mechanisms and current biomedical
applications of such materials will be discussed.

Keywords: adsorption, chirality, chiral substance, nanoparticles, supramolecular
aggregates, biomedicine

1. Introduction

Chirality is one of the fundamental properties of molecules that play a key role in
biology and medicine. Many biomolecules such as amino acids, proteins and nucleic
acids, as well as synthetic molecules such as antibiotics are chiral. The ability to
distinguish, identify and isolate enantiomers is crucial for biological processes and
therapeutic effects of drugs [1-5].

Chirality is an essential property of an organism and plays a key role in the
regulation of normal physiological processes. The basic structure of all organisms
consists of chiral molecules, and biological systems are highly selective to chiral
biomolecules. Chirality can be imparted to any material having both natural and
artificial origin in the process of asymmetric assembly or grafting of molecular
chiral groups or linkers [6].

In recent decades, research in this area has mainly focused on the study of
chirality of organic molecules and their optical properties [5]. However, inorganic
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chiral materials, as well as hybrid materials combining both organic and inorganic
fragments, are actively gaining popularity [7-10]. Such materials have chiral crystal-
lographic lattice, possess obvious chiral morphology and can be ideal building blocks
like natural chiral objects. However, there are still questions related to understand-
ing the phenomenon of chirality and its occurrence in metallic and semiconductor
materials. This question is acute for researchers in contrast to the clear definition of
chirality in organic systems.

Chiral inorganic nanomaterials (NMs), a new category of biomaterials, are also
becoming more popular. Chiral inorganic NMs have unique physicochemical proper-
ties that distinguish them from conventional NMs. In recent years, more and more
scientific research has been devoted to the study of various chiral NMs and their
physicochemical properties, which directly determine their practical applications in
various fields: medicine, theranostics, development of sensor materials, catalytic and
adsorption materials. The current review is devoted to different types of chiral NMs
and the study of chirality mechanisms, which is an urgent task in today’s science. The
adsorption patterns in the creation of chiral NMs are also discussed, and their poten-
tial applications in the field of biomedicine are discussed [11].

This overview chapter includes an introduction (1), three parts of the main text
(2-4) and a conclusion (5). In the second part of the review, we will present the modern
classification of chiral materials and talk about the types of chirality. In the third part of
the review, we present examples of works focused on the production of chiral NMs and
discuss the adsorption process and its mechanism as a key step in the creation of such
materials. In the fourth part of the review, we will present the adsorption properties of a
hybrid system based on silver nanoparticles and cholesterol derivatives and discuss the
possible applications of such a system in biomedical applications.

2. Chiral substances: Classifications and types of chirality

Chiral materials can be either organic or inorganic in nature. As mentioned earlier,
many modern chiral materials combine both organic and inorganic moiety. This
approach allows the creation of new materials, thereby enhancing one or another
physical and chemical properties. Synthetic possibility based on control in the cre-
ation of new materials expands the range of possible biomedical applications ranging
from diagnostics to therapy in the treatment of various diseases [12-27].

Classification of organic chiral substances is given schematically in Figure 1.
Substances can be of natural, semisynthetic and synthetic origin. They are created by
incorporating molecular chirality into natural molecules (proteins, oligosaccharides,
polysaccharides, antibiotics and alakaloids) through asymmetric assembly or grafting
of molecular chiral groups or linkers [13]. Such materials produce different optical
signals when examined by circular dichroism spectroscopy.

Inorganic chiral materials, namely chiral inorganic NMs, are of increasing interest
[3, 14, 15, 25]. The transition to nanoobjects is due to their high demand in very differ-
ent fields of nanotechnology, biotechnology and medicine. Chiral inorganic NMs have
unique physical and chemical properties that distinguish them from conventional
NMs. For example, chiral inorganic nanoparticles or nanocomposites have distinct
dimensional and structural characteristics that distinguish them from small mol-
ecules and traditional materials. Chiral inorganic NMs have a number of advantages
over achiral materials: wide range of size distribution, high values of g-factor and the
presence of symmetric mirror conformations. Specific physicochemical properties
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Figure 1.
Classification of organic chival substances.

of chiral NMs determine their success in biomedicine: screening, diagnostics and
therapy, as well as drug delivery.

Chiral inorganic NMs can be separated into different types schematically repre-
sented in Figure 2:

* chiral metallic nanoparticles/metal oxides,

* chiral non-metallic nanoparticles,

Chiral assemblies Plasmonic NPs

Chiral inorganic
materials

Metal oxide NPs Chiral metal sulfides

Chiral films ——— ——Semiconductor NPs

Figure 2.
Classification of inorganic chival substances.
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¢ chiral semiconductor nanomaterials,
e chiral nanofilms,

e chiral nanofilms, and

* chiral magnetic nanoparticles

Classical inorganic NMs have several disadvantages compared to chiral nanomate-
rials: biochemical stability, high toxicity and the possibility of metastatic recurrence
[16-19]. All this limits their application in biomedicine, for example, as directed drug
delivery systems. Giving NMs chirality eliminates numerous drawbacks and opens
new opportunities for biomedical applications.

* First and foremost, chiral inorganic NMs increase therapeutic efficacy and have
high stability in the bloodstream.

* Second, chiral inorganic NMs have good biocompatibility and can effectively
reduce cytotoxicity.

* Third, chiral inorganic NMs absorb left- and right-polarized light in completely
different ways, which makes it possible to increase the accuracy of their activa-
tion in the lesion focus.

The above properties have an evidentiary basis, chiral NMs, including metallic
nanoparticles and nanocomposites, are actively used in medicine in therapy, treat-
ment and prevention of a wide range of diseases, including cancer [19].

Among chiral inorganic nanostructures, the main types are chiral nanoparticles
(NPs) and chiral inorganic nanostructures, which usually represent a “core-shell”
model where the core is the surface of the NPs, and the shell is the ligand. Most often,
the occurrence of chirality can be related to the nature of the stabilizing chiral ligand,
as well as the shape of the inorganic core (sphere, cube, star, etc.) or chiral rearrange-
ment of the NPs surface because of stabilization by the ligand. Also, chirality can be
related to the initial asymmetry of the NP. Now, there are four main causes of chirality
(Figure 3) [2].

The first mechanism of chirality arises from the asymmetry of the inorganic
core within nanoparticles (NPs). Typically, particularly in “bottom-up” synthe-
sized NPs, the inorganic core is regarded as a single structural unit. Even when
the NPs possess a perfectly spherical geometry (with inorganic cores forming
ideal crystals) and their surface ligands are uniformly distributed, the material
can still demonstrate chirality. This phenomenon occurs because external electric
or magnetic fields can induce asymmetry in the electron density of the inorganic
cores through polarization effects. The chiral structure of the inorganic nucleus
is favored as chiral lattice distortions are more thermodynamically stable. For
instance, an achiral tetrahedron has only one possible atomic configuration for its
vertices, whereas a chiral tetrahedron features four distinct vertices that can be
arranged in 24 unique ways [2]. Compared to the achiral tetrahedron, the asym-
metric tetrahedron’s atomic arrangement increases entropy by approximately 8 kJ/
mol, making it energetically more favorable.
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Figure 3.
Types of chirality.

The second type of chirality is related to the asymmetry of the surface of the
inorganic core of the NP. In this case, the nucleus itself is achiral, while the surface
of inorganic materials is chiral. This type of chirality is the result of deformation by
substitution of surface atoms of the nucleus with ligand-stabilizer functional groups.
The ligand itself can be chiral or achiral. In this case, only the surface energy of the
material changes; the nuclear component is stationary. Many ligands that lead to lat-
tice deformation and the appearance of chirality have been described nowadays. The
most pronounced deformation effect is observed with ligands with two functional
groups. For example, cysteine and tartaric acid containing -COOH and -SH groups.
When chiral molecules are sorbed on the surface of metal particles, the atoms on the
surface adopt a special arrangement that breaks all local planes of symmetry.

The third type of chirality is the nature of the ligand and it is shell. In this case, the
nucleus and surface of the NPs are achiral, and the molecular shell of the ligand is
chiral. Also, the chirality can be caused by achiral ligands (there is a symmetry break-
ing at stabilization of ligands of surface atoms). From the practical point of view, the
“creation” of such chirality is the simplest and most variable practical approach. It
is based on the use of different types of nanoparticles (metallic, non-metallic) and
varying the nature of the ligand which makes it possible to obtain new materials that
are actively used as adsorption and separation materials.

The fourth type of chirality is the chirality of NPs due to chiral field effects. This
is the rarest type of chirality, and it takes place only in strongly polarized inorganic
materials. In this case, the distribution of atoms in the NPs nucleus is achiral, but the
distribution of electrons can be affected by ligands or other influences, which leads
to asymmetric polarization. Such chirality is difficult to fix during the experiment:
asymmetric polarization of electrons leads to the fact that NPs, especially plasmonic
(Ag and Au), when interacting with light give asymmetric absorption and often show
strong circular dichroism (CD) signals.

In recent years, hybrid materials related to metal-organic materials (MOMs),
namely metal-organic frameworks (MOFs), have been gaining popularity. In [20], the
author and his co-authors proposed to classify all solid porous materials into three

types:
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* organic (polymers),
* inorganic (zeolites), and
* metal-organic frameworks (MOFs).

MOFs are modern hybrid materials that include organic molecules acting as linkers
and metal ions/clusters. The formation of MOFs occurs due to various intermolecular
interactions (hydrogen, coordination bonds, electrostatic attraction), which leads to the
formation of one-dimensional, two-dimensional or three-dimensional structures [7].
Such materials have several obvious advantages: chemical stability, large and controlled
porosity and high specific surface area. All this makes MOFs a promising and versatile
class of materials with wide practical applications. The use of different organic linkers for
coordination with metal ions has facilitated the synthesis of innovative chiral materials in
terms of potential applications. According to the pre-designed target molecule, it is also
possible to control the hydrophobicity or hydrophilicity of the material (Figure 4).

Crystalline MOFs are promising adsorption and separation materials and have
therefore been successfully utilized in chiral catalysis and chromatographic separa-
tion techniques [22, 23]. It is possible to regulate the orientation of two enantiomers
in a confined microenvironment by incorporating several chiral recognition sites into
such porous materials. This will facilitate enantiospecific interactions, enantiomer
identification and efficient stereocontrol. Compared to zeolites, MOFs have become
an ideal basis for the development of new porous materials, which opens a wide range
of applications in various research fields. They have higher porosity than conventional
inorganic and organic porous materials (activated carbons and zeolites), structural
and chemical diversity, functional variability and choice of size and shape [20].
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3. Chiral substances: Adsorption of chiral nanomaterials

In the first section, we highlighted the chirality effect and its practical signifi-
cance, discussed possible sources of chirality and gave modern classifications of chiral
substances. In this section, we present some works reflecting the importance of the
adsorption process in the creation of new chiral nanomaterials, mainly for biomedical
applications.

One of the most common porous materials is silica [28-32]. This material has a
high specific surface area, is thermally and mechanically stable and can be easily
modified due to the developed surface area due to the multitude of silanol groups. The
authors [28] studied the process of oral adsorption of non-steroidal anti-inflamma-
tory drugs in the gastrointestinal mucosa using mesoporous chiral AT-R-CMSN silica
and mesoporous achiral silica S-MSN as drug carriers. Poor adhesion of nanocarriers
to the intestinal mucosa is one of the main causes of failure in oral drug delivery.
Mesoporous silica nanoparticles with a chiral geometric structure, AT-R-CMSN, were
engineered to enhance nanoscale surface roughness and utilized as carriers for poorly
soluble drugs like nimesulide and ibuprofen. The process of adsorption plays a critical
role in the development of these materials. Nitrogen adsorption analysis revealed
that drug-free S-MSN and AT-R-CMSN exhibit a uniform mesoporous architecture,
as indicated by type IV isotherms with distinct condensation steps. Additionally, the
nanoparticles demonstrated consistent pore sizes (2.49 and < 2.17 nm, respectively)
with a narrow size distribution. Their SBET values were 821.5 cm®/g for AT-R-CMSN
and 523.5 cm®/g for S-MSN, highlighting their capability to store or adsorb a wide
range of substances. Both materials displayed excellent thermal stability, with
minimal weight loss (<5%) attributed to adsorbed moisture. Consequently, the
drug-loaded forms, nimesulide-AT-R-CMSN and ibuprofen-AT-R-CMSN, exhibited
enhanced anti-inflammatory efficacy and significantly improved bioavailability
(705.95 and 444.42%, respectively) compared to other formulations. The chiral
architecture of AT-R-CMSN effectively addressed challenges associated with the
stability, solubility, and permeability of insoluble drugs, paving the way for the design
of advanced drug delivery systems based on mesoporous chiral silica gels [28].

Parallel research, as noted in [31], focused on addressing clinical demands for
improved oral bioavailability and reduced side effects of insoluble drugs. Aminated
mesoporous silica gel (L/D-BPEIN-MSX), featuring a chiral surface topology, was
synthesized using a rapid and cost-effective method within 2 minutes, serving as
a carrier for indomethacin, a non-steroidal anti-inflammatory drug. The synthesis
involved the self-assembly of L/D-tartaric acid (L/D-TA) with branched polyeth-
ylenimine (BPEI) to impart chirality, synergistically enhancing silica deposition.
Simultaneously, 3-aminopropyltriethoxysilane (APTES) was polycondensed with
silica precursors to form an amino-functionalized mesostructure. Nitrogen adsorp-
tion analysis of BPEIN-MSX and L/D-BPEIN-MSX showed type IV isotherms with
prominent capillary condensation steps, confirming mesoporosity. The hysteresis
loop observed for BPEIN-MSX at higher relative pressures (0.6-0.8) indicated a looser
pore arrangement due to electrostatic repulsion caused by APTES amino groups. In
contrast, L/D-BPEIN-MSX exhibited smaller pore sizes due to reduced electrostatic
repulsion and synergistic effects on silica deposition from tartaric acid. Drug loading
capacities were determined to be 31.4% for BPEIN-MS and 26% for L/D-BPEIN-MSX.
Notably, L/D-BPEIN-MSX significantly enhanced the release rate of indomethacin
via various controlled mechanisms. Additionally, D-BPEIN-MSX demonstrated chiral
responsiveness in the microenvironment, while L-BPEIN-MSX favored bioprocesses
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like contact and adhesion due to its preferential chiral surface. These carriers
improved indomethacin’s bioavailability by eight to nine times, delivering effective
anti-inflammatory action without gastrointestinal irritation [31].

It is well known that the adsorption capacity of silica can be improved by modify-
ing its surface with various compounds containing NH,- and SH-functional groups
[33-36]. Such functionalized silica is often used as a carrier for binding to metal
nanoparticles, including antibacterial AgNPs. Silver shows a higher affinity for thiol
groups, so the bond between them is formed stronger than with NH,-groups. For
this reason, AgNPs immobilized on the surface of SH-silica usually have a narrower
size distribution. In addition, the surface of thiolated silica can “graft” more silver.

In work [33], SH-functionalized silicon granules were prepared for the adsorption

of AgNPs from their solution. It is known that AgNPs have a high affinity toward
S-containing compounds. Therefore, the adsorption mechanism is simple and easy to
explain: the formation of complexes between Ag + ions and SH-groups on the carrier
surface during adsorption from aqueous solution. The amount of silver adsorbed by
the surface depends not only on the amount and density of S-atoms on the surface

of the modified silica but also on the accessibility of Ag + ions to these functional
groups. The adsorption behavior of AgNPs on the surface follows the Langmuir
model. The amount of adsorbed AgNPs was 75.8 mg/g [33].

Chiral nanomaterials can be synthesized by altering the composition of AgNP-
based composites [35], where silica acts as the carrier, silver nanoparticles serve as
the core, and ligand stabilizers form the shell. The ligand’s nature is a primary source
of chirality, as detailed in Section 1 [36-41]. Beyond silica-based materials, carbon
nanomaterials (CNMs) are emerging as promising candidates for chiral separation
[42-48]. CNMs possess a high specific surface area, good biocompatibility, delocalized
n-electron systems, and abundant oxygen-containing groups, all of which enhance chiral
separation efficiency. For instance, graphene oxide (GO), a notable CNM, has been
extensively explored for its hybrid materials in adsorption and separation applications
[42]. Researchers [43] developed a hybrid material based on spiral silicon nanotubes
(GO-SNTs) encapsulated in GO, where changes in nanotube helicity allowed tuning of
enantioselectivity. Left-handed GO-SNTs selectively bound L-form amino acid deriva-
tives, while right-handed GO-SNTs targeted the D-form. GO’s negatively charged surface
provided additional interaction sites for positively charged amines in the derivatives.
Similarly, studies [48] demonstrated the enantioselective absorption of phenylalanine,
phenethylamine, alanine, and leucine using monolithic absorbents composed of helical
polyacetylene and GO. Another group [47] designed nanoporous GO for >99% selective
adsorption of L-asparagine from racemic solutions. Magnetic GO-homochiral MOF
composites were also developed [45], achieving rapid and efficient enantio-separation
of chiral drugs using magnetic solid-phase extraction. A strategic combination of chiral
structures with other functional properties can yield innovative materials. For instance,
researchers [49] integrated boronic acid groups with optically active chiral polyacetylene
microspheres. These microspheres were synthesized through suspension polymerization
of chiral (M1) and achiral (M2) acetylene derivatives. CD spectra confirmed the forma-
tion of helical copolymer chains, imparting enantioselective adsorption capabilities.
Using L-DOPA as an adsorbate, M1 microspheres showed lower adsorption capacity
but higher enantioselectivity (L/D = 1.45), whereas M2 exhibited high adsorption with
negligible enantioselectivity (L/D = 1.07). Interestingly, M1-M2 copolymers offered a
balance between capacity (66 mg/g for L-DOPA; 39 mg/g for D-DOPA) and enantiose-
lectivity (L/D = 1.69). Reusability and desorption efficiency of these microspheres were
also confirmed, showcasing their potential in advanced applications.
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A strategic combination of chiral structures with other functional properties can
yield innovative materials. For example, boronic acid groups were introduced in [49]
with optically active chiral polyacetylene microspheres. These microspheres were
synthesized through suspension polymerization of chiral (M1) and achiral (M2)
acetylene derivatives. CD spectra confirmed the formation of helical copolymer
chains, imparting enantioselective adsorption capabilities. Using L-DOPA as an
adsorbate, M1 microspheres showed lower adsorption capacity but higher enan-
tioselectivity (L/D = 1.45), whereas M2 exhibited high adsorption with negligible
enantioselectivity (L/D = 1.07). Interestingly, M1-M2 copolymers offered a balance
between capacity (66 mg/g for L-DOPA; 39 mg/g for D-DOPA) and enantioselectivity
(L/D = 1.69). Reusability and desorption efficiency of these microspheres were also
confirmed, showcasing their potential in advanced applications [49].

MOFs have emerged as a novel class of sorbents due to their extensive surface area,
adjustable pore size, high sensitivity, exceptional chemical selectivity, and diverse
chemical architectures [50, 51]. The pharmacokinetics underlying the separation
and isolation of enantiomers is a critical factor in drug discovery and development.
While numerous methods exist for separating chiral compounds, the use of MOFs has
recently gained significant attention in the fields of separation and extraction science.
MOFs offer unique advantages in these applications, particularly through the “host-
guest” interactions they facilitate, which enhance both selectivity and resolution in
the separation of chiral drugs. For example, a study [50] synthesized a composite of
a chiral ionic liquid (CIL) and the MOF HKUST-1 for the enantioselective separation
of three clinical drugs — atenolol, propranolol, and racecadotril — from tablet formula-
tions. The CIL-MOF composite was developed using a tropine-based CIL containing
an L-proline anion in combination with HKUST-1. The results demonstrated high
efficacy (81-95%) in separating racemic mixtures of the studied drugs. Additionally,
the composite exhibited excellent desorption performance and retained its reusability
over five cycles. These findings highlight the promising potential of MOFs for the effi-
cient separation of chiral compounds, including at trace levels in biological samples.

In recent years research has been actively conducted in the direction of searching
for and creating new immunoaffinity adsorbents that have high affinity and selectiv-
ity for antigen-antibody interactions [52-55]. However, most of such adsorbents are
unstable and the cost of their preparation is rather high. Therefore, in the present
work, the authors [52] aimed to develop a new molecular imprinted polymer (MIP)
or “synthetic antibody,” which is an individual material for selective recognition of
biological targets. MIP is produced by cross-linking monomers complementary in
form and functional groups to the target molecule. Due to their ability to recognize
a specific chemical, MIPs provide selective adsorption for the removal of various
molecules such as proteins, metal ions and organic compounds. Moreover, MIPs have
unique properties such as physical, chemical, mechanical and thermal stability. Their
advantage is that they are more stable than antibodies and are stable at room tempera-
ture for a long time. The authors of [52] propose to develop a new type of MIP, which
is a cholesterol-based polymer nanosphere (CPN) for adsorption of cholesterol, which
is the most important physiological biomolecule. It is well known that cholesterol is
a natural polycyclic lipophilic alcohol found in cell membranes of human and ani-
mals [53]. It tends to accumulate in blood vessels, leading to atherosclerosis of blood
vessels and cholesterol embolism. Of course, controlling blood cholesterol levels and
removing excessive amounts of cholesterol is an important task. In the current study,
CPNs were prepared from cholesterol by emulsion polymerization without additional
surfactant and optimized the conditions for cholesterol adsorption by varying contact
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time, initial concentration, ionic strength and temperature effects. Adsorption
studies were carried out using solutions taken from the gastrointestinal tract. To
prove the selectivity of CPNs, the authors of [54] work performed a comparison with
unmodified cholesterol polymer nanospheres. Transmission electron microscopy (TEM)
results showed that the polymerization of CPN and non-modified polymer nanosphere
(NPN) resulted in the formation of spherical, monodisperse polymer nanospheres
with particle sizes of 116 and 125 nm. The adsorption values of CPN and NPN at an
initial cholesterol concentration of 100 mg/L were 11.72 and 2.89 mg/g, respectively,
and the adsorption time was 30 minutes. As the analysis time increased, the number
of adsorbed cholesterol molecules remained constant, indicating the formation of

a monolayer on the surface of CPN. The maximum value of cholesterol adsorption
was 714.17 mg/g at an initial cholesterol concentration of 2500 mg/L. The adsorbed
cholesterol was 86.14% desorbed and the CPNs were successfully reused in the
experiments. Thus, CPNs are promising materials for cholesterol removal.

4. Chiral substances: Metal-organic systems AgNPs-Ch and AgNPs-TChol

The interests of the authors of the chapter include the preparation of new hybrid
nanomaterials of MOF type, the study of their physicochemical properties (struc-
tural, optical, dimensional, adsorption and separation), and the search for possible
biomedical applications. In recent years, new supramolecular aggregates based
on silver nanoparticles (AgNPs) and mesogenic ligands — cholesterol (Ch) and it is
S-containing analog thiocholesterol (TCh) have been actively pursued [56].

Silver nanoparticles were prepared by classical borohydride reduction using the
Brust-Schiffrin method (Figure 5A). Cholesterol, a natural biomolecule containing
OH-groups and it is derivative thiocholesterol containing SH-groups were used as
organic ligands-stabilizers (Figure 5B). The ligands have a similar structure, but the
different nature of functional groups affects the binding strength to the surface silver
atoms. Transmission electron microscopy (TEM) results showed that the average size of
spherical AgNPs when stabilized by cholesterol was (5.5 + 0.7) nm, thiocholesterol
(2.7 £ 0.4) nm (Figure 5C). Silver is a plasmonic metal, so the appearance of surface
resonance band (SRB) is a feature of the absorption spectra. When stabilized by
cholesterol, the maximum of the SRB is observed at 430 nm and by thiocholesterol at
470 nm (Figure 5D). SRBs are characteristic of spherical AgNPs with a size of less than
10 nm, which agrees with the results obtained by TEM. The results of IR spectroscopy
and comparison of characteristic frequencies of vibrations of functional groups of
ligands with nanosystems showed that in all cases, there is a decrease in the absorption
intensity of characteristic valence vibrations of functional groups of ligands, which is
associated with their stabilizing ability with respect to surface silver atoms [56].

The results of quantum-chemical modeling of (AgNPs),-ligand hybrid systems were
also published in our earlier works [57-59]. The calculations showed that the binding
strength of the ligands to the silver cluster increases with increasing cluster size (from
Ag; to Agy3) when stabilized by thiocholesterol [59]. Summarizing the results of TEM,
UV-visible spectroscopy and quantum-chemical modeling and calculations, we can draw
an unambiguous conclusion: thiocholesterol is a stronger stabilizing ligand compared to
cholesterol. The surface of silver atoms has a positive zeta potential (+0.3 mV, which is
confirmed by X-ray photoelectron spectroscopy). The AgNPs-TCh system can be rep-
resented as a “core-shell” model by analogy with MOFs. Therefore, the formation of the
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A. schematic of AgNPs synthesis by Brust-Schiffrin method; B. structural formulas of cholesterol and
thiocholesterol ligands; C(A). TEM-micrograph of AgNPs-Ch; C(B). TEM-micrograph of AgNPs-TCh; D.
absorption spectra of AgNPs-Ch and AgNPs-TCh.

AgNPs-TCh nanosystem results in the formation of a dense “shell” with a higher dielectric
constant compared to cholesterol [60, 61].

Self-ordered NPs of various metals and the strategy underlying their self-assembly
provide an opportunity to analyze completely new physicochemical properties
compared to their individual counterparts. The self-assembly strategy refers to a
method of obtaining materials in which individual atoms/oligomers, spirals and NPs
are combined into supramolecular structures due to chiral molecules. Auand Ag
nanoclusters can show specific chirality arising from the nature of organic ligands or
intrinsic atomic arrangement [56].

The spectra for AgNPs-TChol systems were obtained by circular dichroism (CD)
spectroscopy (Figure 6A). To establish the regularity of the influence of the ligand
content on the optical activity, samples with different molar ratios of AgNPs to TCh
(1:2), (1:5) were analyzed. The incorporation of AgNPs into the crystalline matrix of
TCh leads to the formation of self-ordered helical structures, induces the manifesta-
tion of the optical activity of the system and the appearance of an intense peak in the
CD spectrum in the SRB of silver nanoparticles in the region of 450-470 nm, that is,
the cholesteric ligand forms a spatially ordered structure that organizes AgNPs into a
twisted helix. With increasing concentration of stabilized AgNPs, the optical activity
of the system increases. The peaks observed at 325 and 410 nm correspond to the left-
handed form of the optically active ligand thiocholesterol molecule. To prove the opti-
cal activity of the AgNPs-TCh system, the separation of enantiomers of some model
analytes (Figure 6B) was carried out by thin-layer chromatography (TLC). For this
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Figure 6.
A. CD spectra of AgNPs-TCh and thiocholesterol; B. structural formulas of analytes for TLC separation; C.
results of TLC separation.

purpose, the silica gel plates Silasorb-600 were modified by AgNPs-TCh solution. The
separation results are presented in Figure 6C. To investigate the adsorption properties
of the AgNPs-TCh system its impregnation from toluene solution onto silica gel car-
riers was carried out [60-61]. We used two types of carriers: classical silica gel (SiO,)
and aminated silica gel (Si0,-C5Hg-NH,). Then we analyzed adsorption isotherms for
different AgNPs-TCh systems in terms of molar ratio of metal-ligand and evaluated
quantitative characteristics of the process. Optimal results were obtained for the
adsorption of AgNPs-TCh in the molar ratio 1:2: the maximum amount of adsorbed
AgNPs (80 mg/g) per 1 gram of silica gel was achieved at the lowest concentration
(1.2 mg/ml) required for the formation of a monolayer on the adsorbent surface. On
the surface of aminated silica gel, the results were more optimistic. The reason is that
silver has a high affinity for NH, groups on the SiO,-C;H¢-NH, surface. Obviously,

a higher value of the amount of adsorbed AgNPs (250 mg/g) from a solution with a
concentration of 1.6 mg/ml was obtained for such sorbent.

The mechanism of surface adsorption can be described as follows: the SH-group of
thiocholesterol/OH-group of cholesterol effectively interacts with the surface atoms
(centers) of AgNPs during their formation and weakly shift the electron density from
the cholesterol cycle. Silver has a partially positive charge, so adsorption of hybrid
AgNPs is due to electrostatic interaction between positively charged surface silver
atoms and silanol groups on the surface of silica gel particles [60].

Thus, it’s possible to adsorb AgNPs-TCh or AgNPs-Ch system on the surface of
carriers of different nature (primarily biocompatible with the human body), which
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is a prospect for their use as directed drug delivery systems including the transport of
optically active drugs due to the optical activity proved by CD spectroscopy.

As mentioned earlier, supramolecular ordered nanostructures with pronounced
optical activity are increasingly used in biomedical applications. The process of
formation of ordered nanostructures can be described as follows: it starts with the
formation of individual AgNPs in highly dilute organic sols, stabilized by a cholesteric
ligand (Figure 7A). As the concentration of AgNPs increases and the organic solvent
is removed, supramolecular ordered hybrid 2D and 3D nanosystems with hexagonal
or cubic symmetry are formed. AgNPs are combined into ordered ensembles with
chain arrangement of individual metal particles. In cholesteric mesophase, extended
(L > 10 microns) linear aggregates including chain structures of AgNPs (d = 2.5 nm)
are formed (Figure 7B) [56].

Such supramolecular aggregates can be successfully used as effective carriers of
structurally similar drugs in view of their proven adsorption properties with pres-
ervation of the most important physicochemical characteristics: small size, liquid
crystal phase of the ligand (Figure 7C), optical activity of the systems [62-65]. For
example, structurally similar steroidal female and male hormones (dehydroepian-
drosterone and estradiol). In this way, new forms of drug transport delivery can be
created (Figure 8) [64].

5. Conclusions

This review fully reflects the trends and interests of modern science. The review
actualizes the role of chirality in life and science. The phenomenon of chirality is
considered, and classifications of modern chiral substances into organic, inorganic
and hybrid materials are systematized. The authors pay much attention to organome-
tallic nanomaterials as the most promising materials from the point of view of their
practical potential including biomedical applications.

The results of the authors’ work on the creation of chiral nanomaterials as promis-
ing separating, catalytic, adsorptive materials with great potential for application in
biomedicine - in diagnostics, therapy and treatment of various diseases, including
cancer — are presented and summarized.

The authors present the results of their research aimed at obtaining ordered
supramolecular aggregates including AgNPs with ligands Ch and TCh, which
exhibit optical activity. The possibility of using such materials as adsorption
and separation materials with the preservation of their unique physicochemical
properties is shown. The possibility of adsorption of aggregates on the surface
of carriers of different nature, primarily biocompatible with the human body,
is discussed, which is a prospect for their use as directed drug delivery systems,
including the transport of optically active drugs due to the proven optical activity
of the systems.
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Abstract

The contamination of groundwater by fluoride poses a serious global health con-
cern. This research investigates the enhancement of guava seed microparticles (GSM)
for fluoride adsorption by modifying them with a cationic surfactant (HDTMA-Br)
and iron nanoparticles (MNP), resulting in a functionalized biosorbent (GSM-Fe).
The research evaluates the process’s fluoride adsorption capacity, mechanisms, and
thermodynamics. Characterization techniques confirmed successful surface modifi-
cations, including SEM, FTIR, and zeta potential measurements. Batch experiments
assessed the impact of contact time, adsorbent dosage, solution pH, and temperature
on fluoride removal. GSM-Fe exhibited a maximum adsorption capacity of 559.9 mg/g
at 25°C, significantly higher than unmodified GSM (89.2 mg/g). The adsorption fol-
lowed the Langmuir-Freundlich isotherm and pseudo-second-order kinetics. Fluoride
adsorption primarily occurs through hydrogen bonding, electrostatic attraction,
and interactions with functional groups such as hydroxyl and carboxyl groups on
the biosorbent surface. The process was endothermic, with higher fluoride removal
efficiency at elevated temperatures. Thermodynamic analysis confirmed the sponta-
neity of adsorption at higher temperatures. This study demonstrates that GSM-Fe is a
highly efficient, cost-effective, and sustainable biosorbent for fluoride removal from
water, offering a promising solution for managing fluoride contamination, particu-
larly in developing regions.

Keywords: fluoride, adsorption mechanisms, guava seeds, surfactant, iron
nanoparticles
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1. Introduction

The occurrence of specific anionic species or trace elements in water for human
consumption can be considered harmful when their concentrations exceed particular
thresholds. Moreover, bioaccumulation raises a significant concern about its impact
on human health. Fluorides are one such anionic species that can cause critical
health issues when present in drinking water in deficient (<0.5 mg/L) or excessive
(>1.5 mg/L) amounts [1].

Fluoride is known to be a natural contaminant of groundwater resources world-
wide. It is naturally present in minerals and geological formations, including fluorite,
fluorapatite, fluorspar, cryolite, topaz, muscovite, and mica [2, 3]. Fluoride ions,
found in toxic organic fluorine derivatives, are anthropogenically sourced and are
crucial in industries such as fertilizers, glass aluminum, electroplating, steel, semi-
conductors, and nuclear activities [2]. Such activities can discharge high concentra-
tions of fluorides into the environment, increasing the risk of introducing this highly
reactive element into the food chain.

Fluoride intake occurs mainly through the consumption of water, as well as
through food, beverages, medicines, toothpaste, mouthwash, and cosmetics, among
others. Although at low concentrations, the use and consumption of fluorides can
prevent dental caries and strengthen bones [4], its ingestion can also cause the fol-
lowing conditions: dental fluorosis with consumption of fluoride in water between
1.5 and 2 mg/L, skeletal fluorosis, osteoporosis, brain damage, with a fluoride
consumption from 3 to 6 mg/L [4, 5], adverse effects on the reproductive system in
water fluoridation systems of at least 3 mg/L, neurological effects at concentrations
in water greater than 3 mg/L, as well as endocrine alterations. Exceeding the recom-
mended threshold of fluoride intake can result in detrimental health consequences
for individuals across several age groups, including newborns, children, and adults.
The short-term impact of fluoride on an individual is minimal, but it has the potential
to accumulate in the brain over time and gradually contributes to bodily deteriora-
tion [3].

High concentrations of fluorides in groundwater have been reported in different
parts of the world. Levels as high as 7.6 mg/L have been reported in India; in some
regions of China, 6.20 mg/L of fluorides have been reported [6]; as well as in Sri
Lanka, Spain, Brazil, Senegal, Hungary, Pakistan, Iran, the United States, Bangladesh,
Argentina, and Mexico, concentrations ranging between 2.1 and 16 mg/L have been
reported [7-13]. Due to the aforesaid, it is estimated that ingesting fluorides through
this route represents a high risk to human health for millions of inhabitants world-
wide [11, 14]. Fluoride, due to its lack of odor, taste, and transparency, is undetectable
in groundwater sources, necessitating testing to determine its presence and reduce
consumer risk through effective fluoride removal methods, particularly in the devel-
oping countries.

Hence, research is needed to develop novel technologies and materials to reduce
fluoride levels in water for human consumption, ensuring environmental sustainabil-
ity and cost-effective removal. Utilizing waste derived from lignocellulosic biomasses
offers a viable alternative to commercially available inorganic-based adsorbents
[15, 16]. Published research has demonstrated the efficacy of biosorbent materials,
which effectively competes with traditional inorganic-based adsorbents [17, 18].
Nevertheless, there is a need to optimize the biosorbents’ preparation and modifica-
tion techniques to improve their adsorption capacity and selectivity and their ability
to be reused across multiple cycles.

46



Surface Functionalization of a Biosorbent with Surfactant and Iron Nanoparticles for Fluoride...
DOI: http://dx.doi.org/10.5772/intechopen.1008925

Research on inexpensive adsorbents for pollution remediation and human health
care focuses on the use of biowaste, which generates approximately 100 billion metric
tons annually. These materials can significantly reduce the overall cost of the adsorp-
tion process [19]. Using biosorbents in water treatment presents numerous benefits
compared to traditional chemical sorbents. These materials are cheap, frequently
exhibit biodegradability in natural environments, and are readily accessible and
manufactured. Several biomass sources, including algae, fungi, bacteria, and several
types of waste from industrial, natural, and agricultural origins, can serve as viable
raw materials for obtaining biosorbents [20].

In the present context, it is known that the seeds of Guava (Psidium guajava)
can be considered a notable byproduct generated in significant volumes through
agricultural and industrial operations, particularly in Mexico [21]. The rise in guava
production and consumption in recent times has resulted in the generation of signifi-
cant quantities of guava seed waste, demanding proper disposal. However, this issue
could have been addressed by recycling this waste as a cost-effective biomass resource
[22]. The structural characteristics of guava seeds, such as their significant cellulose,
lignin, and protein content, render them well-suited for their application as a biosor-
bent, specifically for removing anionic pollutants found in water [21].

Despite the extensive research in biosorbents’ removal of pollutants, physical
or chemical treatments have been proposed to enhance these biomass materials’
adsorption capacities [23]. Nevertheless, it is worth noting that carbon compounds
generated from biomass exhibit diverse hydrophobic surface functions, which
contribute to their reduced sensitivity and dispersion in aqueous environments.
Consequently, this characteristic decreases their adsorption capacity. Hence, many
researchers are dedicated to exploring the modification of the biosorbents’ surface
with carbon compounds, particularly surfactants [20, 24-28]. Enhancing adsor-
bents/biosorbents by incorporating surfactants has improved their wettability and
reduced surface tension. This modification enables the adsorption of various organic
pollutants, including phenolics, oils, antibiotics, and azoic dyes [23, 24, 26, 29].
Hexadecyltrimethylammonium bromide (HDTMA-Br), a cationic surfactant, exhib-
its reduced solubility in water due to a lengthy alkyl chain in its molecular structure;
such property contributes to its low toxicity to the ecosystem [30]. Hence, the utiliza-
tion of this technique in the field of adsorbent surface modification has the potential
to improve the efficacy of adsorbents and biosorbents toward various pollutants.

On the other hand, in recent years, magnetic nanoparticles (MNP) have gained
great interest due to their potential applications in wastewater treatment and the con-
trol of environmental pollution [31], the removal of metallic and non-metallic ions
from water [32], especially iron oxide nanoparticles, among which magnetite (Fe;0,),
maghemite (y-Fe;03), and hematite (a-Fe,O;) stand out. Magnetic nanoparticles offer
many advantages due to their unique size, easy magnetic separation and solution
recovery, and large specific surface area [33]. It should be noted that, in addition to
rapid separation, magnetic nanoparticles have high thermal and mechanical stabili-
ties [34]. Another great interest in MNP is the possibility of modifying their surface
to confer specific preferential adsorption properties (functionalization). However,
the primary disadvantage of MNP is the lack of selectivity for adsorbate. Thus, the
adsorbents impregnated with MNP can be modified on their external surface with
surfactants to overcome this problem and provide adsorption systems selectivity for
better performance.

Hence, the primary aim of this investigation is to assess the efficacy of surfactant-
modified guava seed microparticles functionalized with iron nanoparticles in
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removing fluorides from aqueous solutions. Additionally, this study intends to iden-
tify the influencing variables, namely pH, adsorbent dosage, and temperature, that
impact the fluoride adsorption process, characterize the biosorbent, and elucidate the
main sorption mechanisms.

2. Biosorbent preparation and characterization

Guava seeds were collected, washed, dried, ground, and sieved to obtain guava
seeds microparticles (GSM). A previously described technique was used to obtain
iron nanoparticles (MNP) [35]. GSMs were placed in a suspension of MNP, rinsed,
dried, and put in a hexadecyltrimethylammonium bromide (HDTMA-Br) solution.
The obtained biosorbent was rinsed, dried, and labeled as (GSM-Fe). The process
involved removing pulp residues, preparing microparticles, functionalizing GSMs
with MNP and HDTMA-Br, and storing them for future fluoride removal tests.

High-vacuum scanning electron microscopy (SEM) was used to analyze the
surface morphology of GSM and GSM-Fe biosorbents, identify pores and probable
binding sites, and determine the elements in the biosorbent material through elemen-
tal microanalysis (EDX). Two samples of GSM and GSM-Fe were analyzed (Figure 1)
to determine differences in their structure. In the case of GSM, it can be observed
that the sample’s surface presents a heterogeneous morphology, observing smooth,
lamellar, and rough parts (Figure 1a). Furthermore, a spherical structure, which
appears to be an oil gland, can be observed (Figure 1b). Similar structures have been

Figure 1.
SEM micrographs of (a) GSM microparticles at 500x; (b) GSM microparticles at 2000x; (c) GSM-Fe
microparticles at 2000x.
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reported for different seeds and tissues with high lipid and protein content [36, 37].
These compounds contain functional groups such as carboxyl, hydroxyl, esters, and
amines, which help in adsorbing anions and cations in the biosorbents. These struc-
tures are advantageous for adsorbing iron nanoparticles, surfactants, and fluorides in
the studied adsorption systems.

In the GSM-Fe samples, a rough, porous surface is observed (Figure 1c). The
critical function of this type of morphology lies in its ability to enhance the surface
area and, thus, the capacity for adsorbing fluoride [1]. The small white dots visible
on the surface and the larger agglomerates shown in Figure 1c are iron nanoparticles
impregnated on the surface of the GSM. This was confirmed by an EDX analysis,
which revealed that iron is the primary element present. The results showed that
regardless of the surface characteristics of the biosorbent, a specific amount of MNP
gets attached during the modification process, leading to an approximate concentra-
tion of 1.5 g of Fe per 100 g of GSM-Fe.

A spot analysis using EDX was conducted on GSM and GSM-Fe samples to deter-
mine the presence of elements after adsorption. The analysis revealed the presence
of fluorine on the surface of GSM (Figure 2a), a result of fluoride adsorption from
an aqueous solution. The mapping of the same sample showed a slight but uniform
distribution of fluorine (green dots in Figure 2b), highlighting the GSM’ ability to
remove fluoride ions. Also, an EDX analysis and surface mapping were conducted
on a GSM-Fe sample after fluoride adsorption (Figure 3a). The analysis showed the
presence of the main elements of the biosorbent, fluoride, and iron. Brighter blue
spots on the surface of GSM-Fe were attributed to agglomerates of MNP adsorbed on
guava seed microparticles (Figure 3b). The distribution and concentration of fluorine
in GSM-Fe were more significant than in GSM (Figure 3c), suggesting an interaction
between MNP and fluoride ions during adsorption. These findings suggest that fluo-
ride can be adsorbed to iron-modified surfaces and specific unmodified structures of
the biosorbent material.

FTIR analyses were performed on GSM and GSM-Fe samples before and after
fluoride adsorption, as shown in Figure 4. The results showed that carbohydrate com-
pounds predominate in GSM (Figure 4a), reflecting its complex organic structure.
The material mainly contains cellulose, hemicellulose, lignin, and extractives, with
the primary functional groups being carboxylic (present in hemicellulose, pectin, and
lignin), amines (fats and extracts), hydroxyls (cellulose, hemicellulose, lignin, and

Figure 2.
SEM micrographs and EDX analysis of (a) GSM microparticles after fluoride adsorption at 1800x and (b) GSM
mapping of fluorine after adsorption.
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Figure 3.

SEM micrographs and EDX analysis of (a) GSM-Fe microparticles after fluoride adsorption, at 500x
magnification; (b) mapping of fluorine in GSM after adsorption; and (c) Mapping of iron in GSM-Fe after
adsorption.
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FTIR spectra of (a) GSM (ved line) and GSM-F after fluoride biosorption (black line); and (b) GSM-Fe (black
line) and GSM-Fe-F after fluoride biosorption (ved line).
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pectin), and carbonyl groups (lignin, pectin) [38, 39]. The study aimed to evalu-
ate the changes in the biosorbent’s surface chemistry and understand the removal
mechanisms of fluorides.

The GSM spectrum before F~ ions adsorption (red line in Figure 4a) shows a
band at 2926.9 cm™! corresponding to the C-H asymmetric stretching of aliphatic
groups. At the same time, the band at 2856.2 cm™" is attributed to carboxyl groups,
both related to cellulose content in GSM. The broad absorption peaks at 3422 cm™*
are likely due to the N-H bonds in amines and amides from protein content in GSM
[40-42], as well as the -OH from glucose units, primarily from cellulose and hemicel-
lulose [1]. The C=0 and C=H groups were located at the 2307 cm™" small band and
are related to aldehydes and ketones in GSM; no changes were noticed in these bands
before or after fluoride adsorption. The band observed at 1170 cm™ is assigned to the
C-O-C group of the p-1,4 glycosidic links joining the sugar units of cellulose in GSM.
The intensity of this peak in the GSM-F spectrum has decreased (Figure 4a), indicat-
ing interactions with fluorides due to surface coverage with such ions. Similar results
for removing fluorides with a cellulosic biosorbent have been reported previously
[43]. For GSM-F, the prominent decrease in the band observed at 2926 cm™, assigned
to the stretching vibrations of the C-H group, together with an almost total reduc-
tion in the band at 1460 cm ™ related to the C-Hj; groups in aromatic rings, indicates a
strong bond between fluoride ions and the cellulose chains in guava seeds. Therefore,
it is likely that a C-F type bond occurs due to the interaction of fluorides with the C-H
groups in cellulose [1]. The weak band at 1546 cm ™ has been commonly assigned
to the amino (NH,) group related to the L-tyrosine cycle [44], resulting from guava
seeds’ small amino acid content [45, 46]. This band also decreases in intensity after
fluoride biosorption, indicating that an interaction between NH, and F~ ions through
a hydrogen bond occurred. The functional groups observed in the GSM spectrum
(Figure 4a) at 1676 and 1740 cm ™" are attributed to the carbonyl groups (C=0)
associated with aldehydes and the stretching of the carboxyl group in hemicelluloses,
respectively [43, 47]. The GSM-F spectrum (Figure 4a) shows that both peaks
significantly decrease in intensity after biosorption, indicating they are involved in
fluoride removal. Even the carbonyl from aldehydes shifted to 1657 cm™ in GSM-F,
suggesting that the halogenation of aldehydes may be an essential mechanism for
removing these ions by using GSM as a biosorbent. Moreover, the peak at 2856 cm™
represents the O-H stretching in carboxylic acids [48], and it also decreases after bio-
sorption, indicating the participation of carboxyl groups from different compounds
in the GSM material in the removal of F ions, presumably by the hydrogen bonding
mechanism [1].

Figure 4b presents spectra of GSM-Fe before and after fluoride adsorption. The
spectrum of GSM-Fe (Figure 4b) indicates that this material, like GSM (Figure 4a),
is dominated by functional groups from carbohydrate compounds, reflecting the
complex organic structure. However, some bands found in GSM-Fe differ from those
in GSM because the material was modified on its surface with a cationic surfactant
and iron nanoparticles. Thus, bands corresponding to methylene group (CH,)
tensile vibrations are observed within the frequency range of 2301 and 2926 cm™ on
GSM-Fe, which are linked to the carbon chain of HDTMA-Br [49]. FTIR bands at 1712
and 1541 cm ™ attributed to the stretching vibrations of the acetyl groups (O-C=0)
in GSM lignocellulosic biomass and to the -NH group from HDTMA-Br, respectively,
support the evidence of the adsorption of surfactant with the OH groups of cellulose
[50, 51]. The broad band at 3424 cm™ is the characteristic of hydroxyl (-OH) groups.
Still, they are also related to the presence of a layer of FeOOH on the surface of the

51



Adsorption — Fundamental Mechanisms and Applications

GSM-Fe [52], corroborating the presence of iron nanoparticles in the material. In
addition, the modification with MNP results in additional peaks in GSM-Fe spectra,
specifically at 1436 and 1547 cm ™. These peaks have been linked to surface metal
hydroxyl groups [21]. According to Ismail et al. [53], magnetite (Fe;0,) has two
noticeable infrared absorption bands at 547 and 435 cm ™. The first band corresponds
to the Fe-O stretching mode of the tetrahedral and octahedral sites, whereas the band
at 435 cm ™" corresponds to the Fe-O stretching mode of the octahedral sites. Both
spectra in Figure 4b clearly show these bands, corroborating the MNP impregnation
in the surface of GSM-Fe.

Regarding the adsorption of fluorides in GSM-Fe, the -OH groups play an essen-
tial role in removing fluorides, probably through hydrogen bonds formed between
the F~ and these groups in the cellulose. In addition, it is also observed that the
band corresponding to the carboxyl groups in GSM-Fe changes after the adsorption
process, which indicates that the hydrogen atoms of these groups interact with the
fluoride ions. Fluorides can form bonds with hydrogen atoms from carboxyl groups,
as indicated by the presence of electrostatic and hydrogen bonding interactions in
the adsorption process of fluoride ions. Studies have shown that fluoride binding to
Tamarind seeds involves electrostatic and hydrogen bonding with phenolic/hydroxyl
groups [4, 54]. The band assigned to the CH, groups present in the surfactant also
changes after adsorption, indicating that the surfactant also adsorbs fluorides,
improving the sorption capacity of GSM-Fe. Fluorides in surfactant-modified biosor-
bents are often linked to CH, groups, part of the polymer structure used to capture
pollutants [55]. The CH, groups are frequently found in the polymer chains’ back-
bone, which may contain quaternary amine groups. This fact enhances the sorbents’
binding efficacy [55].

Zeta potential and point of zero charge (PZC) are key parameters in adsorption
processes. Zeta potential influences electrostatic interactions between adsorbates
and adsorbents, affecting their capacity and efficiency. PZC determines the pH of
an adsorbent’s surface, affecting its interaction with adsorbates and determining the
nature and strength of electrostatic interactions. The zeta potential as a function of
solution pH is illustrated in Figure 5 for both GSM and GSM-Fe. It is evident that
the PZC value for GSM is 3.92, while for GSM-Fe, it is 4.47. A positive surface charge
develops at pH values lower than the PZC due to the presence of H" ions. This positive
charge enhances the adsorption of anions through electrostatic attraction. In contrast,
at higher pH values, the surface charge becomes negative, hindering the removal of

—p (GSM

GSM-

10

Zeta potential (mV)

pH

Figure 5.
Zeta potential as a function of pH for GSM and GSM-Fe.
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anions. Unmodified guava seed microparticles (GSM) demonstrate this behavior,
exhibiting a positive charge at lower pH levels.

GMS-Fe exhibits a negative charge at low pH values due to surface chemistry
differences between GSM and GSM-Fe, as cationic surfactant modification
neutralizes the surface’s negative charges [56]. The parameter’s positive value
increases with increasing solution pH due to factors such as ionization of sur-
face groups on particles, which affects surface charge density. Higher pH levels
allow more hydroxide ions (OH") to adsorb on particle surfaces, increasing the
negative charge [57]. This relationship is evident in several systems, including
TiO, suspensions, where the zeta potential becomes more negative as the pH
increases, indicating a higher surface charge density due to increased ionization of
surface groups [58], as occurred for the GSM biosorbent. However, the presence
of surfactants can modify this effect. For example, in the presence of cationic
surfactants, such as benzethonium chloride (BTC), they can lead to a positive
zeta potential over the entire pH range, but the effect is less pH-dependent when
the surfactant concentration is high [58]; this behavior was observed for the
case of the GSM-Fe biosorbent (Figure 5), where at higher pH values the zeta
potential was more positive. The aggregation stability of suspensions also varies
with pH, being higher at lower pH levels for certain surfactants, which correlates
with changes in the zeta potential [58]. In addition, the pH of the solution affects
the chemical speciation of metal ions and the ionization of functional groups
on the adsorbent surfaces, which can influence the zeta potential. For example,
functional groups are less ionized at lower pH values, leading to lower zeta
potential values, while increased ionization results in higher zeta potential values
[59]. Generally, the rise in zeta potential as pH increases is a complex interaction
involving surface chemistry, the adsorption of ions, and specific interactions
between particles and surfactants in a solution [57-59]. Those mentioned above
may explain why the modification of biosorbent with HDTMA and Fe-NPs
directly affected the zeta potential behavior of GSM-Fe. A similar behavior
has been reported for an iron nanoparticle adsorbent modified with a similar
surfactant [60].

3. Fluoride adsorption kinetics

Figure 6 shows the results obtained from the biosorption kinetics of fluorides
in GSM and GSM-Fe at a temperature of 25°C and different contact times. In both
biosorbents, it was observed that adsorption equilibrium is reached at approximately
120 minutes of contact. However, the fluoride removal is higher for GSM-Fe (39.8%)
than for GSM under these experimental conditions. This difference in adsorption
kinetics suggests that GSM-Fe could be a more effective biosorbent for fluoride
removal in practical applications. In the case of GSM, the increase in adsorption as a
function of time is gradual in the first minutes of contact until no significant changes
in the removal are observed after 120 minutes. This behavior can be explained since,
at first, the biosorbent has numerous vacant active sites, which enhances the prob-
ability of fluoride adsorption. However, the adsorption rate decreases as the sites
become occupied over time. On the other hand, in the case of GSM-Fe, the increase
in adsorption in the first minutes of contact is more pronounced, where at the first
20 minutes of contact, a large part of all fluoride adsorption is achieved with this
biosorbent until reaching equilibrium after 120 min, indicating that the interaction
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Figure 6.
Fluoride biosorption as a function of time by GSM and GSM-Fe (fluovide concentration = 10 mg/L; adsorbent
dose = 30 g/L; pH = 6; temperature = 25°C).

with the iron nanoparticles and the surfactant enhances the rate at which fluorides are
removed. The consistent concentration gradient in both biosorbents indicates that the
initial adsorption rate difference is due to the unique surface properties of GSM-Fe,
which enhances fluoride diffusion to the biosorbent’s active sites.

Table 1 presents the kinetic parameters obtained through nonlinear regression
to fit the experimental data into three distinct kinetic models: Lagergren, Pseudo-
second-order, and Elovich [61-63]. The correlation coefficients in Table 1 show that
any empirical model can accurately describe fluoride biosorption kinetics data, with
the Elovich model showing a stronger correlation for both biosorbents, indicating
the presence of localized adsorption sites. According to the model, adsorption energy
increases linearly as surface coverage increases, indicating a higher occupation of
available adsorption sites; this implies that as more adsorbate molecules occupy avail-
able sites, the energy required for subsequent adsorption rises [64, 65]. Moreover,
the parameter a is associated with the initial rate of adsorption in the system. Table 1
data shows that this parameter is higher for GSM-Fe compared to GSM, indicating
faster adsorption at the beginning of the process for GSM-Fe. On the other hand, the
term K5.q. (calculated from the pseudo-second-order equation) in adsorption kinetics
is a key parameter that reflects the speed and efficiency of the adsorption process,
indicating how quickly the adsorbent is capturing the adsorbate [66]. It is also directly

Biosorbent Kinetic model
Elovich Lagergren Pseudo second order
GSM a=2.924 mg/g Ky = 0.0396 min™ K; = 0.0034 g/mg min
f=0.3360 g.mg qe = 14.57 mg/g Qe = 16.395 mg/g
R=0.9622 R =0.9413 K,.qe = 0.0555
R =0.9588
GSM-Fe o = 7432 mglg Ky = 0.2504 min™ K,=0.0134g/mgh
p=0.8976 gmg qe = 38.25 mg/g Qe = 3941 mg/g
R = 0.9866 R = 0.9054 K2.qe = 0.5280
R =0.9544
Table 1.

Kinetic parameters of fluoride biosorption by GSM and GSM-Fe microparticles.
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related to the half-life of the adsorption process, meaning it is the inverse of the time
required for half of the adsorbate to be adsorbed. This fact makes this term a helpful
indicator of how fast the adsorption reaches equilibrium [66]. Based on the above, it
can be established that the higher the value of this K,.¢., the shorter the time it takes
for the adsorbate concentration to decrease by half; therefore, it can be concluded that
this time is shorter for the case of the GSM-Fe biosorbent by one order of magnitude
(Table1).

4. Effect of adsorbent dosage and solution’s pH

The study investigated the impact of different dosages of GSM and GSM-Fe on
fluoride ion adsorption equilibrium. The experiments involved contacting different
biosorbents’ masses with a sodium fluoride (NaF) solution. Also, the influence of
solution pH on removing fluoride ions was examined through batch-type studies
using NaF solutions at varying pH levels. The initial pH values were modified by add-
ing NaOH or HCL. Fluoride concentrations were determined in the initial solutions
and supernatants. All tests were performed in triplicate.

Using the right amount of biosorbent is crucial to make the process efficient
and cost-effective. Too little or too much biosorbent can result in insufficient
fluoride removal, while too much can be wasteful. Figure 7 illustrates the effect of
the adsorbent dose on fluoride adsorption for both biosorbents. As expected, an
increase in adsorbate removal is observed as the dosage increases in both cases due
to a higher number of adsorption sites. The results showed that GSM-Fe achieved
a higher percentage of fluoride removal than the other biosorbent. However, the
optimal amount of GSM (30 g/L) needed for fluoride removal was slightly lower
than that of GSM-Fe (40 g/L). This difference may be due to the functionalization
of the biosorbent with surfactant and iron nanoparticles, which may occupy some
adsorption sites in the material, requiring more adsorbent to achieve maximum
removal. Additionally, if the dose is increased beyond the optimum level, the
fluoride removal process no longer shows significant differences or may even start
to decrease, depending on the specific biosorbent. This behavior can be attributed
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Figure7.
Effect of adsorbent dosage on fluoride removal by GSM and GSM-Fe (fluoride concentration = 10 mg/L; pH = 6;
T = 25°C).

55



Adsorption — Fundamental Mechanisms and Applications

to the higher concentration of the biosorbent particles within the batch reactor
suspension mainly because of the decrease in surface area and active sites caused
by particle aggregation. With an increase in the adsorbent dosage, the particles
form agglomerates, reducing the available surface area for adsorption [1, 43]. These
findings are significant as they clearly explain the optimal adsorbent dose required
for effective fluoride removal.

On the other hand, pH plays a crucial role in adsorbate adsorption, influencing
both the degree and the mechanism of adsorption; that is, pH can influence both
the ionic forms of the adsorbate found in the solution and the ionized state of the
functional groups responsible for its binding on the biosorbent surface. Figure 8
shows the biosorption results of F~ ions as a function of the pH of the solution.
Differences in behavior are observed between GSM and GSM-Fe. For example,
for GSM, the highest removal occurred at a pH of 3, which can be attributed
to the positive charge of the material at this pH value. Additionally, it can be
observed that removal remains stable in a range from 5 to 7; biosorption decreases
at alkaline values. The protonation equilibrium of free amino groups in aqueous
solutions is favorable at a pH close to neutrality, which favors the interaction of
free F™ ions in solution with this type of functional groups in GSM. In addition,
FTIR findings (Figure 4a) support the crucial mechanism of fluoride adsorp-
tion in GSM. This equilibrium ensures the biosorbent retains its effectiveness
within this pH range [67]. At alkaline pH values, there is a significant decrease in
removal in GSM; this can be attributed to the material’s more significant negative
electrostatic charge. This greater charge causes a greater repulsion between the
adsorbate and the biosorbent, which decreases diffusion from the solution to the
active sites in the material. Low fluoride removal using GSM at a pH of 4 can also
be observed, which aligns with the biosorbent’s point of zero charge (PZC) and is
the reason for this decrease; this suggests that other removal mechanisms are at
play beyond the electrostatic attraction between the adsorbate and the biosorbent.
The FTIR analysis findings indicated that these mechanisms could involve inter-
actions with other functional groups in the material’s structure.

Regarding the GSM-Fe material, it can be observed that it presented an effec-
tive removal of fluorides in a wide pH range (Figure 8). Similarly, a higher removal
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Figure 8.
Effect of initial pH on fluoride adsorption onto GSM and GSM-Fe (fluoride concentration = 10 mg/L; adsorbent
dose = 30 and 40 g/L for GSM and GSM-Fe, respectively; T = 25°C).
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is observed in highly acidic environments, while it decreases slightly at a pH of 4
because it is close to its PZC. The notable rise in removal under acidic conditions could
be due to the creation of chemical species aside from F~ ions, such as HF and H,F,.
The presence of HF becomes more significant as the solution’s pH decreases. These
species might also be adsorbed through interaction with the surfactant molecules on
the outer surface of the biosorbent. Likewise, in a pH range of 5-7, no significant dif-
ferences are observed in the biosorption of fluorides. At the same time, there is also a
slight decrease in the removal efficiency in alkaline values (from pH 8-9). In alkaline
conditions, the removal of F~ ions is much higher than in GSM,; this is because, in this
pH range, the electrostatic charges in GSM-Fe tend to be positive, as shown in the
analysis of the zeta potential of this material (Figure 5). This modification introduces
positive charges on the surface of the adsorbent, significantly increasing the elec-
trostatic attraction between the adsorbent and the anionic contaminants. Moreover,
modifying GSM-Fe with iron nanoparticles also enhances fluoride biosorption since,
at alkaline pH, the iron oxyhydroxides on the modified biosorbent surface facilitate
anion adsorption through a specific ligand exchange mechanism [68] between the F~
ions and this functional group provided by the Fe-NPs. These combined mechanisms
(electrostatic attraction and ion exchange) contribute to the superior performance of
GSM-Fe in removing anions in this pH range.

5. Fluoride adsorption isotherms

The study involved isotherm tests using fluoride aqueous solutions with varying
concentrations, GSM and GSM-Fe samples, pH adjusted to 6, and plastic bottles for
batch-type adsorption experiments. Biosorbents were contacted with NaF solutions,
immersed in water baths, and agitated at different temperatures. Supernatants were
filtered for fluoride analysis using the potentiometric method. Figure 9 shows the
biosorption isotherms of fluoride on GSM and GSM-Fe at different temperatures. In
the case of GSM (Figure 9a), the adsorption capacity is the lowest at 25°C, indicating
fewer adsorbate molecules in equilibrium. At 35°C, the adsorption capacity is higher
but lower than that at 50°C, suggesting that increasing the temperature enhances
the adsorption. At 50°C, the adsorption capacity is the highest, indicating a strong
affinity between the adsorbent and adsorbate at elevated temperatures. The increase
in adsorption capacity with increasing temperature suggests that the adsorption
process is endothermic. Higher temperatures provide more kinetic energy to the
adsorbate molecules, facilitating their movement and interaction with the adsor-
bent surface, and may decrease the viscosity of the solution, thereby increasing the
diffusion rate of fluoride molecules through the outer boundary layer and into the
internal pores of the adsorbent [69], allowing them to interact more effectively with
the adsorbent surface. This increased interaction likely leads to increased adsorption
capacity. Furthermore, higher temperatures may enhance the porosity or surface
activity of the adsorbent through a swelling effect [70], further contributing to
increased adsorption. The overall shape of the isotherms remains constant across
temperatures, indicating that the fundamental adsorption mechanism does not
change with temperature, although the degree of adsorption varies. The differences
observed in adsorption isotherms have important implications for practical applica-
tions. This is especially true for fluorides in geothermal groundwater used for human
consumption, as higher temperatures could enhance the efficiency of adsorbents in
their removal. This underlines the importance of understanding and considering the
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Fluoride biosorption isotherms at different temperatures on (a) GSM and (b) GSM-Fe.

effects of temperature when optimizing adsorption processes in various environmen-
tal and industrial applications.

The fluoride biosorption isotherm using GSM-Fe (Figure 9b) shows very
similar behavior to that of GSM. The adsorption capacity is higher as the solution
temperature increases. Furthermore, according to Giles et al.s classification [71],
they are more similar to L-type isotherms. These isotherms are characterized
by a high initial slope and a plateau, indicating strong interactions between the
adsorbate and adsorbent and saturation of the adsorption sites at higher concen-
trations. This behavior is observed in the isotherms of both biosorbents. When
comparing the isotherms of GSM and GSM-Fe, the main difference is that the
fluoride adsorption capacity for GSM-Fe is significantly higher than that for GSM.
This difference can be attributed to modifying guava seeds with surfactants and
MNPs. Cationic surfactants, such as HDTMA-Br, enhance fluoride adsorption
capacity by increasing the positive surface charge of the adsorbent. This results
in higher electrostatic attraction between negatively charged fluoride ions and
positively charged sites on the GMS-Fe. Cationic surfactants also introduce func-
tional groups such as amino and imino, enhancing fluoride adsorption efficiency.
The hydrophobicity of the adsorbent surface can be altered to facilitate fluoride
ion adsorption by reducing competition with water molecules [72]. The modifica-
tion process also increases the zeta potential, as observed for GSM-Fe (Figure 5),
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indicating higher surface charge density and improved fluoride uptake. These
modifications also improve reusability, making them more effective for multiple
adsorption-desorption cycles [72].

The adsorption isotherm data for each temperature were fitted to the well-
known Freundlich, Langmuir, and Languir-Freundlich models by nonlinear
regression to determine the equilibrium parameters of both systems under study.
For each tested model, these parameters are shown in Tables 2 and 3 for GSM and
GSM-Fe, respectively. For GSM (Table 2), it can be observed that all models show
relatively high correlation coefficients (R) (>0.9783). These high R values indicate
a strong correlation between the experimental and theoretical data, enhancing the
reliability of the models. There is a tendency for the Freundlich and Langmuir-
Freundlich models to show better correlation, which suggests that the adsorption
process involves heterogeneous surface characteristics and possibly multilayer
adsorption, as well as considers the saturation of the adsorption sites. It can also
be observed (Table 2) that it reaches a theoretical maximum adsorption capacity
(Qo) of 89.25 mg/g for fluorides at 25°C, which can be considered significantly
higher than other biosorbents, as observed in Table 4.

In the case of GSM-Fe (Table 3), it can also be observed that all models show
relatively high R values at all temperatures tested; however, in this case, there isa
higher tendency for the Langmuir-Freundlich model to describe better the adsorption
equilibrium data, which suggests that the modification with MNPs and surfactant
gives a more homogeneous character to the general adsorption process, without
completely losing its heterogeneity. This behavior indicates that the biosorbent has a
heterogeneous surface with variable site energies, which adapts to different adsorp-
tion intensities and capacities. This model is often used in practical applications
where adsorbent materials are derived from natural sources or modified to improve
their adsorption properties, as it can account for variability in surface characteris-
tics and interactions between adsorbed molecules [77, 78]. Furthermore, it is also
observed (Table 3) that the theoretical adsorption capacities (Qo) for GSM-Fe are
higher than for GSM, corroborating that modification and functionalization of the
biosorbent significantly improves fluoride removal from aqueous solutions at all
temperatures studied. The enhanced fluoride removal, demonstrated by the higher
Qo values for GSM-Fe (Table 3), suggests that this research could significantly impact
water treatment applications. Comparison with other biosorbents (see Table 4) also
indicates that GSM-Fe (559.93 mg/g at 25°C) is highly competitive with similar nature
adsorbents and conventional adsorbents for fluoride removal under various process
operating conditions.

T (°C) Model
Langmuir Freundlich Langmuir-Freundlich
Q b R Kg n R Kip ap N R
25 81.25 0.002 0978 02701 1193 0981 0268  152x107  0.839 0981
35 97.56 0.022 0.982 1.5013 1785 0.988 1.247 0.00053 0.607 0.988
50 23358  0.014 0978 20056 1610 0988 1994 31x107 0622  0.988
Table 2.

Isotherm parameters for fluoride biosorption by GSM at different temperatures.
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Biosorbent material Adsorption capacity (Qo, mg/g) Reference
GSM 89.25 This study
GSM-Fe 559.93 This study
Guava seeds (1 mm particle size) 15.7 [46]
Surfactant-modified banana peel 147 [20]
Tamarind seed powder 18 [54]
Iron oxyhydroxide coated with rice husk 26 [73]
Mixed-phase nano iron oxides 53.19 [60]
Zirconium-modified activated carbon fibers 28.50 [74]
Thermally treated hydrated alumina 237 [75]
Lanthanum-based adsorbent 245.02 (at 30°C) [76]
Table 4.

Comparison of the theovetical maximum adsorption capacities (Qo) at 25°C for removing fluorides by various
adsorbents.

6. Thermodynamic parameters

The determination of thermodynamic parameters is essential to optimize and
understand adsorption processes, allowing efficiency to be improved, the best materi-
als selected, and the design of more effective and sustainable systems to be designed.
Based on fluoride adsorption data at different temperatures for GSM and GSM-Fe,
the following thermodynamic parameters were determined: The change in standard
Gibbs-free energy (AG®), standard enthalpy (AH®), and standard entropy (AS°),
which were determined using the Van’t Hoff equation. This method involves plot-
ting the natural logarithm of the equilibrium constant (In Kc) against the inverse of
temperature (1/T) to derive the enthalpy change (AH) and entropy change (AS) from
the slope and intercept of the graph, respectively [79]. The equilibrium constants
(Kc) were calculated at different temperatures for the fluorides adsorbed by GSM and
GSM-Fe. These constants are crucial for applying the Van’t Hoff equation to deter-
mine thermodynamic parameters. One of our earlier works previously documented
the equations related to this method [79]. Furthermore, this approach is commonly
used in adsorption studies to understand the thermodynamic nature of the process.

Figure 10a and b show the plots of In Kc vs. 1/T for the GSM and GS-Fe sys-
tems, respectively. These figures demonstrate a high coefficient of determination
(R > 0.999) for the data from both systems in linear regression, indicating a highly
predictable pattern in the adsorption process concerning temperature changes. This
predictability ensures the reliability of the method and the accurate calculation of the
thermodynamic parameters from the slope and intercept of the linear graph.

Table 5 presents the thermodynamic parameters for fluoride biosorption by GSM
and GSM-Fe. Notably, the values of AG® and AH are positive for both biosorbents.
The Gibbs-free energy change (AG) is a key thermodynamic parameter that indicates
the spontaneity of a process. Positive values indicate non-spontaneous processes
that require an energy input. In the context of adsorption, a positive AG suggests
that adsorption is not favorable without external energy input. At the same time,
anegative AG indicates spontaneous processes that can occur without additional
energy. However, in the case of fluoride biosorption in both systems, it is observed
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Figure 10.
Plots of In Kc vs.1/T for fluoride biosorption on (a) GMS and (b) GSM-Fe.

that the energy required for the process to occur is sufficient at a temperature of
25°C. Furthermore, the lower AG value exhibited by GSM-Fe underscores that this
system requires less energy for adsorption, demonstrating the potential of modifying
and functionalizing guava seeds. On the other hand, the study reveals that fluoride
removal by GSM and GSM-Fe is endothermic, necessitating an energy input to
proceed, as the positive AH values (Table 5) indicate that the adsorption of these ions
is favored at higher temperatures due to the heat absorption [79]. This endothermic
nature implies that increasing the temperature can significantly enhance the adsorp-
tion capacity of biosorbents, reassuring the potential practical applications of this
research.

In the case of the change in standard entropy (AS°), it can be observed that
for GSM, the value is positive, while for GSM-Fe, it is negative (Table 5). A
positive AS value indicates an increase in randomness or disorder at the solid-
solution interface due to a more dispersed energy distribution between molecules

T (°C) GSM GSM-Fe

AG°(J/mol) AH’°(J/mol) AS°(J/mol K) AG°(J/mol) AH°(J/mol) AS°(J/mol K)

25 21545.74 23548.5 57.22 11396.24 72149 -14.02
35 2211798 11536.48
50 2068739 11746.84

Table 5.

Thermodynamic parameters for fluoride biosorption by GSM and GSM-Fe.
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during adsorption [80], suggesting that the adsorption process is favorable and
potentially reversible. In contrast, a negative AS value upon adsorption indicates
that adsorbed molecules such as fluoride ions become more ordered upon the
biosorbent surface, indicating that the ions are more structured or aligned on the
adsorbent surface. It has been established earlier that modifying and functional-
izing guava seeds can enhance the uniformity of the biosorption process. This is
because a reduction in entropy usually occurs when the adsorbate forms a more
organized structure on the adsorbent, possibly due to specific interactions or
bonds. This highlights the effectiveness of using GSM-Fe for fluoride removal,
as homogeneous adsorption processes offer advantages in water treatment. They
ensure consistent performance by providing uniform adsorption sites, leading to
predictable and consistent adsorption capacity.

7. Conclusions

Modifying guava seed microparticles with iron nanoparticles and cationic sur-
factant (GSM-Fe) significantly improved the fluoride adsorption capacity compared
to unmodified microparticles (GSM). This improvement is attributed to the increase
in active sites on the surface and the presence of iron nanoparticles, which creates
more active sites for fluoride binding. The main mechanisms of fluoride adsorption
were hydrogen bonding, electrostatic attraction, and interactions with functional
groups such as hydroxyl and carboxyl groups present on the biosorbent’s surface.
Additionally, the presence of iron nanoparticles contributed to enhanced adsorption
through ligand exchange and increased active sites for fluoride binding. Furthermore,
the study demonstrated that GSM and GSM-Fe exhibited optimal fluoride removal
within a pH range of 3-7. GSM-Fe showed a wider range of effective pH due to the
presence of iron nanoparticles. On the other hand, biosorption kinetics for both mate-
rials was relatively fast and fit well with the Elovich and pseudo-second-order models,
with GSM-Fe showing faster adsorption rates and higher overall fluoride removal.
The Langmuir-Freundlich isotherm model provided the best fit for GSM-Fe, indicat-
ing that the biosorbent modification created a more homogeneous surface for fluoride
adsorption, further improving efficiency. Thermodynamic analysis reveals that
fluoride adsorption on GSM and GSM-Fe is endothermic, with higher temperatures
favoring the process. GSM-Fe shows spontaneous adsorption, while GSM requires
energy for efficient fluoride removal. The negative entropy change for GSM-Fe
indicates increased fluoride ion orderliness, confirming enhanced fluoride binding
capacity due to surface modification. The study reveals that guava seed biosorbents,
specifically GSM-Fe, can effectively remove fluoride from aqueous solutions; this
makes GSM-Fe a highly competitive biosorbent with scalability potential for continu-
ous water treatment applications, particularly in treating fluoride-contaminated
groundwater. The study supports the hypothesis that surface modification of guava
seed biosorbents improves their effectiveness.
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Chapter 4

Ion Adsorption and Hydration
Superlubricity

Tianyi Han, Chenhui Zhang and Jianbin Luo

Abstract

The surface-water interactions are pivotal in interfacial functions and properties
relevant in many natural processes, particularly the lubrication systems of living
organisms, like the articular cartilage, oral mucosa, cardiovascular system, muscle,
and tendon tissue. The ion adsorption often determines interfacial lubrication perfor-
mance, especially hydration superlubricity, which depends on the surface charge
characteristics and ion types. The hydration superlubricity mechanism has been well
understood over the past 30 years, which further promotes the exploration and
development of artificial hydration lubrication materials inspired by nature. This
review first introduces the basic properties of the solid-liquid interface and the
superlubricity system related to hydrated ions. Then, the influencing factors and
mechanism of interfacial ion adsorption on hydration superlubricity are presented.
Subsequently, negatively charged materials based on overall modification are sum-
marized, including modified PEEK and modified UHMWPE with ultra-low friction
coefficient and ultra-low wear rate. Finally, the potential application of such materials
in artificial joints and underwater equipment systems are put forward. It is projected
that interest in ion adsorption and hydration superlubricity from the basic science and
engineering communities will continue to accelerate in the near future, accompanied
by the concept of superlubricitive engineering.

Keywords: hydration lubrication, superlubricity, ion distribution, interfacial
adsorption, surface force, surface charge density, zeta potential

1. Introduction

The ubiquity of aqueous electrolytes in contact with charged surfaces is relevant to
a plenty of biological, environmental, physical and chemical processes, as well as
potential applications like bioimplants, lubricants, batteries, and catalysis. A more
common case is that charged surfaces interact with ions and water molecules in
electrolyte solutions [1]. In animal fluids (like tears and joint fluids), ions (mainly
Na*, K, Mg2+, Ca**, and Cl") exist at a concentration of ~0.2 M. This is roughly the
same as the relative proportion of these ions in the ocean, but the total concentration
(~0.6 M) is higher. Even pure water (pH = 7) can be considered as an electrolyte
solution containing 10" M H?0O* and OH ™ ions, which is sometimes very important.
For example, hydrophobic polymers are negatively charged in pure water due to the
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orientation of adsorbed H,O and OH™ [2, 3]. Until now, although we have gained a
clear understanding of the electric double-layer structure [1], many open questions
remain regarding the distributions and structures of water molecules and ions,

the interfacial organization and competitive adsorption of water molecules and
different ions, and preferential alignment of water molecules at different charged
interfaces [4-11].

Besides, the adsorption of molecules to surfaces in liquids plays a significant role in
lubrication, providing effective methods to solve friction and wear problems, which
are accompanied by many aspects of production and life. Hardy et al. proposed
boundary lubrication 100 years ago, where lubricants are adsorbed on friction sur-
faces through a physical or chemical process to form an adsorption film [12]. Luo et al.
proposed thin film lubrication (TFL) 30 years ago, where the lubricant film substan-
tially involves three layers, that is, the adsorbed layer, the ordered layer, and the fluid
layer (Figure 1a), which fills the gap between boundary lubrication and elastohy-
drodynamic lubrication regimes [13, 14]. In electrolyte solutions, the adsorbed layer
consists of hydrated counterions, which is named as the hydration layer and is signif-
icant for lubrication between charged surfaces [15, 16]. We can consider this hydra-
tion lubrication as boundary lubrication at high load regime or thin film regime
(where the shear-promoted thermally activated sliding dominates the friction energy
dissipation) and as TFL at low load regime or thick film regime (where the pathway of
energy dissipation mainly results from the viscous shear) [6, 17, 18].

Given the important role of interfacial adsorption in lubrication, the main objec-
tive of this chapter is to discuss the influence mechanism of ion adsorption on hydra-
tion superlubricity and the idea for designing negatively charged modified materials
based on this mechanism. Here, the basic properties of solid-liquid interface are first
introduced, especially the electric double-layer model, which is the key to understand
hydration lubrication. Then the phenomena and mechanisms of liquid superlubricity
are summarized, especially the hydration superlubricity at nanoscale and macroscale
conditions. In particular, we focus on how ion adsorption determines hydration
superlubricity, especially the type, structure, and density of adsorbed ions. The influ-
ence of surface charge characteristics, surface charge density, ion valence, and ionic
type on the ion adsorption is discussed. According to the mechanism of hydration
superlubricity, we have proposed the idea for designing new polymer materials with
higher surface charge density and better lubrication performance, that is, negatively

a Boundary lubrication model b Stern layer Diffusion layer C Stern layer / hydration layer
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Figure 1.

Lu%)l:imtion model and electrical double-layer (EDL) model at the solid-liquid interface. (a) Boundary
lubrication model and thin film lubrication model. Reproduced with permission from Ref [13], Elsevier 1996.
(b) EDL model, including the Stern layer and the diffusion layer. (¢) Evolution of the Stern layer (also called
hydration layer under nanoconfinement) structure with the La®* ion concentration. Reproduced with permission
from Ref [6], Authors 2023.
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charged modified materials, which exhibit lower friction coefficient (<0.01) and
lower wear rate (<10~ mm? (N-m) ). The understanding and study of hydration
lubrication and hydrated lubricating materials would promote the research in appli-
cations of artificial joints (working in body fluids) and underwater equipment (work-
ing in oceans). We could expect a ‘near-zero-friction’ world based on hydration
lubrication.

2. The solid-liquid interface

When a solid surface is in contact with an aqueous solution, it acquires a surface
charge due to three major mechanisms, including the reaction of surface functional
groups (acidic groups: such as-OH, -COOH, -SO3H; basic groups: such as -NH,), the
adsorption of water ions (such as OH™ and H30"), and the dissolution of ions (such as
K") into the bulk. The charge formation of surfaces like SizN4, Al,O3, SiO,, etc., is
dominated by the first process, while the second process dominates the surface charge
of hydrophobic materials [2] such as polytetrafluoroethylene (PTFE), ultra-high
molecular weight polyethylene (UHMWPE), single crystalline diamond (SCD) [19],
etc. Surfaces like mica [20] and clinochlore [8] are charged due to the third mecha-
nism. For the first and second mechanisms, the sign and density of surface charges
depend on the pH of the aqueous solution, while the influence of pH is weakened for
the surfaces dominated by the third mechanism [20]. No matter what charge forma-
tion is, the charged surface affects the ion distribution in the aqueous solution due to
the electrostatic interaction. Counterions are attracted closer to the surface, while co-
ions are repelled away from the surface, and thus, the electrical double layer (EDL) is
generated, which is composed of the Stern layer (a film of the counterions closely
attached to the charged surface by the electrostatic force) and the diffusion layer (a
film of the dispersion solvent adjacent to the surface, containing free ions with a
higher concentration of the counterions), schematically shown in Figure 1b. The
thickness of the stationary Stern layer is usually below 1 nm, and the thickness of the
diffusion layer is known to be related to the Debye length. When the liquid flows
across the solid surface, the shear occurs between the stationary layer and the diffu-
sion layer, which is known as the shear plane/layer. The zeta potential describes the
charging behavior at the solid-liquid interface, which is usually considered as the
potential at the shear plane and can be analyzed by electrokinetic methods [20-22],
normal interaction measurements [6, 23], and molecular dynamics simulations
[24, 25]. It should be pointed out that the EDL model assumes that (1) ions are point
charges and only interact through Coulombic interactions; (2) there are no ion-ion
correlations; (3) water is a homogeneous dielectric continuum [4]. Therefore, the
EDL model is only suitable for aqueous solutions at relatively low concentrations,
while it does not match numerous experiments at relatively high concentrations
[26-29].

Compared with the diffusion layer, in which the potential and ionic density can be
accurately described by the Poisson-Boltzmann (PB) equation, little is known for the
distribution and structures of counterions in the Stern layer [1]. The interfacial
potential in absolute value decays linearly within the Stern layer from the surface to
the head end of the diffusion layer and subsequently decays further toward the bulk of
solution [30]. The Stern layer thickness and capacitance and the amount of ordered/
oriented/bound water in the Stern layer have been studied [31-33], but these param-
eters are currently only employed as rough estimates. The counterion adsorption
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behavior in the Stern layer as well as its influence factors are still not well understood,
which need further research based on advances in experiment, computation, and
theory. Furthermore, the Stern layer is also known as the hydration layer under
nanoconfinement in the solid-liquid-solid system, especially in the field of lubrication
[16, 34]. Water molecules form a tenacious hydration shell around charges/ions due to
the considerable reduction in free energy arising from the reduction in the Born
energy of the charge by having the water dipoles arranging around it [35, 36]. There-
fore, the hydration layer is strongly attached and resists being removed or squeezed
out by compression. For a long time, the structure of hydrated ion layers adsorbed on
solid surfaces was thought to be invariable [16, 17, 37]. Recently, we prove that the ion
surface coverage dictates the roughness of the hydration layer under subnanometer
confinement, which depends on the bulk electrolyte concentration [6], as shown in
Figure 1c. The subtle structural changes within the layers of adsorbed ions, both
proximal (hemispherical) and distal (spherical), are influenced by the increasing
concentration, resulting in redistribution of the hydration water. At low concentra-
tions, the predominance of two layers of adsorbed ions creates a rough hydration layer
(Rz ~ 1.0 A) on the surfaces, while at higher concentrations, the proximal hydrated
ions increase and smoothen the hydration layer (Rz ~ 0.3 A). The change of the
hydration layer structure plays a significant role in various natural and industrial
processes including lubrication [6] (and hydration lubrication was selected as one of
the 2024 top 10 emerging technologies in chemistry by International Union of Pure
and Applied Chemistry (IUPAC) [38]), ion separation [39], and biological mem-
branes [5], etc.

3. Hydration superlubricity

The characteristics of the solid-liquid interface determine the lubrication behavior.
Liquid molecules with high load bearing capacity (strong intermolecular interactions)
and low shear resistance (low intermolecular interactions) are considered to exhibit
excellent lubrication performance between solid surfaces. The challenge is that the
two are usually mutually exclusive. The state of ultralow friction (with friction coef-
ficient at 10> level or less) under lubrication with liquids between two sliding sur-
faces is known as the liquid superlubricity [15, 40, 41], making near-zero friction and
near-zero wear possible. In 1937, physicist P. Kapitza discovered the superfluidity of
liquid helium (*He), where the friction inside the fluid disappears at 2.17 K, namely,
the viscosity of the fluid becomes zero, which is considered as the earliest phenome-
non of liquid superlubricity. However, a liquid with zero viscosity cannot support
applied loads based on the hydrodynamic lubrication theory, leading to lubrication
failure. According to Reynolds equation, increasing the viscosity of the liquid lubri-
cant can improve the load-carrying capacity, but will also result in higher shear
resistance and friction, and vice versa. This inherent contradiction leads to a lower
limit of the friction coefficient, which cannot be further reduced. How to break
through the lower limit of friction coefficient and achieve superlubricity? From the
sources of friction, the shear resistance (F;) arises from two interactions: one is
between the surface roughnesses (Froughness)> and the other is within the fluid film
(Fpuid) where Fg = Fioughness + Fauid- The shear force between surface roughnesses is
usually much higher than that within the fluid film, F;oughness > Fauia- Therefore,
reducing Froughness is the key to break through the lower limit and further achieve
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superlubricity. However, which interactions can be used to separate the two surfaces
(high load-carrying capacity) and obtain ultralow Fy (low shear resistance)? This is a
significant challenge.

Over the past thirty years, great progress has been made in the research of liquid
superlubricity [15, 40-45]. Luo and Zhang’s group summarized five major types of
liquid superlubricity (Tables 1, 15], identified three key mechanisms for achieving
liquid superlubricity (hydrodynamic effect, electric double layer and hydration effect,
and tribo-induced films, as shown in Figure 2), and first proposed the concept of
‘superlubritive engineering’ to turn superlubricity from laboratory research into engi-
neering applications [40]. At present, the minimum friction coefficient and the max-
imum contact pressure for liquid superlubricity are in the order of 10 °-10"*, and
over 1 GPa, respectively. As one of the frontier subjects in tribology, more
superlubritive materials are being explored, the atomic-scale mechanisms of
superlubricity are being revealed, and the applications of superlubricity are being
promoted [15, 54-56].

Next, we mainly focus on the hydration superlubricity based on the adsorption of
hydrated ions. 40 years ago, the short-range repulsive force was observed by
Israelachvili and Pashley in electrolyte solutions between two atomically smooth mica
surfaces through a surface force apparatus, which is known as the hydration repulsion
[57-60]. About 30 years ago, Ducker et al. measured the normal forces between two
silica surfaces in NaCl solutions using an atomic force microscope and also found the
short-range hydration force [61, 62]. The hydration force can support applied load

Lubricant materials COF Pressure/ Methods
MPa
Water, acid-based, alcohol-based solutions 0.002-0.009 5~200 Tribometer
Hydrated Hydrated ions 107* - 0.01 10, SFA/SFB, Tribometer
materials 270 ~ 550
Phospholipids 107° - 0.002 40 SFA/SFB
Polymer brushes 10~* - 0.01 15 SFA/SFB, Tribometer
Surfactants 10~* - 0.01 10 SFA/SFB, AFM
Hydrogels 0.001-0.01 1 Tribometer
Negatively charged modified 0.005-0.02 110 Tribometer
materials®
Ionic liquids 0.001-0.006 130 AFM, SFA/SFB,
Tribometer
Solid-liquid combined superlubricants® 0.0006- 1400 Tribometer
0.006
Oil-based lubricants 0.001-0.008 100 Tribometer

“This table is based on our previous review article [15]. SFA and SFB mean surface force apparatus and balance,
vespectively, and AFM means atomic force microscope.” Negatively charged modified materials is a new concept based on
hydration contribution. Various new materials have been designed, such as carboxylate anions (RCOO™)-grafted epoxy
resins [46], sulfonated PEEK [47], and polyelectrolyte-grafted UHMWPE [48, 49]. Morve details will be introduced in
Part 5.It is also known as the 2D materials as lubricant additives. The solid-liquid combined superlubricity can also be
considered as a separate classification independent of liquid superlubricity due to the unique role of solid materials. The
contact pressure during superlubricity was above 1.4 GPa using molybdenum carbide (MXene) and ionic liquids or
lithium citrate solution as the lubricant [50, 51].

Table 1.
Five different categories of liquid superlubricity systems”.
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Figure 2.

Liquid superlubricity mechanisms. (a) Elastohydrodynamic (EHD) effect. (b) EDL effect. (c) Hydration effect.
(d) Tribo-film which is easy to shear. Reproduced with permission from Ref [52], American Chemical Society
2019. Reproduced with permission from Ref [53], Elsevier 2019.

and prevent the direct contact of surfaces, which is expected to resolve the inherent
contradiction to achieve superlubricity. Based on the hydration repulsion generated
by the hydration layer (Figures 3a and 2c), ultralow friction coefficient of 0.0002-
0.002 was obtained between two mica surfaces in 0.1 M Na* solutions (Figure 3b)
[17]. Klein’s group attributed this to the ready exchange (as opposed to loss) of water
molecules within the hydration layers as they rubbing past each other under strong
compression [16, 65]. Meanwhile, Higashitani’s group investigated the normal and
friction forces between two silica surfaces in electrolyte solutions (Figure 3c-e) and
attributed the lubrication property to the hydration capacity of cations, where more
hydrated the cations are, the stronger the lubrication is [63]. Furthermore, different
pathways of friction energy dissipation for hydration lubrication of monovalent and
multivalent cations were proposed based on the velocity-dependent friction. At low
pressure and large film thickness, the viscous shear of fluid film dominates, where a
power law relationship describes the velocity dependence of the friction force

(Fs ~ An(v/D)" based on a Newtonian relation); while at high pressure and small film
thickness, the shear-promoted thermally activated sliding plays a pivotal role, where a
logarithmic relation exists between the friction force and velocity (Fs ~ In(v) based
on the Eyring theory) [6, 17, 18]. Besides, atomic-scale three-dimensional hydration
structures were visualized on charged surfaces (like clinochlore, mica, and calcite) by
using ultra-low noise frequency-modulation atomic force microscopy (FM-AFM)

[7, 8, 66].

In the past decade, Luo and Zhang’s group has constructed the macroscale hydra-
tion superlubricity system with high load-carrying capacity by introducing micro-
scopic surface forces (including hydration force and electric double-layer force) into
macroscale contact [15]. The Reynolds equation considering surface forces (Pg) was
established [67-69], as shown in Eq. (1-4). The bearing ratio of surface forces can
reach over 80%, [15]. In other words, the surface force can bear most of the applied
pressure (P) at the boundary and mixed lubrication regimes, where the hydrodynamic
effect (Ppnq) is weak.

a (ph® oP a (ph® oP a(ph
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Figure 3.

H)il‘:’ution lubrication. SFB measurements of (a) normal forces and (b) shear forces across 0.1 M NaCl and NaNO,
between two mica surfaces. Reproduced with permission from Ref [17], Authors 2015. The inset in (a) shows the
schematic SFB configuration. AFM measurements of normal forces at (c) 0.01 M and (d) 1 M LiCl, and (e) shear
forces between two silica surfaces. Reproduced with permission from Ref [63], American Chemical Society 2005. The
illustration in (d) shows the schematic AFM configuration. Reproduced with permission from [64], Elsevier 2006.

P:Psf+Phd+Psr (3)
Py = Pue + P + Pyaw (4)

where /2 means the film thickness between two surfaces, including three contribu-
tions of rigid body displacement, surface morphology, and elastic deformation; Py
means the pressure supported by surface forces, Ppq means the hydrodynamic contri-
bution, Ps; means the pressure supported by surface roughness, and Py, Pgj, and Pygw
represent the hydration force, electric double-layer force, and van der Waals attrac-
tion force, respectively.

In part 2, we learned that most surfaces bear an electric charge in water
(Figure 1b). If two charged surfaces approach each other and the EDLs overlap
(Figure 2b), the electric double-layer force arises due to the entropic (osmotic), not
electrostatic contribution. The repulsive osmotic pressure between the counterions
maintains the EDL, which forces them away from the surface and from each other so
as to increase their configurational entropy [70]. When two charged surfaces are
brought close to each other, the counterions are compelled to return to the surfaces,
against their preferred equilibrium state, which is resistant to the osmotic repulsion
but beneficial for the electrostatic attraction. The osmotic repulsion dominates, and
thus, the net force is repulsive. Formulation of electric double-layer force is shown in
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Eq. (5) [67]. Regarding the origin of hydration repulsion [1, 35], it is a type of
solvation force, which is essentially an ion—dipole interaction. One ion can form
multiple ion-dipole bonds, resulting in the ion being solvated and orientationally
bound by solvent molecules to form solvated ions (also known as hydrated ions in
water). The solvated ions are bound strongly and are restructured by the polar sur-
faces. An ordered solvent layer was formed at the surface-solution interface, which
quasi-exponentially decays away from the surface. An overlap of the ordered-solvent
layers near the two mutually approaching surfaces creates a repulsive force, that is,
hydration force (Figures 2c, 3a, c, d). Its formulation is expressed as Eq. (6) [67].

Py = 64ckgT tanh ey /4kgT)e ™" (5)
Py = Poe /" (6)

where ¢ is the ionic concentration, kg is Boltzmann’s constant, T is the absolute
temperature, v, is the surface potential, « is the Debye length, Py is the hydration
force amplitude, and / is the decay length of hydration repulsion.

Guided by this theory Eq. (1-6), we designed an experiment by using a tribometer as
follows. First, an acid solution with pH = 1.5 was used to lubricate the Si;N4/sapphire
friction pairs for 5 minutes, in order to increase the charge density of friction surfaces;
afterwards, the acid solution was removed and replaced with the electrolyte (LiCl, NaCl,
and KCl) solution, and then, the friction coefficient immediately decreased to 0.005
(Figure 4a), achieving macroscale superlubricity under high contact pressures above
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Macroscale hydration superlubricity. The friction pairs are a Si;N, ball and a sapphire disk. (a) Friction
coefficients of five monovalent chloride solutions (50 mM) after running-in with acid solutions. Reproduced with
permission from [71], American Chemical Society 2018. Friction coefficients of (b) four divalent and (c) five
trivalent chlovide solutions. (d) Velocity-dependent friction coefficients. The concentration of five trivalent
solutions was 1 M. Reproduced with permission from [72], American Chemical Society 2020.
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250 MPa [52, 71]. The superlubricity mechanism was mainly attributed to the hydration
effect. First, both surfaces are negatively charged in neutral electrolyte solutions, which
can adsorb counterions to form the hydration layer [71]. Second, a silica layer was
generated on Si3N, surface during the acid running-in period, which increased the
surface charge density by more than 50% and thus adsorbed more hydrated cations [52].
Furthermore, we evaluated the hydration lubrication performance of multivalent cat-
ions between SizN,/sapphire surfaces [72]. Before that, the normal interactions between
two mica surfaces in divalent (Mgz", Ca’*, Sr**, Ba**, and Ni**), trivalent (La**, Cr’*),
and tetravalent (Th*") electrolyte solutions were studied based on surface force mea-
surements [57, 73-80]. At higher concentrations (> 0.1-1 M), both divalent and triva-
lent cations gave rise to strong, short-range, repulsive force due to the hydration shells
of the bound cations [73, 74, 79]. Therefore, it is reasonable to speculate that multivalent
cations can also exhibit hydration lubrication. Based on our experiments using a
tribometer, both divalent and trivalent cations studied achieved superlubricity with the
lowest friction coefficient of 0.002-0.005 at 1 M under a high contact pressure above
270 MPa, but the friction coefficient all increased to a higher value at 50 mM
(Figure 4b-c). For monovalent KCI solution, almost the same friction coefficient of
0.005 was obtained at both high and low concentrations. According to Figure 1b, the
counterion adsorption density and the hydration layer structure decide the hydration
lubrication performance, which may result in the difference of lubrication performance
between monovalent and multivalent cations. More details will be introduced in Part 4.
Furthermore, the superlubricity capacity of different cations wase compared based
on the velocity-dependent friction coefficient (Figure 4d). At higher velocities
(v > v; % 110 mm/s), all these cations and pure water achieved superlubricity with
friction coefficients below 0.004 under contact pressures about 250 MPa, indicating
that excellent superlubricity performance can be achieved solely through hydrody-
namic effect, and the pressures were equivalent to the theoretical limit of the bearing
capacity of hydrodynamic effect [81, 82]. However, at lower velocities (v < v;), where
the hydrodynamic contribution became weaker while hydration contribution became
stronger based on Eq. (3), it is evident that trivalent cations exhibited the best
superlubricity performance compared with divalent and monovalent cations. Three
trivalent cations (AI’**, Ce*, and Cr>*) can even obtain superlubricity at very low
velocity of 1-3 mm/s, showing that hydration superlubricity can be obtained at the
boundary lubrication regime under high contact pressures above 250 MPa. Mean-
while, by introducing polyethylene glycol (PEG) or poly vinyl alcohol (PVA) into
electrolyte solutions to enhance the hydrodynamic effect, the liquid superlubricity
with ultralow friction coefficient about 0.004 and ultralow wear rate below
1.9 x 10”° mm?/(N-m) was achieved under extremely high contact pressures above
550 MPa [83, 84]. Therefore, macroscale superlubricity can be achieved under high
pressures above 250 MPa only based on hydration contribution, while superlubricity
under higher pressures above 550 MPa can be achieved based on the synergistic
contribution of hydration and hydrodynamic effect, which extended the hydration
lubrication concept from nanoscale contact at physiological pressures to more
engineering-like pressures at macroscale contact [40, 42, 56, 65, 85].

4. Ion adsorption determines hydration lubrication

It is well understood that hydrated ions can achieve superlubricity between mica/
mica [6, 16, 17, 37], ceramic/ceramic [52, 71, 72], mica/hydrophobic fluoropolymer [86],
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silica/calcite [18], mica/silicon [87], ceramic/ice [88, 89], and GCr15/ice [89] surfaces.
We will further discuss a more fundamental question: how does the type of adsorbed
ions affect the hydration lubrication? First, the influence of ion valence on hydration
lubrication has been studied, showing that the larger the ion valence, the stronger the
hydration strength of hydrated ions, the better the hydration lubrication performance.
Besides, the superlubricity of monovalent cations can be obtained at both low and high
concentrations; while for multivalent cations, higher concentration results in better
lubrication performance. Second, regarding the influence of ionic charge, it was initially
believed that only cations could achieve hydration superlubricity due to the weaker
hydration strength of anions. For example, the hydration superlubricity between
ceramic surfaces failed at pH below the isoelectric points (IEP) because both the sur-
faces were positively charged, and thus, mainly anions rather than cations were
adsorbed on surfaces in this instance [52]. Recently, macroscale superlubricity of anions
was also obtained between polymer/sapphire surfaces at acidic solutions with pH < IEP
[3]. Strongly hydrated anions (like SO,* ) exhibited stable superlubricity with friction
coefficient of 0.003-0.007 comparable to cations. Meanwhile, nanoscale superlubricity
was also obtained in neutral electrolyte solutions on positively charged Mg(OH), surface
due to the role of hydrated anions (Cr™, Br™, I") [90]. The advantage of cations over
anions is that cations have a larger load-carrying capacity, because anions are usually
unable to achieve superlubricity at applied pressures above 50 MPa [3].

Moreover, the influence of adsorbed ions on hydration lubrication has also been
confirmed in previous studies about electric potential controlled lubrication [91-96].
The adsorption/desorption of sodium dodecyl sulfate (SDS) surfactant affecting the
friction of stainless steel, metals, and ceramics was studied under different potentials,
showing lower friction at positive surface potentials due to DS~ anions adsorbed on
the friction surface [97-100]. Potential controlled friction behavior in the finger/
titanium alloy interface was found in aqueous electrolyte solutions, which was attrib-
uted to the adsorption of OH ™, bubbles effect, and formation of passive film [101].
The hydration lubrication was also ‘switched’ on or off in situ when an electrolyte
solution was used to lubricate mica-gold interface [102]. Furthermore, the hydration
superlubricity was modulated by electric potential in aqueous ionic solutions between
silica/gold [103], silica/graphite [104], silicon/steel, and silicon/gold [105] surfaces
with friction coefficients transforming between ~0.005 and ~ 0.035, between
~0.003 and 0.004-0.006, and between 0.001-0.009 and 0.312-3.400, respectively,
which were all attributed to the adsorption of different hydrated ions. However, using
electrochemical atomic force microscope (EC-AFM), an opposite trend of normal and
shear interactions with applied electric potential was found in monovalent and triva-
lent electrolyte solutions between silica/graphite surfaces [23], as shown in Figure 5.
In 1 mM NaCl solution, the negative applied potential reduced the friction coefficient
(Figure 5c) by increasing the cation adsorption (Figure 5a); while in 1 mM LaCl;
solution, the positive applied potential reduced the friction coefficient (Figure 5d)
due to the adsorbed anions on graphite weakening the ion-ion correlation between
trivalent ions (Figure 5b). Therefore, the spatial correlations between multivalent
ions [79, 106] should be considered in hydration lubrication.

As shown in Figure 1b, the ion surface coverage dictates the ‘roughness’ of the
hydration layer and its lubricating properties under subnanometer confinement, and a
higher jon surface coverage is more conducive to superlubricity [6]. The mica with
high charge density (2 e/nm?®) is usually chosen as one of the typical surfaces for
studying hydration lubrication [16, 17, 37]. Besides, the acid running-in period is
necessary during the macroscale hydration superlubricity between ceramic surfaces
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Potential controlled hydration lubrication between SiO, and charged highly oriented pyrolytic graphite (HOPG)
surfaces. (a) Normal forces and (c) friction coefficients in 1 mM NaCl solution. (b) Normal forces and (d)
friction coefficients in 1 mM LaCl, solution. Reproduced with permission from [23], American Chemical Society
2024.

because the tribochemical process leads to a larger negative potential and a higher ion
surface coverage on the friction surface [52, 71]. The ion adsorption density or surface
coverage has been invoked to account for the hydration lubrication performance, but
not well understood. A method to evaluate the adsorption density or surface coverage
of counterions on a charged surface was proposed based on the streaming current
measurements (Figure 6a) and expanded Grahame equation [20], as shown in Fig-
ure 6. It is surprising that more than 90% of charge sites on the negatively charged
surfaces were neutralized by the counterions in electrolyte solutions with low con-
centration of 1 mM, but the coverage of trivalent cations (~1/3) or divalent cations
(~1/2) was obviously lower than that of monovalent cations (>90%) (Figure 6b).
Therefore, trivalent and divalent cations at lower concentrations of 50 mM exhibited a
larger friction coefficient than monovalent cations (Figure 4b, c). Besides, the charge
inversion existed in trivalent electrolytes (Figure 6c, d), which has been found in
previous experiments [79, 107, 108], but the inversion concentration was predomi-
nantly affected by the ion type rather than the charged surface (Figure 6c). It is
precisely because of the excessive adsorption that enough trivalent cations can be
adsorbed on friction surfaces, thereby achieving superlubricity [6, 72]. As shown in
Figure 6c, the charge inversion occurred at concentrations between 10> and

102 mM and between 0.1 and 1 mM in AI?* and La®* solution, respectively, for all
three surfaces (mica, sapphire, and Si;Ny4), indicating that the counterion adsorption
on charged surfaces was mainly attributed to the ionic competitive adsorption and the
ion-ion correlation [20, 106]. However, based on the theoretical calculation modified
by spatial correlations between multivalent ions at the surface, the charge inversion
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concentration was reduced with the dielectric constant decreasing and the bare sur-
face charge density increasing [109]. Further studies are necessary to determine the
importance of ion adsorption on charge inversion. Molecular dynamics simulations of
solid-liquid interfaces provide molecular insights into local electric fields and ion
adsorption [24, 33, 110-112], which may help us to understand the decisive role of ion
adsorption to hydration lubrication.

According to the surface coverage (Figure 6b) and the lubrication performance
(Figure 4b and c) of cations, insufficient adsorption of hydrated ions leads to
superlubricity failure or increased friction coefficient, but the mechanism is still unclear.
In order to clarify the influence of ion adsorption, we further measured the normal
interactions in La (NOs); solutions between two mica surfaces using SFA (Figure 7a, b).
At 25 mM, the sudden jump-in of the surfaces occurred at separation distance about
2 nm due to the weak adsorption of La** ions on mica surfaces and the squeezing out of
these weakly adsorbed ions; while at higher concentrations of 100 mM to 2 M, strong
hydration forces existed due to the strongly bound hydration layer. As expected, the
weak ion adsorption at 25 mM resulted in surface damage during friction at very low
load below 1 mN, while excellent hydration lubrication was obtained at higher concen-
trations without any mica damage (Figure 7c). Due to the inaccurate measurement of
zeta potential at high concentrations above 100 mM based on the streaming current
method (Figure 6), high-resolution atomic force microscopy (HR-AFM) was used to
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Surface coverage of adsorbed ions and charge inversion. (a) Zeta potential measurements based on streaming
potential/current measurements. (b) Surface coverage of cations in 1 mM electrolyte solution. (c) Concentration
dependent zeta potential in trivalent electrolyte solutions. (d) Schematic illustration with or without charge
inversion. Reproduced with permission from [20], American Chemical Society 2024.
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characterize the interfacial adsorption of La>* ions on mica surface (Figure 7d),
although an atomically smooth and contamination free surface is necessary for HR-
AFM, which brings a big challenge to sample preparation. The ion surface coverage
increased from ~0.9 ion/nm” (corresponding to a coverage of ~45%) to ~1.8 ions/nm*
(corresponding to a coverage of ~90%) with the concentration increasing from 25 mM
to 250 mM and started to form the second layer of ions as the concentration increased
even further [6]. For mica in pure water, some hydrated K* ions adsorbed on the surface
were identified due to the hydration and dissolution of potassium ions at the freshly
cleaved interface into the aqueous media. Combined the AFM images and zeta potential
measurements, the surface coverage of trivalent cations on mica and ceramic surfaces at
a wide concentration range from 10> to 10> mM was obtained, as shown in Figure 7e.
The ion coverage remained low (about 30-40%) at concentrations from 103 t0 10 mM,
while started to increase obviously at concentrations larger than 10 mM. It should be
noticed that similar coverage for mica and ceramic surfaces does not mean similar
amount of adsorbed ions due to a larger charge density for mica. More cations are
adsorbed on the mica surface compared with ceramic surfaces at same concentration,
but both surfaces show similar hydration superlubricity performance. For example, at
high concentrations (~1 M), COF = 0.003-0.006 between mica surfaces by nanoscale
SFA and COF = 0.003-0.004 between ceramic surfaces by macroscale UMT [72].

5. Negatively charged modified materials

Based on the understanding of hydration lubrication and interfacial ion adsorption,
especially the realization of macroscopic hydration superlubricity, we have proposed
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an overall modification theory for designing superlubricating materials by increasing
the surface negative charge density to enhance hydration lubrication [15, 46]. For
surface modification, the lubrication will fail if modified layer is worn away; while
overall modification perfectly solves this problem and can achieve continuous lubri-
cation even if wear occurs [47, 49, 113]. Based on this theory, we have developed a
series of negatively charged modified water-lubricating polymer materials with high
load-bearing capacity, low friction, low wear, and long service life characteristics,
including carboxylate anions-grafted epoxy resin [46], sulfonated modified polyether
ether ketone (SPEEK) [47] and filler-reinforced PEEK composites [114, 115],
polyelectrolyte-embedded modified UHMWPE [48, 49, 116, 117], etc. PEEK is a high-
performance engineering plastic which possesses the advantages of high elastic mod-
ulus, anti-wear, hydrolysis resistance, dielectric property, thermal stability, and low
water absorption. However, high friction coefficient (due to insufficient load-carrying
capacity of water) causes heat and wear in PEEK product for water-lubricating appli-
cations. SPEEK with negatively charged sulfonic acid groups (—SO3~) has been
developed [47], exhibiting lower surface potential and lower isoelectric point (com-
pared with PEEK), an ultra-low friction coefficient lower than 0.02, and a super-low
wear rate at a level of 1078 mm?® (N-m) %, as shown in Figure 8. It should be noticed
that PEEK powders were sulfonated using chlorosulfuric acid (CISO3;H) and sintered
to form bulk plastic, which ensures overall modification rather than just surface
modification. SPEEK prepared by 11 hours of sulfonation reaction has a lower IEP of
~3.6, indicating that SPEEK possesses more negative charges in the solid/liquid inter-
face, which can adsorb more hydrated cations, thus improving the hydration lubrica-
tion. Compared with the wear track on PEEK, SPEEK had extremely slight wear
(Figure 8b). Furthermore, when SPEEK was compounded with 10 wt% carbon fiber,
the friction coefficient decreased to 0.009 with the lubrication in 3 wt% NaCl solu-
tion, which was in the superlubricity regime, indicating the great potential to achieve
superlubricity through the synergistic effect of hydration modification and fiber rein-
forcement [115].

UHMWPE is a polymer material with low friction, fine biocompatibility, and
chemical stability. Surface grafting of polyethylene (PE) has been proven efficient in
friction and wear reduction [118]. However, the surface-attached polymer brushes
without a deep attachment are liable to be sheared off from the substrate with
increasing sliding cycles, which results in lubrication failure and triggering the gener-
ation of wear particles. Embedding negatively charged polymer brushes uniformly
inside the bulk UHMWPE suggests a more promising solution of improving lubrica-
tion longevity [48]. The hydrophilic 3-sulfopropyl methacrylate potassium salt
(SPMK) monomer was chemically grafted onto UHMWPE powders through photoin-
duced radical graft polymerization (Figure 9a), followed by hot-press molding of the
modified powders to afford homogeneous modified bulk material [48]. This
polyelectrolyte-embedded UHMWPE exhibited an ultra-low friction coefficient
below 0.01 and an ultra-low wear rate below 10”7 mm? (N-m) ! under physiological
conditions due to enhanced hydration contribution. To further enhance material
strength and water resistance, SPMK functionalized carbon nanotubes (CNTs,
Figure 9b) were used as the reinforcing agent to improve the mechanical and tribo-
logical properties of polyelectrolyte-embedded UHMWPE (Figure 9c). Modified
UHMWPE composite had a lower zeta potential and a lower IEP (Figure 9d), thus
adsorbing more hydrated cations on the surface. Modified UHMWPE composite
reinforced by modified CNTs with a high aspect ratio of 1000 showed the greatest
improvements in mechanical and water-resistant properties, which maintained
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Polyelectrolyte-embedded UHMWPE with functionalized carbon nanotubes reinforcement. (a) Modified
UHMWEPE powders. (b) Surface modification of CNTs through free-radical polymerization of SPMK monomer
for the formation of surface-grafted polymer brushes. (c) Polyelectrolyte-grafted UHMWPE. Reproduced with
permission from [48], American Chemical Society. (d) Surface zeta potential of UHMWPE with different
compositions. (e) Friction coefficient of various UHMWPE composites after pre-soaking in saline. Reproduced with
permission from [49], Elsevier 2024.

relatively stable superlubricity performance during 120-day saline pre-soaking, as
shown in Figure 9e. This combination of strong hydration lubrication and superior
material strength offers a promising design of superlubricating materials with low
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Figure 10.

Hydration superlubricity in biological systems such as synovial fluid lubricating joints (like hip joints and knee
joints). The vight illustration mainly shows the role of electrolytes (without proteins, polysaccharides, and
hyaluronic acids) on hydration lubrication, indicating that significantly negatively charged surfaces are necessary.

friction, high wear resistance, and long lifetime. Besides, the carbon fiber and nano
SiO, were filled into UHMWPE-grafted SPMK to further enhance its mechanical and
tribological performance [117].

This idea of negatively charged modified materials depends on the hydration
lubrication, which is a particular phenomenon observed in hydrated ions, polymer
brushes, liposomes, surfactants, and other charged molecules, trapped between sur-
faces [15, 56, 65, 119]. For these overall modified materials with high surface charge
density, hydration layers are adsorbed strongly on the surfaces due to electrostatic
interactions, which generate hydration repulsion to sustain applied pressure, and
meanwhile provide an impressive fluidity between hydration layers, leading to
extremely efficient lubrication [16, 85, 119]. The exact mechanism is relatively clear,
where the viscosity of hydration layers increases under nanoconfinement [6, 17, 18],
hydrated ions seem to become ‘solid-like’ with the pressure further increasing, and
thus, the friction energy dissipation depends on the ‘roughness’ of the hydration layer
(Figure 1b) in this thin film regime [6]. The remarkable hydration lubrication prop-
erties are often observed in biological systems such as the synovial liquid that lubri-
cates joints, as shown in Figure 10, which sparks the study of applications in
biomedicine (such as artificial joint) as well as underwater equipment (such as water-
lubricated bearings), because the composition of body fluids in living organisms is
basically similar to that of seawater. We believe that the research of hydration
lubrication could convey extraordinary results in the near future.

6. Conclusions

Electric double layer and hydration effect are crucial for liquid superlubricity,
where ion adsorption dominates in hydration superlubricity. As one of IUPAC’s 2024
TOP 10 emerging technologies in chemistry, the hydration lubrication provides a
framework for understanding, controlling, and designing efficient liquid
superlubricity systems in aqueous and biological media at boundary and mixed
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lubrication regimes. Both strongly hydrated cations and anions, as well as both mono-
valent and multivalent ions, can achieve hydration superlubricity. For hydrated ions,
the stronger the hydration strength and the larger the adsorption density, the higher
the carrying capacity and the better the hydration superlubricity performance. Fun-
damentally, the ion surface coverage dictates the hydration layer structure and its
lubricating properties. Based on this mechanism, hydration lubrication can be
enhanced through increasing the surface charge density of friction pairs. Therefore,
the idea of designing negatively charged modified materials emerges as the times
require. New polymer materials grafted by negative charges including modified PEEK
and modified UHMWPE exhibit super-low friction and super-low wear in aqueous
environment, which has great potential to improve the lubrication performance for
water lubricated friction pairs. In addition to polymers which can be modified through
graft polymerization, more efforts should be put to obtain hydration lubrication for
metals and alloys with extremely low surface charge density.
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Chapter 5

The Wettability of PMMA Surface

by Aqueous Solutions of Anionic
Gemini Surfactants with Different

Hydrophobic Carbon Chain
Lengths

Zhe Hang, Lu Zhang, Fenvong Liu and Wangjing Ma

Abstract

This study investigates the synthesis of several new Gemini surfactants with
various hydrophobic carbon chain length amide groups (C12, C14, C16, and C18)
using triethylenetetramine, maleic anhydride, and internal olefins with different
carbon chain lengths as raw materials. The research examined the adsorption mech-
anism and hydrophilic modification capacity of four different kinds of Gemini
surfactants on the polymethyl methacrylate (PMMA) surface. Surface tension and
contact angle data for each Gemini surfactant were used to compute the adhesion
work and adhesion tension. According to the surface activity parameters, the
critical micelle concentration and maximum adsorption amount decrease with the
increase in the length of the hydrophobic carbon chain. However, the equilibrium
surface tension first decreases and then increases with the increase in the length
of the hydrophobic carbon chain. The four surfactants exhibit complex self-aggre-
gation behavior in the solution due to their long hydrophobic chain structure and
flexible spacer. The four surfactants are heavily adsorbed on the PMMA surface,
forming semicolloidal aggregates, according to the combination of contact angle
measurements, adhesion tension, and interfacial tension data. Moreover, compared
with literature, the four surfactants synthesized in this study show better hydro-
philic modification ability on the PMMA surface.

Keywords: Gemini surfactant, PMMA, hydrophilic modification, wetting effect,
adsorption mechanism

1. Introduction

In the study of solid-liquid interfaces, wetting behavior is one of the key
characteristics, and surfactants are indispensable. Surfactants play a crucial
role in many applications, including enhanced oil recovery, emulsification, and
wettability, where wetting phenomena are important [1-4]. Scholars have been
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attempting to alter the chemical structure of surfactants to improve their wetting
performance. As surfactants have developed over time, they have gone from being
single-chain to having a variety of unique structures, such as zwitterionic surfac-
tant [5, 6], double-chained surfactants with dual hydrophobic chains [7], inserted
functionalized monomeric units [8], amphoteric ions [9], and all of the above.
Gemini and double-chained surfactants are two of them that have attracted a lot of
attention lately. Especially, on the surface of polymethyl methacrylate (PMMA),
notable advancements have been observed in the adsorption behavior and wetting
characteristics of Gemini surfactants and double-chain surfactants, indicating
their merit for more study.

The properties of PMMA include strong dimensional stability, weather resistance,
and flexibility. It has many uses nowadays because of its superior chemical and physi-
cal characteristics [10-13]. Many functional groups, including -CH3, -CO, and -OCH3
[14], are present on the solid surface of PMMA. These functional groups cause the
adsorption behavior of surfactants on the PMMA surface to become complicated. As a
result, researching the wettability of PMMA surfaces is essential.

According to recent study, using Gemini surfactants may boost oil recovery
rates and enhance oil displacement efficiency [14-16]. Gemini surfactants also have
antioxidant and chemical stability, which makes it possible for them to successfully
shield metal surfaces from aging and chemical corrosion [17-19]. Gemini surfactants
have a lower critical micelle concentration (CMC) and a higher surface activity than
traditional surfactants. There is, however, little information on the adsorption behav-
ior of anionic Gemini surfactants with different hydrophobic carbon chain lengths
on PMMA surfaces, in contrast to reports on the adsorption behavior of zwitterionic
surfactants [20], cationic Gemini surfactants [21], and anionic Gemini surfactants
[22] on PMMA surfaces.

In recent years, many research on the adsorption processes and wetting properties
of different kinds of surfactants on PMMA surfaces have been published. Anionic
and cationic surfactant combinations were studied by Wang et al. [21] to improve
the wettability of weakly polar PMMA and nonpolar PTFE. The blend of anionic and
cationic surfactants adsorbed on the PTFE surface results in a significant reduction
in the contact angle, suggesting enhanced wettability. On the other hand, the anionic
and cationic surfactant mixture’s initial adsorption on the PMMA surface increases its
hydrophobicity, while further adsorption increases its hydrophilicity. Moreover, the
adsorption capacity of the anionic and cationic surfactant mixture on the PTFE sur-
face is stronger than on the PMMA surface, and the adsorption on the PTFE surface
results in a more pronounced reduction in the contact angle. Zhang et al. [23] investi-
gated the wetting modification and adsorption behavior of single-chain alkyl C3 and
C6 monomers as well as Gemini anionic surfactants on PMMA surfaces. Single-chain
structured surfactants form hemimicelles on the PMMA surface, whereas Gemini
surfactants adsorb onto the PMMA surface through a bilayer structure, according
to calculations and measurements of contact angles and surface tensions. However,
the adsorption of Gemini C3 and C6 at the air-liquid interface varies due to different
spacer lengths and dual hydrophobic chains. Owing to its more compact structure,
C3 causes self-aggregation in solution, which produces two critical micelle concentra-
tions (CMCs) and two plateau values for surface tension. Conversely, C6 has a single
plateau value, just like other surfactants. Du et al. [24] and colleagues also looked
at some surfactants that have special wetting qualities because they have branched
hydrophobic chains or polyoxyethylene (PO) units in their structure; adding PO
groups lowers the surfactant’s CMC considerably, and the CMC goes down as the
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number of PO groups increases. Below the CMC, the yg, value increases linearly, and
above the CMC, it decreases linearly. The addition of PO groups increases the surfac-
tant’s hydrophobic and hydrophilic modification capabilities.

We have discovered that double-chain surfactants and Gemini surfactants offer
a wide range of potential applications based on the previously mentioned research.
Thus, four different types of alkyl maleic acid surfactants with varying hydrophobic
chain lengths are synthesized in this research. By examining the adsorption processes
of Gemini surfactants with varying hydrophobic carbon chain lengths, we were
able to better understand the adsorption behavior and wetting qualities on PMMA
surfaces. This work is to clarify the action mechanism of adsorption on the polymer
surface, unveil the adsorption behavior on the polymer surface, identify the rules
governing changes in adsorption equilibrium, and investigate potential applications
in the modification of polymer materials. Some of the theoretical and practical
implications of this work include understanding the hydrophilic and hydrophobic
modification capabilities of Gemini anionic surfactants with varying hydrophobic
carbon chain lengths on polymer surfaces and developing solid surface hydrophilic-
hydrophobic technologies.

This work methodically examines the Gemini anionic surfactants’ wetting char-
acteristics on the surface of PMMA with different hydrophobic carbon chain lengths.
Different hydrophobic chain lengths of Gemini anionic surfactants were produced.
The droplet method was utilized to measure the contact angle at the gas-liquid-solid
interface, whereas the plate method was employed to determine the surface tension.
Examine how anionic Gemini surfactants with varying hydrophobic chain lengths
wet on the PMMA surface by analyzing the data that was collected.

2. Experimental
2.1 Materials

The patented catalyst [25] from earlier studies was utilized to prepare alkyl suc-
cinic anhydrides with varying carbon chain lengths. It has two different length alkyl
chains. The produced compounds were then transformed into Gemini surfactants.
Figure 1 depicts the chemical structure of surfactants based on Dix’s [26] synthesis.
The chemical structure was ascertained by mass spectrometry and proton nuclear
magnetic resonance (H-NMR) spectroscopy. In the experiment, ultrapure water with
aresistivity of 18.2 MQ cm was utilized.

2.2 Surface tension measurement

Gemini surfactants were measured for surface tension using the Wilhelmy plate
technique. After meticulously cleaning the platinum plate with a tensiometer (Data
Physics AG, DCAT 21), it was heated with a flame to 298 + 0.5 K, which produced a
vivid red light. In every case, measurements were taken more than three times, with a
maximum standard deviation of 0.2 mN m™.

2.3 Contact angle measurement

The contact angles of surfactant aqueous solutions on PMMA plates were mea-
sured at (298 + 0.5 K) using the OCA 20 contact angle measurement method from
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Figure 1.

Molecular structures and chemical formulas of surfactants C12, C14, C16, and C18: CX represents X carbon
atoms at position X, where for C12 (2 < X < 11), for C14 (2 < X < 13), for C16 (2 < X < 15), and for C18
(2cX<1y7).

Data Physics Instruments GmbH, Germany. Repeat measurements were conducted at
different spots along the solid surface after the droplet had settled and measurements
were obtained from both sides. The standard deviation was less than 3°.

To measure contact angles, PMMA plates were cut from a larger sheet. The plates
were cleaned in an ultrasonic bath for half an hour after being rinsed with ultrapure
water and ultrasonically cleaned with ethanol. These surfaces were then heated to
373 K for 2 hours.
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3. Results and discussion
3.1 Surface tension of surfactants solution

The interfacial adsorption behavior of surfactants is reflected in surface tension.
The Gemini surfactants from C12 to C18 have CMC values of 1.49 x 1074, 1.57 x 1074,
0.68 x 10, and 0.47 x 10 mol 17}, respectively, as shown in Figure 2. The surface
tension values drop quickly as the surfactant concentration rises and each one reaches
the CMC plateau.

The Gibbs adsorption Eq. (1) and the graph’s slope are used to determine the
maximum interface excess concentration.

r—( o j[ ”’y] ®
2.303nRT )\ dlogC

The surface tension (mN/m), molar concentration (mol/L), gas constant (8.314 J/
mol-K), and absolute temperature (T) are represented by the symbolsy, C, and R,
respectively. Three ions are ionized among the four Gemini surfactants; n is assumed
to be 3. The minimal area Amin at the air-water interface for every molecule may be
found using formula (2) as follows: the air-water interface for each molecule:

14
Amin = (%j (2)
A

max

where NA is the Avogadro constant.

The values of the CMC, ¥ cmc, I'max> and A, are listed in Table 1.

The surface tension slope that was discussed in the first paragraph is the basis
for the calculation of the adsorption area and capacity in Table 1. Table 1 shows that
as the hydrophobic chain’s length increases, the surfactant’s CMC progressively drops
at the same temperature. This is because the product’s hydrophobic impact rises with
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Figure 2.
Surface tension versus of the concentration for C12, C14, C16 and C18.
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Surfactant CMC/(10™*mol L) Yome (mNm™) 10T, (Molem™) A, (nm?)

C12 1.49 30.17 093 1.77

C14 111 28.96 1.09 1.52

C16 0.68 31.35 0.92 1.79

C18 047 31.52 0.90 1.85
Table 1.

The surface activity properties of C12, C14, C16, and C18.

lengthening of the hydrophobic carbon chain, increasing the likelihood that the
surfactant would combine at the contact. As a result, as the number of carbon atoms
in the hydrophobic carbon chain increases, the CMC value steadily drops. In addi-
tion, the amide bonding partially mitigates the electrostatic repulsion between the
two polar head groups, resulting in Gemini surfactants that are closely packed and
relatively stable in solution. The lower CMC is caused by Gemini surfactants’ propen-
sity to form micelles at low concentrations.

C14 has the greatest impact on lowering water’s surface tension, with a value of
28.96 mNm ™. The surface tension first falls and then progressively rises as the hydro-
phobic chain lengthens from C12 to C18. This is because surfactant molecules arrange
themselves at the air/liquid interface in a way that causes chain curling and folding as
the hydrophobic carbon chain lengthens. This, in turn, causes the hydrophobic chain
arrangement of the surfactant to become less compact. As a result, fewer surfactant
molecules with lengthy hydrophobic chains are adsorbed at the air-liquid interface.
The C14 surfactant has the greatest capacity to lower surface tension because it is
more easily compressed than the C12 surfactant and has the greatest number of
molecules arranged at the air-liquid interface.

As the hydrophobic chain’s carbon atom count rises, the I'yax of products C12-C14
falls while the A, rises. This is specifically because it is difficult for the long hydropho-
bic carbon chains to align vertically on the air-water interface due to their propensity for
bending and folding, which increases the area of a single molecule on the contact [27].

3.2 Contact angles on the PMMA surface

The difference in contact angles between four surfactant solutions on PMMA
is seen in Figure 3. With no discernible variations, the contact angles of the four
surfactants range from 1E-8 mol/L to 1E-4 mol/L by about 76°. On the other hand,
the C12 and C14 contact angle dramatically reduces when the concentration rises over
1E-4 mol/L. On the other hand, the concentration of the longer carbon chain surfac-
tants C16 and C18 remains constant until a sudden drop occurs. At a concentration of
0.01 mol/L, the contact angles of surfactants C12, C14, C16, and C18 on the PMMA
surface are decreased to 34.3°, 47.3°, 44.4°, and 54.7°, respectively.

Furthermore, it was discovered that these Gemini surfactants’ contact angle fluc-
tuation on the PMMA surface differs noticeably from that of conventional surfactants
as reported in the literature. Other widely used surfactants, such as sodium dodecyl
sulfate (SDS) and triton X-100 (TX-100), demonstrate a reduction in contact angle
as concentration increases on the PMMA surface. However, they become stable when
the concentration reaches the CMC [28]. For SDS and TX-100, the minimum contact
angles are roughly 55° and 35°, respectively. Prior studies have demonstrated that
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Figure 3.
The contact angle (y) of C12, C14, C16, and C18 on PMMA varies with concentration.

while the hydrophobic chain length gradually increases the surfactant’s hydrophobic-
ity at the surface [29], changes in the bridge length of these microsurfactants have no
effect on changes in the contact angle on the PMMA surface [23].

3.3 Adhesion tension on the PMMA surface

Adhesion tension, which is determined by the equilibrium contact angle, Young’s
equation, and three interfacial free energies, is a crucial factor in assessing the wet-
tability of solid surfaces.

YwCOSy =vg —vg 3)

where the solid-gas, solid-liquid, and gas-liquid interfacial free energies are rep-
resented, respectively, by ysv; Ysi, and yiy. The link between the adsorption capacities
at the gas-liquid, solid-liquid, and gas-solid interfaces can be ascertained using the
Young and Gibbs equations.

d(?’LVCOS'g) _ Iy Ty (4)
ayLy Iy

For surfactants, I'sy, I's., and 'ty stand for the maximal surface adsorption
capacity at the solid-gas, solid-liquid, and gas-liquid interfaces, respectively. One may
determine the value of I's; /T's, given I'sy = 0 by calculating the slope of the y1y cosf
and I'ty curves under CMC.

When surfactant molecules’ hydrophilic groups adhere to a solid surface, in this
instance, the solid-liquid and gas-liquid adsorption capabilities have a negative ratio:
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1—‘LV (5)

Alkyl chains are adsorbed on solid surfaces by hydrophobic interactions. Asa
result, the ratio of adsorption capacity at solid-liquid interfaces is positive:

=a 6)

Because hydrophobic tails and PMMA interact less strongly than conventional
ionic surfactants do, surfactant molecules adsorb on the surface, lowering the
solid-liquid interfacial free energy and producing a negative slope. Surfactants
with a positive slope typically contain multiple hydrophilic groups. Based on this
study, the surfactant synthesized bears an ionic head containing a -COO- and
-CONH- group, which can form hydrogen bonds with PMMA, and tightly adhering
to the surface.

Figure 4 illustrates surface tension and adhesion tension in relation to one another
for two types of surfactants. In the initial phase, both surfactants exhibit distinct
linear relationships between surface tension and adhesion tension. A constant surface
tension occurs when the concentration reaches CMC. These four surfactants have
slopes of 0.24, 0.22, 0.23, and 0.26. We may calculate that 4.2, 4.5, 4.3, and 3.8 times
more adsorption takes place at the air-liquid interface using these four surfactant
slopes. A saturated adsorption film forms at the air-liquid interface when surfactant
molecules reach saturation, thereby maintaining surface tension. In the meantime,
adhesion tension will rise vertically at the solid-liquid interface as surfactant mol-
ecules continue to adsorb there.
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Figure 4.
Adhesion tension of C12, C14, C16, and C18 on the surface of PMMA in relation to surface tension.
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3.4 Interfacial tension of the PMMA-solution interfaces

The solid-liquid interfacial tension of these four surfactants was measured to
examine their adsorption behavior on the PMMA surface. The PMMA solid has a
surface free energy of 39.5 mJ m” Eq. (3) can be used to determine the interfacial
tension, or ys., between PMMA and the liquid.

The interfacial tension yg;, change curve is shown in Figure 5 along with the
surfactant concentrations. Three adsorption phases were noted for each of the four
surfactants on PMMA.

At low concentrations, the hydrophobic tails of the four surfactants face the solu-
tion, while the hydrophilic parts adsorb onto the PMMA surface. Interfacial tension
rises as a result, changing the PMMA surface to a somewhat hydrophobic condi-
tion. The four surfactants’ interfacial tension reaches a plateau between 1E-5 and
5E-4 mol/l, indicating that they form colloids in the solution and approach saturation
in adsorption on monolayers. Figure 5 illustrates this interfacial tension plateau.
When the concentration of the surfactant rises above 5 E-4 mol/L, hydrophobic inter-
actions cause the molecules to adsorb onto a monolayer, forming a hemimicelle, with
the hydrophilic parts facing the solution, leading to a gradual decrease in interfacial
tension, making the PMMA surface hydrophilic. From Figure 5, the low concentra-
tion slopes of C12, C14, C16, and C18 are 3.4, 3.65, 4.1, and 4.9, respectively, as can be
shows. At high concentrations, the slopes of C12, C14, C16, and C18 are 8.7, 5.17, 7.83,
and 8.47 respectively, which are greater than the slopes before the CMC.

Substances that adsorb on the PMMA surface following the CMC do so in three
primary ways: (1) monolayer adsorption (via hydrophobic tails or polar groups);
(2) bilayer adsorption (where a second layer of surfactants adsorbs on top of the
first layer); and (3) aggregation formation, in which hydrophobic interactions cause
surfactant molecules to form hemimicelles on a solid surface [24]. The surface of
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Figure 5.
The interfacial tension of C12, C14, C16, and C18 on the surface of PMMA varies with concentration.
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PMMA is continually adsorbing four surfactants, which raises the interfacial tension
values. The interfacial tension shows a plateau value in the concentration range of
1E-5 to 5E-4 mol/L as the surfactant molecules’ adsorption on the PMMA surface
progressively achieves saturation, generating the first layer of saturated adsorp-

tion film. The adsorption rate also decreases during this process. At this stage, the
solution’s micelles begin to form. When surfactant molecules continue to adsorb

in substantial quantities onto PMMA at concentrations higher than 5E-4 mol/L,
hemicellar aggregates are created. Therefore, the interfacial tension drops rapidly as
the slope of the curve rises.

AsL(max) is the difference between the maximum yg;, value and the yg;, value
without surfactants, and ysy,min) is the lowest yg;, value at high concentrations. In the
meantime, the maximum hydrophobic and maximum hydrophilic capacities of the
surfactants are denoted by Agy (max) and Ysi(min)» respectively. Table 2 lists the Agp(max)
and ysp(min) values for a few surfactants. Table 2 shows that the corresponding Ysi(min)
values for C12, C14, C16, and C18 are 17.5, 22.2, 20, and 23.9. According to the find-
ings, C12 modifies the PMMA surface’s hydrophilicity the most. The computed values
from actual data (Apin,) match the theoretical values (Api,r) obtained from the Gibbs
equation using the slope with adhesive tension, as indicated in Table 2, confirming
the validity of the experimental results.

The maximum and lowest values of ys;, which indicate the surfactants’ maximal
hydrophobic and hydrophilic modification capacities on the PMMA surface, may
be determined from the interfacial tension curves. A few surfactants with unique
structures were chosen specifically for this study’s comparison. Table 3 contains a list
of the data.

In comparison to other structures of betaine, the four types of Gemini surfac-
tants produced in this study show better hydrophobic modification capabilities. C12
exhibits the best hydrophobic modification ability among all, having the shortest
hydrophobic chain. This is explained by the Cn ionic head’s high adsorption onto the
PMMA surface. In contrast, at high concentrations, C12 exhibits excellent hydrophilic
modification capabilities, which underscores the advantages of Gemini double-chain
surfactants in forming hemimicelles on the PMMA surface.

3.5 Work of adhesion on the PMMA surface

Eq. (7) illustrates that the reversible work necessary to isolate a unit area of liquid
from a solid surface defines the work of adhesion of a liquid to a solid (W,).

W, =l +I,, -Tg 7)

Surfactant  <CMC10™I'yax <CMCApina  Aminy/ (Tsu/Ty) >CMC 10™TI'yax >CMC Apinb

(mol cm?) (nm?) Aot (nM?) (mol cm?) (nm?)
C12 0.2 8.37 8.34 0.51 3.27
C14 0.21 779 778 0.30 5.50
C16 0.24 694 6.94 0.46 3.63
C18 0.29 5.81 5.86 0.50 3.36

Table 2.
Interfacial parameters of C12, C14, C16 and C18.
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Samples AgL (maxy/ (mN m™?) YSL (min) / (MmN m™?)
C12 14.7 175
C14 10 222
C16 11.3 20
C18 115 239
18S [30] 92 24
18C [30] 9 21
GeminiC6 [23] 10.37 263
GeminiC3 [23] 7.26 249
Cy6GPC [31] 2.7 18.8
C1G(EO);PC [31] 44 18
Cy6GPB [31] 5 18
C1G(EO)3PB [31] 49 17.5
S-CoPO;S [24] 10.5 111
S-C1,PO:S [24] 11.8 106
Table 3.

Maximum hydrophobicity of PMMA surface modification capacity (ASL(max)) and maximum hydrophilic
modification capacity (ySL(min)).

WA may also be computed by using the Young formula and Eq. (8).
W, =T, (COS8+1) (8)

Eq. (8) may be used to determine the adhesion work based on the surface tension
and contact angle values of C12, C14, C16, and C18, as seen in Figure 6.

The higher the adhesion work, the more easily the surfactant solution wets the
PMMA surface. Eq. (7) states that the values of ygy, ysv, and yry define the value of the
adhesion work. Since ysy has a constant value, the value of the adhesion work equals
the difference between ygy and y;y. As the surfactant concentration rises, ys;, increases
and ypy declines below the CMC. Consequently, the value of the adhesion work
decreases sharply below the CMC. Following the CMC, when surfactant concentra-
tion rises more, ys;, falls while y;y remains rather constant. As a result, adhesion work
becomes more valuable after the CMC. It is evident that C12 is most suited for wetting
the PMMA surface since it shows the maximum adhesion work after the CMC.

3.6 Mechanism responsible for surfactant adsorption behavior on the PMMA
surface

The solid-liquid interfacial tension, contact angle, and surface tension variations
as functions of concentration are shown in the picture to aid in our understand-
ing of the four surfactants’ adsorption process on the PMMA surface. In addition,
mechanism diagrams were created to clearly show the adsorption behavior of the
four surfactants on the PMMA surface using examples of C12 and C18, which contain
the shortest and longest hydrophobic carbon chains, respectively. This mechanism
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Figure 6.
Effect of GeminiC6, C3 and monomer concentration on the adhesion function WA of the PMMA surface.

diagram is shown in Figure 7. Based on the data from Figures 7 and 8, we will discuss
C12 and C14 in three stages, while C16 and C18 will be discussed in four stages.

From 1 x 10~ mol/1 to the CMC, the concentration is in the first stage. Surface
tension, interfacial tension, and contact angle all hardly alter during this period.

This is due to the surfactant’s low bulk concentration, which makes it less effective in
changing the PMMA surface.

A rise in concentration characterizes the second stage, as surfactant molecules
quickly adsorb at the air-liquid interface to form surface micelles and reach the CMC.
Surfactant molecules start to adsorb quickly at the interfaces between solids and
liquids as well as between air and liquid, as the surfactant concentration progressively
rises. As a result, surface tension decreases and interfacial tension rises. Through
hydrogen bonding, the ionic heads of the four surfactants adsorb onto the PMMA
surface because their hydrophobic alkyl chains face the solvent. Because the drop in
surface tension is balanced by the rise in solid-liquid interfacial tension, the contact
angle stays constant.

The concentration ranges from the CMC to 1 x 10™* mol/l is referred to as the
third stage. At the gas-liquid interface, molecules of the surface-active agent become
saturated and form micelles in the solution. Simultaneously, molecules of the surface-
active agent create a saturated layer of adsorption at the solid-liquid interface and
keep adsorbing, their ionic head groups facing the solution, lowering the interfacial
tension. It is hypothesized that a hemimicelle structure forms at the PMMA-solution
interface because the adsorption area of the surface-active agent on PMMA quickly
reduces as the concentration of surface-active agent molecules increases. The surface
tension remains unchanged at this point because of the saturation adsorption of
surfactants at the air-liquid interface. However, when the interfacial tension drops,
the contact angle quickly diminishes.

The third stage for C16 and C18 is the change from CMC to 1E-3. After the CMC,
the surfactant’s adsorption at the gas-liquid interface tends to reach saturation and the

108



The Wettability of PMMA Surface by Aqueous Solutions of Anionic Gemini Surfactants...
DOI: http://dx.doi.org/10.5772/intechopen.1008300

T T
| C12 PMMA Y 4 80 ] i Cl4 PMMA i =7
" e ] . .0—n a A ¥y w1 b by i e yy 1
AN i o —o— 0 o o T oo o 'r —o— 8
60 i " : ’ ' 60 i i 470 %
i . i £ i " i g
_ ! i 760 ,En — ! ! &
E 50 i T g s0d iy =
E i 2z i J60 2
Z i 1°8 % ! B
= 10 ‘ T 2. . i <
& . " PR ! i T
= " i b 102 = i .. i 1% £
K N 1 o
! AA - ) ! ~ s
30 i AATTR g A &} 30 - Ay & KI 5]
i A : \ L 430 - b ‘A 440
I ! \ A i S L
A ! A AP A i A
20 4 ; i ~ J; 204 !
! i Taa 0 !
- =+ o=y - - ey - - - vy vt r v 30
IE-9  1E-8  1E-T  1E-6  1E-5  1E-4  0.001 0.01 0.1 1E-9  1E-8 1E-7 IE-6 1E-5 1E-4  0.001 0.01 0.1
Concentration (mol/L) Concentration (mol/L)
H —T ! T T
. ! C16 PMMA ! i _—y . C18 PMMA ! [l 4
0 ; L - 70 ] H .
B [ P oAy 1Y i | i yy 1%
o =<0 7 r!r' —o— 0 o ol0— " ok o O 0
! "] H 1 a L
60 i [ 1.0 60 i i i d0 5
; - P 70 i, i i i 70 g‘:
< i P £ < P " P 2
p E [ = 504 ! !
g5 i [ ooz E™ ! ! ! {e0 =
4 ! i i 7 1 ] ! 3
£ i . i £ E i ' i i - z
T 10 i - i v F 407 i i i ) 5
- H H =] en 2 - . . o
= ! v 108 = i [ i i 450 5
i | i s i . i o
! ] ! . i 3
304 i aa A * - - o 304 i A Eg—f +‘\ ]
i a— [ A B 10 i A i ] da0
. i A 4 i A i i Aa
_ . - , !
20 T i ! Aa 204 D § ! !
[ ! ! !
R e e e B B 30 R E B e e R 30
IE-9  1E-8  1E-T 1E-6  1E-5  1E-4 0.001 0.01 0.1 1E-9  1E-8  1E-T IE-6 1E-5  1E-4  0.001 0.01 0.1
Concentration (mol/L) Concentration (mol/L)
Figure7.

(a—d) Concentration dependence of PMMA surface adhesion data for C12, C14, C16, and C18, respectively.

Figure 8.
Schematic diagram of the possible molecular arvangement of surfactant molecules on the surface of PMMA.

surface tension approaches a plateau. Since interfacial tension is still balanced, there
is little change in the contact angle in the interim. The last step is 1E-2 to 1E-3. The
surface tension tends to plateau in this phase following the CMC. But interfacial
tension abruptly drops, causing the contact angle to drop precipitously. The adsorp-
tion behavior starts to alter because of surfactant molecules’ growing preference for
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hydrophobic interactions to facilitate adsorption on the PMMA surface. As previously
discussed, it is hypothesized that the adsorbed surfactants form aggregates at the
solid-liquid interface due to the notable increase in surfactant molecule adsorption
during this stage.

4, Conclusion

This paper focuses on the distinct wettability modification and adsorption
behavior of Gemini anionic surfactants on the PMMA surface that have varying
hydrophobic carbon chain lengths. These surfactants are synthesized from dialkyl
dodecane succinic anhydride to form C12, dialkyl tetradecane succinic anhydride to
form C14, dialkyl hexadecane succinic anhydride to form C16, and dialkyl octadecene
succinic anhydride to form C18. The research explores how these Gemini surfactants
interact with the PMMA surface, potentially enhancing its wettability and modify-
ing its surface properties. The determination of surface tension shows that as the
hydrophobic carbon chain length increases, the CMC value of the surfactant gradu-
ally decreases, and the ycmc first decreases and then increases. The four surfactants’
contact angles hardly vary at low concentrations. After CMC treatment, the contact
angle is significantly reduced. At high concentrations, C12 has the lowest contact
angle. Calculations indicate that the four surfactants synthesized in this paper have
a higher amount of surfactant molecules adsorbed at the PMMA-solution interface
after passing through the CMC. Surfactants tend to form hemimicelles on the PMMA
surface. The results indicate that the adsorption behavior of the four anionic Gemini
surfactants synthesized in this paper on the PMMA surface is completely different
from that of the monomers, and they exhibit lower surface tension values and CMCs.
However, in terms of wetting behavior, the Gemini surfactant with the shortest
hydrophobic chain, C12, shows a stronger wetting modification effect on the PMMA
surface compared to the C14, C16, and C18 Gemini surfactants.
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Chapter 6

Study of Reducing and
Adsorption Properties of Carbon
Nanomaterials: Graphene and
Hierarchically Structured Carbon
Films — In Relation to Manganese
Jons in an Aqueous Medium

Liudmila Yolshina and Varvara Dorogova

Abstract

A comparative study of the reducing and adsorption properties of TRGO, com-
mercial graphene and HSCF synthesized in a salt melt on liquid magnesium during
the interaction of carbon nanomaterials with sodium permanganate in a neutral
medium was conducted. It was shown that all three carbon nanomaterials have a
high reducing capacity—98.5% for TRGO, 99% for graphene and 100% reduction on
the surface of HSCF. During the chemical interaction of TROG and HSCEF, a layer of
sodium manganite is formed on their surface. About 80% of the heptavalent manga-
nese ions from a neutral sodium permanganate solution are reduced to the tetravalent
state on the surface of both TROG and HSCF, and about 20% are reduced to the tri-
valent state. During the interaction of graphene, a nanocomposite material “graphene -
manganese dioxide” is formed on its surface with manganese dioxide crystal sizes of
up to 100 nm. Hierarchically structured carbon films synthesized from glucose on
the surface of molten magnesium under a layer of molten salts have demonstrated
high reducing and adsorption capacity during their interaction with sodium per-
manganate solution in neutral and alkaline media at temperatures from 20 to 80°C.

It is shown that increasing the temperature from 20 to 80°C allows increasing the

rate of permanganate ion reduction and adsorption of reduction products on carbon
nanomaterials by 150 times; however, the interaction products do not depend on the
process temperature. It was found that the synthesized HSCF with 100% reduction
of permanganate ions in a neutral medium showed a high adsorption capacity, which
is more than 450 mg of permanganate ions/g of HSCF and which is 1.5 times greater
than the adsorption capacity of thermally reduced graphene oxide and 5 times greater
than that of commercial graphene.

Keywords: graphene, thermally reduced graphene oxide, hierarchically structured
carbon films (HSCF), permanganate ions, reduction, adsorption
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1. Introduction

Groundwater pollution with heavy metal ions such as Mn (VII), Cr (VI), As (V),
Pb (II), and others is a significant problem in regions with limited access to clean
potable water. A lot of research has been done recently to find possible adsorbents
that will remove heavy metal ions from the natural environment, including the
removal of highly carcinogenic and mutagenic heptavalent manganese [1-3].

Sorption techniques are applied for final cleaning or when the concentration of
pollutants is low. Both natural and synthetic materials with porous structures and
active functional groups on the surface are used as sorbent materials [4, 5].

To purify wastewater from Mn (VII), various reducing agents and adsorbents can
be used, which will allow Mn (VII) to be reduced to MnO, or Mn (II) depending on
the acidity of the medium and adsorb the reduced form of manganese on its surface.
The use of both functional hybrid nanomaterials—molybdenum sulfide MoS, [6],
Co-Al-layered double hydroxide [7], mesoporous silicon dioxide [8], diatomite/MCM-
41 composite [9], Foeniculum vulgare seeds [10], and natural adsorbents—is pro-
posed as promising reducing agents and adsorbents of heptavalent manganese ions.

Various forms of carbon allotropes, primarily focusing on sp” hybridised carbon,
such as graphene (G), graphene oxide (GO), and reduced graphene oxide (rGO)
[11-13], are also promising adsorbents. It also highlights carbon nanotubes (CNT),
which possess a high specific surface area and excellent adsorption properties. In
addition to purifying polluted water, efforts are currently being made to produce
hybrid composite materials based on graphene or its oxides combined with manga-
nese dioxide or manganese spinel [14-16].

Different research groups have synthesised carbon composite materials consisting
of carbon in various allotropic modifications. In addition to the synthesis of graphene,
including that functionalised with multiple dopants, such as nitrogen, boron, sulfur,
fluorine, or organic groups [17], sp*/sp’ or sp/sp” hybridised carbon hybrids are being
developed: porous with a highly developed surface, which is considered as possible elec-
trode materials for batteries or supercapacitors [18]. There is a modern approach to the
synthesis of new carbon materials, such as porous films. The main idea is to form porous
carbon films with a highly developed surface by thermal decomposition of organic prod-
ucts. In some cases, chemical treatment (e.g., with alkali solutions) was carried out [19].

Various methods have been proposed for synthesising novel carbon materials,
such as porous films. The primary concept involves creating porous carbon films
with a high surface area through the thermal degradation of certain organic materi-
als, including soybeans [19], potatoes [20], eggplants [21], and pomelo peel [22]. In
some instances, a chemical treatment with alkaline solutions is applied, followed by
heating the semi-finished product at temperatures ranging from 200 to 1100°C [19].
Additionally, molten salt synthesis of carbon nanomaterial using zinc chloride asa
reactive medium has been suggested [23]. In all these cases, a notable feature is that
the resulting porous carbon structures achieve a very high specific surface area; how-
ever, they tend to be relatively thick and contain a significant amount of amorphous
carbon with no regular structure.

Thus, the task of simultaneously purifying wastewater from toxic pollutants in the
form of permanganate ions in a neutral environment using a cheap carbon nano-
material with a high specific surface area and reducing and adsorption capacity and
synthesising carbon-based composite materials with manganese dioxide crystals or
its spinel formed on their surface, which can find application as a cathode material in
chemical current sources [13, 14], a promising adsorption material for the extraction
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of ions of heavy polyvalent and rare earth metals from aqueous solutions [24-26], as
well as organic pollutants [27, 28], seems extremely attractive.

The main methods for synthesising composite materials include reducing potas-
sium or lithium permanganate in an acidic medium to create carbon-manganese
dioxide or manganese spinel composites [29]. Other methods involve mixing man-
ganese dioxide or permanganate with an organic precursor and annealing [15, 16];
electrodeposition on carbon nanotubes [30]; and radical polymerisation in an aque-
ous spinel suspension [31], and hydrothermal synthesis [32].

Our previous research focused on synthesising hierarchically structured carbon
nanodiamond-graphene films by reacting glucose powder with molten salts and
using a liquid metal (zinc or magnesium) at 700-750°C in air [33, 34]. This process
produces large hierarchically structured carbon films (HSCF) with various carbon
allotropes—sp, sp’, and sp’.

The reduction and adsorption properties of HSCFs were studied relative to
hexavalent chromium ions in a neutral medium [35]. It was found that chromium
reduction to the trivalent state and adsorption of Cr’* ions from 0.05 M and 0.1 M
solutions of K,Cr,0; occur within several seconds. The adsorption capacity of such
carbon films reaches 111 mg/g at pH 7.

In this study, the synthesis and certification of nanocomposites “carbon nano-
material (graphene, HSCF)- manganese dioxide or sodium-manganese spinel” was
carried out with a direct chemical reduction of sodium permanganate on the surface
of graphene or hierarchically structured carbon films with the deposition of nano-
crystals of manganese dioxide or sodium-manganese spinel in dependence on the pH
of the medium, the concentration of permanganate ions and the interaction tem-
perature. The valence state of manganese in composite carbon-oxide materials was
determined, and the effect of pH on the completeness of reduction and adsorption of
the permanganate ion on the surface of the graphene and HSCF was studied.

HSCEF synthesised by the interaction of glucose with molten magnesium under
a layer of molten salts were used as the main object of the study. A comparison of
the reducing and adsorption properties of the HSCF synthesised on magnesium was
carried out with the properties of industrially produced graphene from BT Corp
Generique Nano PVT Ltd. (India).

According to the data provided by the manufacturer [36], the graphene thickness
is 1.6 nm, with 20% existing as a monolayer, 20% as bilayer graphene, and 60% as
three-layer graphene. The positions of the Raman bands correspond to D 1351.7 cm™’,
G 1581.3 cm™, and 2D 26972 cm ™. The peak ratios Ip/I are 1.7054 and Ip/I = 0.85,
indicating the formation of reasonably defective three-layer graphene. The specific
surface area determined by the manufacturer using the BET method is small and
amounts to 161 m*/g. The graphene produced by BT Corp does not contain any
carbonyl or carboxyl groups on its surface.

2. The synthesis and characterisation of hierarchically structured
carbon films

The reaction of D-glucose with molten alkali metal halides was studied using lig-
uid magnesium in a corundum crucible within a vertical furnace under air. Mixtures
of lithium, sodium, potassium, and caesium chlorides, along with small amounts of
ammonium, potassium, and aluminium fluorides (melting point below 700°C), were
used. Details of the experimental technique are provided in [33, 34].
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The melting point of magnesium is 658°C. Consequently, the selected reaction
temperature was set to 100 degrees higher, so the reaction temperature was set to
750-800°C. At this range, small hydrogen bubbles formed with popping sounds
resembling small flames. The process concluded when hydrogen release stopped,
occurring after 0.5 to 2 hours, depending on the additives’ composition.

X-ray analysis, XPS spectroscopy, Raman spectroscopy, and gas chromatography
analysis of the reaction products show that the main products of such interaction are
carbon, magnesium oxide and hydrogen. The proposed overall reaction equation, not
accounting for the role of salt melts (alkali metal chlorides and fluorides), is as follows:

6Mg +C.H,,0, - 6C+6MgO+6H, T 1)

AG,, . =-2558.78k] / mol.

The change in the Gibbs energy of reactions with the use of magnesium is a large
negative value. The process proceeds very vigorously with the release of hydrogen gas,
the end of the release of which indicates the completion of the interaction.

The carbon films were examined immediately after the synthesis and adsorp-
tion of manganese ions using scanning electron microscopy and energy-dispersive
spectroscopy by a TESCAN MIRA3 scanning electron microscope and an Inca Energy
250 EDS spectrometer. Raman spectra were recorded using a Renishaw U 1000
spectrometer coupled with a Leica DML microscope. An Ar* laser with a wavelength
of 532 cm™ and a power of 20mW was used as the excitation source. The specific
surface of the HSCF before and after interaction with sodium permanganate solution
was determined by the BET method using a SORBI N 4.1 device (Meta, Russia).

The surface of carbon films and carbon-oxide composites was studied using X-ray
photoelectron spectroscopy by an X-ray photoelectron spectrometer KAlpha XPS
System (Thermo Fisher Scientific). The obtained spectra were approximated using
the Peak Fit software. The decomposition bands were analysed mainly using the
Thermo Scientific XPS simplified database.

Micrographs of the obtained films with linear dimensions up to several mm are
given in Figure 1.

Figure 1.
Scanning electron microscopy images of front view of the film with composite hievarchically ordered crystal
structure.
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Figure 2.
Scanning electron microscopy images of: (a) the structuved side and (b) the smooth side of the HSC films.

The films have two distinct sides, similar to those produced using zinc [33].

One side is smooth (Figure 2a), while the other has a complex hierarchical crystal
structure (Figure 2b). The crystallites on the structured side are arranged in continu-
ous steps, with a 90° angle between them. The average size of a crystallite measures
approximately 2 pm, with a depth of about 1 pm. The EDS analysis of both the smooth
and textured sides revealed that both consist of pure carbon. Higher magnification
images show that the smooth surface is made up of carbon nanocrystallites, measur-
ing up to 5 nm in size. The overall film thickness is around 1 pm.

The XRD patterns for the films collected in the 26 range of 10 to 80° are similar to
those for graphene (Figure 3) [37]. However, unlike typical graphene patterns, this
one includes not only the diffuse lines from small carbon particles and amorphous
carbon but also a prominent peak at 43.78 degrees, which corresponds to the (111)
plane of cubic diamond.

The specific surface area of the carbon films is 290 m?/g immediately after synthesis
and rinsing with distilled water. This value rises to 547 m*/g after washing with diluted
hydrochloric acid, likely due to the removal of magnesium oxide nanoparticles formed
during synthesis as indicated by reaction (1) [34]. For all subsequent studies, the car-
bon films were rinsed in hydrochloric acid, then distilled water, and dried in an oven.

X-ray photoelectron spectroscopy was used to determine the hybridised states of
carbon atoms in the carbon films. The HSCF’s survey spectrum (Figure 4) displays
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Figure 3.
X-ray powder diffraction pattern of HSC films.
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Figure 4.
XPS survey spectrum of HSC films.

Name Peak BE FWHM eV Atomic %

Si2p 1035 328 0.6

CI2p 199.3 234 0.9

Cls 285.6 214 889

Ols 533.6 2.82 9.3

Mgls 1304.6 2.27 0.3
Table 1.

Elemental ID and quantification of survey XPS spectrum of carbon film.
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peaks of carbon and oxygen bound or adsorbed on its surface, comprising approxi-
mately 10%. It also shows trace amounts of magnesium and chlorine (Table 1).

In the high-resolution spectrum of carbon C1s (Figure 5), the main peak during
deconvolution is a sharp and narrow peak at 284.4 eV, corresponding to carbon in
sp hybridisation, which indicates that about 40% of carbon atoms are in hexagonal
graphene cells (Table 2). A carbon peak at 285.1 eV indicates diamond-like carbon
in sp hybridisation, while the peak at 284.0 eV shows that 13% of the carbon is in
the sp-hybridised carbyne form. Thus, the HSCF produced contains a mixture of sp,
sp’, and sp’ hybridised carbon atoms, but it is not merely another type of amorphous
carbon, as it has a defined crystalline structure on one side.
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Figure 5.
XPS high-resolution spectrum of C1s HSC films.

Name Peak BE FWHM eV Atomic %
Clssp 284.0 0.95 1.7
Clssp’ 2844 091 389
Clssp’ 285.1 1.53 207
C1sC=0 286.4 115 42
C1sC-0 287.0 238 6.9
C1s C-O0H 2891 351 83
Ots 5311 162 0.8
Ots 532.2 162 39
Ols 5331 162 43
Ols 534.5 162 0.3
Table 2.

Elemental ID and quantification of high-vesolution XPS spectrum of carbon film.
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The high-resolution carbon spectrum shows peaks at 286.4, 287.0, and 289.1 eV,
indicating C-O, C=0, and O-C=0 bonds. These suggest the compound can reduce
heavy metal ions in high oxidation states and may exhibit reducing properties in a
neutral medium due to carbonyl and carboxyl group functionalisation. The propor-
tion of carbon bound to oxygen is small and does not exceed 17%.

One of the most informative methods for analysing all carbon materials is Raman
spectroscopy. The purity of carbon phases and their crystallinity are assessed by
Raman spectroscopy, which is sensitive to a wide range of carbon structural states,
including diamond, graphite, graphene, and fullerene. Certain Raman bonds are
observed for each allotropic modification of carbon, allowing one to distinguish
between sp, sp’, and sp’ hybridised states [38-40].

It is evident that the spectrum of the HSCF smooth side (Figure 6a) is similar to
that of multilayer graphene according to the literature data; such spectrum is char-
acterised by the broadening and shift of the D peak, decrease in the ID/IG ratio, and
merging of the 2D and D + G peaks into one broad peak [38-40]. D peak is strongly
shifted to the left as to the graphite peak (1355 cm™); there is a sharp peak on the top
of this peak that corresponds precisely to cubic diamond (1332-1334 cm™), which has
low broadening and sufficiently large intensity.

On the reverse side of the film, a sharp change is observed, namely, the complica-
tion of the spectrum (Figure 6b). In addition to the diamond peak (D) observed
at 1332-1336 cm ™" and the graphene peak (G) at 1593-1600 cm ™" present across all
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Raman spectra of HSCF: a, smooth side; b, developed side.
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areas of the film, there is also a peak in the visible region of the Raman spectra at
1120-1140cm ™" (Figure 6b). Several authors have initially attributed this peak to the
presence of diamond clusters with an approximate diameter of 5 nm [38]. However,
the band at 1140cm ™ and the broad band at 1480 cm ™ are close to the low-frequency
and high-frequency bands of p-carbyne [41].

In the far region of the spectrum, a peak at 2450 cm ™" appears, which, according to
the literature data [42], corresponds to the second-order cubic diamond.

Based on the data obtained by SEM, Raman and XPS spectroscopy, it can be
concluded that the synthesised hierarchically structured carbon films are carbyne-
graphene-nanodiamond films containing cumulene carbine-like chain carbon,
multilayer graphene and sp>-hybridised carbon with stress bonds (diamond).

3. Reduction and adsorption properties of carbon nanomaterials relative
to the heptavalent manganese ions in aqueous medium at various pH
values and temperatures

The work was carried out with acidified with the addition of hydrochloric acid to
pH 1-6, neutral media at pH 7 and alkalised with the addition of sodium hydroxide
to pH 8-14 with sodium permanganate solutions. The weighted portions of HSCF
(0.2 g) were added to 20ml of sodium permanganate solution without any stirring at
static mode at different concentrations and pH levels. The interaction time between
the carbon film and sodium permanganate solutions at room temperature was 168 h
(7 days), except for a 2-h exposure at different temperatures of 20, 40, 60, and 80°C
for comparison.

The concentration of manganese and sodium in the solution before and after
sorption was determined using an optical emission spectrometer OPTIMA 4300 DV
(Perkin Elmer, USA) with inductively coupled plasma.

Carbon is known to exhibit the properties of a reducing agent. Its standard redox
potential (Ey) is +0.475 V. Therefore, when MnOy - ions contained in the solution
interact with a carbon nanocomposite, oxidation-reduction reactions can occur
according to one of the following schemes:

3C° +4MnO,” +H,0=3C0,> +2H" +4MnO,),

(2)
AE’ =1.67-0.475=1.195V;
5C° +4MnO,” +2H" =5CO,* +H,0+4Mn*", 3)
AE° =1.52-0.475=1.045V;
C’+3H,0+4MnO, =CO,” +6H" +4MnO,”", @

AE® =0.54-0.475=0.065V.

According to the schemes of oxidation-reduction reactions (2-4), during the interac-
tion of a hierarchically structured carbon film with a sodium permanganate solution at
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different pH, it is possible to reduce heptavalent manganese ions to Mn (II), Mn (IV),
and Mn (VI) depending on the pH of the medium with the formation of poorly soluble
precipitates—manganese dioxide or manganese spinel. Based on the values of standard
oxidation-reduction potentials (AE,) for the reactions of formation of MnO, and Mn?*
ions, there is a high probability of the formation of these substances in an aqueous solu-
tion during interaction with carbon since AE, for the formation of MnO, is 1.195 'V, and
for Mn** ions AE, = 1.045 V. The value of AE, for the reaction of the formation of MnO,*
ions under the same conditions is 0.065 V, which is significantly less than the two above-
mentioned AE, values. Mn** ions will form in an acidic medium, while MnO, will form
in neutral and alkaline conditions. Additionally, manganese dioxide crystals (manganese
spinel) will chemisorb onto the carbon film.

The reduction and adsorption properties of carbon nanomaterials were studied
in a static mode at temperatures from 20 to 80°C in sodium permanganate aqueous
solutions with concentrations of 0.01, 0.02, 0.05, 0.06, 0.07, 0.08, and 0.1 M atpH 7
and 0.01 M at pH ranging from 1 to 14.

According to the chemical analysis, manganese and sodium concentrations in the
filtered solution decreased significantly after the interaction with the HSCF sample
due to reduction and sodium and manganese ions sorption at the surface of the
carbon film.

The quantity of adsorbed ions was determined by assessing the difference in their
concentration in the solutions before and after sorption. The adsorption value (mg/g)
was calculated using the following formula (5):

Cic,

a= Vv,
o 5)

where C¢and C; denote final and initial concentrations of Mn ions, m is the sample
of the sorbent, g; V is the volume of the analysed solution, ml.

The experiments aimed to determine how the purification of Mn ions in solutions
varies with contact time with carbon material. Figure 7 provides the adsorption
capacity and results of the Mn(VII) ions reduction at the surface of the HSC films,
and it was found to be very efficient.

Further experiments were performed to determine the degree of reduction of
Mn’* ions in the solution, depending on the HSC sample weight. To determine the
degree of reduction (R) of wastewater, use the formula based on the final (Cf) and
initial (Ci) concentrations of Mn’" ions:

R=5"% 4 100%
= X
c > (6)

The amount of sodium permanganate adsorbed in equilibrium during 168 h at
25°C and pH 7 (ae, mg g™") at the surface of the HSC film as a function of the initial
concentration of sodium permanganate is shown in Figure 7. An increase in sodium
permanganate’ initial concentration proportionally increases the carbon nanomate-
rial’s adsorption capacity.

Figure 7 demonstrates that the reduction and adsorption of sodium permanganate
occurs in direct proportion to its concentration in the aqueous solution, which is pos-
sible only in the case of the C-type isotherm according to the Giles classification. This
case takes place when new adsorption centres appear. At the same time, the existing
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Adsorption capacity (a, mg/g) and reduction degree of Mn’* ions after the interaction of HSC films with the
sodium permanganate solution as a function of pH (a, b), temperature (c, d), and sodium permanganate
concentration (e, f).

adsorption centres are being filled, which increases the available adsorption surface in
proportion to the amount of the substance adsorbed from the solution.

Due to the fact that we conducted studies using low concentrations of sodium per-
manganate, which prevented our curves from reaching saturation values. However,
the data we obtained indicate that up to a NaMnO, concentration of 0.05 M, there
is a complete (100%) reduction of heptavalent manganese ions. This reduction also
leads to the deposition of MnO, or manganese spinel on the surface of the carbon
adsorbent. A further increase in sodium permanganate concentration in the solution
decreases the adsorption to 97.5%. The HSC film’s adsorption capacity is high: about
450 mg/g of HSCF.

A study of the effect of pH on the HSC film—NaMnO, (0.01 M) interaction
shows that in acidic solutions at pH values of 1-6, only about 10-20% of manganese
ions are reduced and adsorbed, while at neutral and alkaline pH values of 7 to 14, a
100% reduction and adsorption of manganese ions at the surface of the HSC film is
observed.

Thus, 2 100% reduction of heptavalent manganese ions occurs on the surface of
the HSCF, both in a neutral environment and in an alkaline environment, the com-
pleteness of which depends on the initial concentration of permanganate ions and the
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interaction temperature. At the same time, a high adsorption capacity of the carbon
nanomaterial is achieved, which is more than 4500 mg/g when interacting with a
0.1 M sodium permanganate solution, which is an unprecedentedly high value for all
known carbon materials.

An increase in the interaction temperature of HSC films and NaMnO, (0.01 M)
from 20 to 40°C during 2 h increases the reduction and adsorption of manganese ions
from 87 to 100%, respectively. A further increase in temperature neither increases nor
decreases the adsorption properties. Consequently, the temperature increase posi-
tively affects the adsorption capacity of HSCFs concerning NaMnO,, which indicates
that adsorption, in this case, is the endothermic process.

Thus, a 100% reduction of heptavalent manganese ions occurs at the HSC surface
both in neutral and alkaline media, the completeness of which depends on the initial
concentration of permanganate ions and the interaction temperature. The high
adsorption capacity of the carbon nanomaterial is achieved.

4. Structure and composition of HSC films after interaction with the
NaMnO, aqueous solution at different pH values, temperatures and
concentrations of sodium permanganate

The HSC films were analysed using physicochemical methods after interacting
with the sodium permanganate solution.

After the interaction of the HSCF with the permanganate solution, regardless of
the holding time, a significant change in the specific surface area occurs, namely, it
decreases, with the most significant decrease in the specific surface area observed
during the interaction of the ISUP at pH from 1 to 6, that is, in an acidic solution—by
20-30 times, and the more acid was added, the smaller the specific surface area of the
film became (Table 3). Figure 7 shows that less than 20% of sodium permanganate
is reduced and adsorbed onto the carbon surface in acidic solutions. Additionally,
the interaction between the HSCF and sodium permanganate in both neutral and
acidic solutions results in a reduction of the specific surface area of the carbon films,
decreasing by a factor of 1.5 to 2. The most prominent specific surface area of the
HSCEF after the interaction was observed during the interaction at pH 8 (weakly
alkaline solution) and with an increase in temperature to 40°C at pH 7 (Table 4). It is
evident from the reduction-adsorption curves that in a neutral and alkaline environ-
ment, as well as in a neutral environment starting from 40°C, 100% reduction and

Total specific surface (BET model, multipoint measurement), mzlg

Initial HSC film 564.40 + 7.76

pH2 207+23

pH5 313+35

pH7 3157+ 214

pHS8 458.0 + 3.5

pH14 2964 +11.8
Table 3.

Total specific surface area of the initial HSCF and HSCF after interaction with NaMnO, (0.01 M) at different
pH values for 168 h.

126



Study of Reducing and Adsorption Properties of Carbon Nanomaterials: Graphene...
DOI: http://dx.doi.org/10.5772/intechopen.1009246

Total specific surface (BET model, multipoint measurement), mzlg

Initial HSC film 564.40 + 7.76

T=20°C 271.7 +15.0

T=40°C 4004 + 3.8

T = 60°C 3214 +16.7
Table 4.

Total specific surface area of the initial HSCF and HSCF after interaction NaMnO, (0.01 M) at pH 7 and
different tempevatures for 2 h.

adsorption of the interaction products occurs. Thus, it can be assumed that these
conditions—interaction at neutral and slightly alkaline pH and an increase in temper-
ature to 40-60°C—are optimal for the reduction-adsorption processes of heptavalent
manganese on the carbon surface.

After 10 minutes of exposure to the 0.01 sodium permanganate solution, HSC
films maintain their unique structure (Figure 8): developed and hierarchically
structured on one side with the formation of numerous micro- and nanocrystals and
smooth on the other side.

Increasing the sodium permanganate concentration in the solution and extending
the exposure time of the HSC films result in the formation of multiple layers of crys-
tals across the entire surface of the developed carbon film. In contrast, only individual
crystals are formed on the smooth side of the film (Figure 9). That is, the HSC film
is visually non-isomorphic, based on the ratio of different carbon hybridisations and
the reactivity of the different sides.

According to the data provided in the table (Figure 9) and obtained using energy-
dispersive X-ray spectra of the element concentrations at different points, the manga-
nese and sodium concentrations are maximum in crystals.

Low-magnification microphotographs, as well as the X-ray element distribution
maps, demonstrate that the HSC film—NaMnO, interaction product formed at pH7
is not uniform: there are places with higher concentrations of manganese, sodium,

Figure 8.
Microphotograph of HSC film after 10 min of interaction with sodium permanganate solution at pH 7.
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Elemental analysis of the crystals, wt. %

Spectrum C [0} Na Mn
1 5826 2750 059 13.78
2 3518 3745 0.68 26.78
3 15.73  31.96 1.02 51.25
4 30.60 3351 0.76  34.58

Figure 9.

Microphotographs of the HSC film after intevaction with the sodium permanganate solution at pH 7 for 2 h at
20°C: a, general view; b, electron photograph of the film with developed and smooth sides; c, table of element
concentrations at diffevent points of the film marked in Figure 9b.

and oxygen, and there are places where carbon is the main element of the films
(Figure 10).

In addition, microphotographs and X-ray energy-dispersive spectra of the HSC
films after interaction with the NaMnQ, solution both in acidic and alkaline media
and at temperatures increasing up to 80°C were obtained.

A lot of manganese is adsorbed on the surface of the carbon film (Figure 11) after
the interaction of HSCF with permanganate ions in acidic media. Still, the oxygen
content does not exceed a few percent, which is too low for manganese oxide forma-
tion, and no sodium content is observed. Obviously, when interacting in the acidic
medium with the NaMnQO, solution, the surface loses its hierarchical structure. Thus,
as expected, the interaction in an acidic solution proceeds according to reaction (3)
with a reduction to divalent manganese ions; the interaction proceeds without form-
ing any additional phase on the surface of the carbon film.

Microphotographs of the HSC film after the interaction with the NaMnO, solution
(0.01 M) at pH 14 (Figure 12) demonstrate that numerous microcrystals are formed
only on the developed side during the interaction in an alkaline medium. Sodium
content in such films is 5-10 times higher than in those obtained at neutral pH.

Thus, we can assume that the HSCF—NaMnO, solution (0.01 M) interaction in
the acidic medium changes the film structure; it flattens, and manganese ions adsorb
at the surface and do not form any additional phases. In neutral and alkaline media,
the HSCF—NaMnOj, solution interaction leads to the formation of numerous crystals
on the developed film surface, while another side remains smooth with individual,
separate crystals.

The surface of HSCF after interaction with 0.01 M NaMnO, solution at pH7 with
an increase in the interaction temperature to 40°C (Figures 13 and 14) remains a car-
bon film with a high degree of filling of the developed surface with numerous crystals
of sodium manganite. Since the entire surface is covered with crystals, they continue
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Figure 10.
Element distribution maps in an HSC film after intevaction with sodium permanganate.

to precipitate into the already occupied positions of other crystals, forming complex
structures that are in agreement with the adsorption isotherms. They show that an
increase in temperature to 40°C leads to 100% adsorption of manganese from the
solution. Further increase in temperature up to 80°C does not lead to any significant
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Spectrum C 0 Mn
1 45,65 2.37 47.62
2 63.85 4.13 27.33
3 58.98 3.19 33.01
4 60.15 1.75 32.19

Figure 11.

Microphotographs of the HSC film after interaction with the sodium permanganate solution at pH 2 for

2 h at 20°C: a, general view; b, electron photograph of the film from the developed side; c, table of element
concentrations at points mavked in Figure 11b.

Spectrum C 0 Na Mn
1 230 13.8 35 56.6
2 350 243 52 328
3 582 203 31 16.8
4 88.1 9.5 0.6 1.5
5 92.7 59 0.4

Figure 12.

Microphotographs of HSC film after interaction with the sodium permanganate solution for 2 h at pH 14
and 20°C: a, general view; b, electron photograph of the film from the developed side; c, table of element
concentrations at points marked in Figure 10b.
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30U

Spectrum C (0] Mg Si Cl Ca Mn
1 62.46 20.03 1.11 0.25 0.17 0.18 14.96
2 62,53 16,17 1.02 022 0.27 0.23 19.57
3 57.60 21.78 1.30 0.23 0.21 0.24 18.66
4 60.21 19.03 112 0.26 0.27 19.12
5 59.32 20.18 1.42 0.24 18.84
6 83.01 10.49 2.24 2.78 1.47

Figure 13.

Microphotographs of the HSC film after interaction with the sodium permanganate solution for 2 h at pH 7
and 40°C: a, geneval view; b, electron photograph of the film from the developed side; c, table of element
concentrations at points marked in Figure 13b.

Figure 14.
Microphotographs of HSCF after interaction with sodium permanganate solution for 2 h at pH 7 and 80°C: high
‘power electron photograph of the film.
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changes, as numerous crystals are deposited at the HSC film surface, and, as can be
clearly seen in Figure 14, the oxide crystals deposit at the surfaces of the previously
formed crystals. The adhesion of oxide crystals to the carbon film is very high, and the
crystals remain at the surface of the carbon film after filtration and rinsing in distilled
water.

5. XRD and Raman spectroscopy analysis of the product resulting from
the HSC film and sodium permanganate interaction

The product of the interaction of the HSCF with a 0.01 M NaMnOj, solution
(pH 7) at room temperature and after annealing at 800°C was also studied by X-ray
diffraction in the 26 range of 0.0001 ~ 89.7223° with a signal accumulation time of
1 sec. Typical diffraction patterns are shown in Figure 15. The general appearance
of the X-ray diffraction pattern obtained after the interaction at room temperature
and pH 7 (Figure 15a) is similar to the X-ray diffraction pattern of the original HSCF
synthesised on magnesium (Figure 3). However, in addition to the diffuse carbon
peaks, a small peak at 18°, a fairly large peak at 36°, a small peak at 38°, and minor
peaks at 44 and 65° are observed. These values are very close to the standard peaks of
sodium manganite.

To confirm the formation of spinel NaMn,0O,, the product, after the interaction
of HSCF with 0.01 M NaMnOj, solution at pH 7, was dried and annealed for 4 h at
800°C to remove all carbon. The obtained X-ray diffraction pattern (Figure 15b)
fully corresponds to the formation of spinel NaMn,0, with the space group Fd3m
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Figure 15.
X-ray diffraction pattern of the product of interaction of HSCF with 0.01 M NaMnO,, npu pH 7 solution at: (a)
room temperature; after annealing in the air at 800°C during 4 h (b).
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with characteristic peaks at 18.03° (111), 36.12° (311), 38.10° (222), 44.46° (400),
58.57° (511) and 64.69° (440). Thus, X-ray phase analysis proved that the product of
the interaction of HSCF with the sodium permanganate solution is spinel NaMn,O,.
However, due to the difficulties in determining the interaction product by X-ray
phase analysis due to the need for additional annealing stages, it was decided to
further define the interaction product by the express and accurate method of Raman
spectroscopy.

Raman spectroscopy determined the interaction product of the HSC film—
NaMnO, (0.01-0.1) solution interaction at temperatures ranging from 20 to 80°C and
pH values ranging from 1 to 14.

Raman spectra (Figure 16) recorded at different points of the developed and
smooth sides of the hierarchically structured film after interaction with the 0.01 M
NaMnOj solution at 20°C at pH 7 show that in addition to D at 1330-1340 cm ™" and G
at 1580-1590 cm ™" peaks characteristic to all carbon nanomaterials, there is a peak at
~630-640 cm ™. This peak is almost undefined on the smooth side, while on the devel-
oped side, the 630 cm ™" peak is dominant. The height of this peak relative to D and G
carbon peaks increases as the spectrum is recorded at the most crystal-filled places of
the carbon film, where the ratio of the 630 cm™ to 1340 cm™" peak intensities is more
than 10 (blue curve, Figure 16). According to the literature data, it is known that
the dominant peak at 630 cm™ occurs due to symmetrical twisting vibrations of the
Mn-O bond in MnOg octahedrons (Alg mode) [43, 44] and characterises the forma-
tion of spinel NaMn,0,.

The Raman spectra of the HSC film (Figure 17) after the interaction with the
0.01 M NaMnOy solution in the acidic pH region did not determine the formation of
sodium manganite, which is confirmed by microphotographs (Figure 11); no crystals
are formed at the carbon surface, while manganese is effectively adsorbed in the form
of ions (table to Figure 11).

Raman spectra from the alkaline pH region indicated the formation of sodium
manganite on the carbon surface. The peak intensity decreased with increasing pH,

A
4 'q,l.\'h"
o e e
vy e
i an”
Ntpland e e = \M_‘,M.w‘-“
>
- — \
(72} v
= 1
i
) |
=1\ /
¥
A AN
g v \ ]
\ 4 SV
p*
8 .
R . - | Ty s
500 1000 1500 2000 2500 3000

Raman shift, cm™’

Figure 16.

Raman spectva of the HSC film after interaction with the NaMnO,, solution (0.01%) at 20°C and pH 7: red
denotes the smooth side, green denotes the developed side of the film with crystals, blue denotes the spectrum of the
crystal clustering site.
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Figure 17.
Raman spectra of the HSC film after interaction with the NaMnO,, (0.01%) solution at 20°C in the acidic pH

region.
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Raman spectra of HSCF after the interaction with the NaMnO, (0.01%) solution at 20°C in the alkaline pH

region.
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Figure 19.
Raman spectra of HSCF after the intevaction with the NaMnO, (0.01%) solution at different temperatures and
the pH 7 value.

likely due to poor adhesion of the products to the carbon substrate and the shedding
of oxide phases during analysis (see Figure 18).

As seen from Raman spectra (Figure 19), the temperature growth to 40-80°C
increases the ratio of the MnOg group peak to carbon peaks.

It should be noted that in the Raman spectra of the HSCF after interaction with
a sodium permanganate solution at all pH values and temperatures studied, the
peak with a wavelength of 1140 cm™’, which, in our opinion, refers to sp-hybridised
carbon in the form of p-carbyne, disappears, as well as the peak at 2450 cm ™", which
is the peak of second-order diamond. When interacting with sodium permanganate
in various environments, the structure, morphology, and valence state of the HSCF
undergoes significant changes.

Thus, it can be considered that the optimal conditions for the synthesis of the
HSCF-manganese spinel nanocomposite are synthesis from an aqueous solution with
direct interaction of the HSCF with a sodium permanganate solution in a neutral or
slightly alkaline medium—up to pH 9 at a temperature of 40-60°C.

6. X-ray photoelectron spectroscopy analysis of the product resulting
from the HSC film and sodium permanganate solution interaction

The survey photoelectron spectrum of the HSC film after exposure to the
NaMnO; solution illustrates the following peaks: dominant C 1s, O 1s, Nals and Mn
2p (Figure 20). Residual Cl and Mg traces, remaining in the carbon film after rinsing
from chloride melt after synthesis, are detected. Tables 5-7 provide the main com-
ponents of the film determined after HSCF—0.01 M NaMnO, solution interaction in
neutral, acidic and alkaline media with the peak’s resolution.

The carbon concentration in the film after HSCF—NaMnO, solution interaction
at pH 7-14, as calculated from the photoelectron spectrum, is approximately 50
atomic percent (at. %). The oxygen concentration reaches about 33 at. %, while the
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Name Peak BE Height CPS FWHM eV Atomic %
Clssp® 284.15 21484.51 0.89 45.14
Clssp’ 284.75 6174.61 0.9 1292
ClsC=0 285.7 3647.08 1.99 16.83
C1s C-OOH 288.07 1551.88 3.01 10.74
Ols 531.07 1211.26 141 163
Ols 53248 5914.7 2.25 12.75

Table 5.

Chemical analysis of the HSC films after the interaction at the pH 2 value according to the XPS.
Name Peak BE Height CPS FWHM eV Atomic %
Mn3s 84.19 180769 3 0
Mn3s 88.87 124843 3 0
Clssp’ 284.38 30440.73 113 3221
Cls sp3 285.71 5871.2 1.81 10.02
C1s C-OOH 288.07 2487.05 3 7.04
O1s MeO 529.69 48874.95 1.09 20.66
OlsA 530.89 10423.84 167 6.78
O1sB 532.09 8130.29 167 5.29
O1sC 533.29 464592 1.67 3.03
Mn2p3/2 (11I) 640.7 11010.36 154 2.55
Mn2p3/2 A 641.95 27622.73 128 5.32
Mn2p3/2 B 642.83 13362.18 128 2.57
Mn2p3/2C 643.58 11748.88 1.28 2.26
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Name Peak BE Height CPS FWHM eV Atomic %

Mn2p3/2 D 644.77 5701.56 1.28 11

Mn2psatE 646.66 3193.27 3 0.96

Nals 1071.14 589.4 1.8 0.21
Table 6.

Chemical analysis of the HSC films after the interaction at the pH 7 value according to XPS.

Name Peak BE Height CPS FWHM eV Atomic %
Mn3s 83.97 721.09 3
Mn3s 88.38 787.88 2.53
Cls sp2 284.16 17117.09 0.92 29.71
Clssp’ 284.76 4870.13 0.92 8.46
CisC=0 285.58 2895.32 1.79 9.78
C1s C-OOH 288.06 1303.43 3.01 7.35
O1s MeO 529.48 17401.91 1.03 14
O1sB 530.91 7719.36 2.08 12.53
O1sC 532.9 2927.02 2.08 4.76
Mn2p3/2 (1II) 640.89 6526.59 1.49 293
Mn2p3/2 (IV)A 641.9 8801.08 0.96 2.55
Mn2p3/2 (IV)B 642.7 6098.83 1.05 1.94
Mn2p3/2 (IV)C 643.35 3082.94 0.86 0.8
Mn2p3/2 (IV)D 644.05 2203.65 1.06 0.7
Mn2p3/2 (IV)E 644.85 850.92 0.98 0.25
Mn2p3/2 (IV)F 645.9 685.95 15 0.31
Nals 1071.03 3735.05 1.55 2.23
Table7.

Chemical analysis of the HSC film after the interaction at the pH 17 value according to XPS.

manganese concentration ranges from 13 to 20 at. %. Additionally, the introduction
of extra sodium in the form of NaOH to alkalinise the NaMnO, solution—raising the
pH from 8 to 14—results in a natural increase in sodium content in the manganese
spinel crystals, increasing from 0.4 at. % at pH 7 to 5 at. % at pH 14.
However, according to the chemical analysis data, the HSC film adsorbs about
20 wt.% of manganese in the range of acid solutions. According to the X-ray energy-
dispersive analysis, a manganese concentration of about 5 at.% is detected at the
surface of the HSC film after the interaction with the NaMnQ, solution acidified
with hydrochloric acid solution. The general XPS spectrum of the HSC film after the
interaction in the acidic environment at pH 1-6 does not contain a peak of manganese.
The high-resolution Cls spectra of the HSC film before and after the interaction
with the sodium permanganate solution at pH ranging from 1 to 14 (Figure 21)
were compared. The main difference in the HSCF’s carbon spectra before and after
the interaction with Mn’" ions is the fact that the impact of sp-hybridised carbon
with a binding energy of 238.8 eV completely disappears from the spectra after the
interaction. At the same time, its content in the initial HSC film was about 12%.
The diamond sp>-hybridised carbon content also decreases by about 10%, while the
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Figure 21.

High-vesolution XPS spectra of Cis: a, initial HSC film and HSC film after the interaction with the NaMnO,
solution at pH: b, 2; ¢, 7; d, 14.

carbon content included in the carbonyl C=0 and carboxyl groups C-OOH increases.
The content of sp>-hybridised carbon in the film rises after the interaction in an acid
medium and slightly decreases after the interaction in neutral and alkaline media.
Thus, an examination of the high-resolution XPS spectra of Cls carbon indicates that
sp-hybridised carbon plays a crucial role in the reduction of manganese ions, leading to
the formation of manganese spinel crystals on the surface of HSCF. This carbon form
is entirely consumed during the chemical reaction, demonstrating that sp-hybridised
carbon is the most reactive among the three hybridisation states of carbon.
Determination of the Mn valence state by the photoelectron spectra is usually
performed within the Mn2p region. As can be seen from Figure 22b, the most suitable
approximation was chosen with the parameters [45] for Mn** with the impact of Mn™".
Another way of identifying the Mn oxidation degree is to evaluate the Mn3s
region, which has two multiple cleavage components. The value of the cleavage peak
is a diagnostic sign of the degree of magnesium oxidation.

AE for MnO(Mn®*)=6.0eV, Mn,0, (Mn**)25.3¢V, MnO, (Mn** )= 4.7 eV

The difference between the peaks is also closer to MnO, and equals 4.6 eV
(Figure 22c).
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Figure 22.
Typical high-vesolution XPS spectrum of Mn2p (a, b) with approximation and HSC film spectrum Mn3s (c)
after intevaction with the sodium permanganate solution at pH 7.

Calculation of the reduced manganese content in the trivalent and tetravalent
states at the HSC film surface demonstrates that approximately 20% of manganese is
present in the trivalent state during its interaction with sodium permanganate solu-
tion in both neutral and alkaline medjia.

Manganese spinel nanocrystals mainly deposit on the developed side of the carbon
film due to the absence of the sp-hybridised carbon peak in the HSCF spectra. The
maintained step-like structure on this side suggests that sp* and sp® hybridised carbon
primarily contributes to it.

The different reactivity of carbon depending on its valence states has been proved
for the first time.

A complete 100% Mn reduction and adsorption from sodium permanganate solu-
tions (0.01 M-0.1 M) was observed in both neutral and alkaline environments. The
hierarchically structured carbon film demonstrated an impressive adsorption capacity
of over 450 mg/g when interacting with the 0.1 M sodium permanganate solution.
This capacity is one of the highest reported among all previously studied carbon
nanomaterials.

7. Study of the products of reduction and adsorption of permanganate ions
by the graphene

This section compares the reducing and adsorption activity of industrial graphene
and HSCF with sodium permanganate in a neutral environment.
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Commercial graphene powder (Figure 23) is actually a multilayer graphene, as
expected from the estimate of its specific surface area, which is 20 times smaller than
the specific surface area of single-layer graphene. In addition, the Raman spectrum
of industrial graphene also had all the characteristic bands—D at 1351 cm ™, G at
1581 cm™ and 2D at 2697 cm ™}, but the intensity ratio of the Ip/Ig bands is less than
0.3, indicating the formation of graphene with more than five layers. Graphene
powder was used in further synthesis experiments without additional preparation
procedures.

Weighed samples of the HSCF and graphene (0.02, 0.05, 0.08, and 0.1 g) were
added to a sodium permanganate solution (20 mL), and the resulting solutions stayed
in static mode. The process occurs very slowly at room temperature and finishes
within 336 h. The temperature of 60°C (at which the synthesis prolongs within 2 h)
was chosen for further studies.

The data on the contents of manganese ions in the solution before and after 2 h of
the interaction of the HSCF and graphene with a neutral solution of sodium perman-
ganate are given in Table 8. It is clear that manganese adsorption on the HSCF is more
effective. With an HSCF additive of 0.1 g, manganese is almost completely extracted
from the solution. In contrast, when using the same amount of graphene, only a
tenfold decrease in manganese concentration is observed. Increasing the amount of
graphene further does not enhance its ability to adsorb manganese on its surface.

The specific surface area and energetic properties of carbon nanomaterials sig-
nificantly influence the efficiency and kinetics of reduction and adsorption processes
in a neutral medium. This relationship underscores the importance of these surface
characteristics in determining the overall performance of carbon nanomaterials in
various applications.

The specific surface area of the HSCF is three times greater than that of commer-
cial graphene, which has a value of 161 m*/g, while the HSCF measures 547 m*/g. This
significant difference results in faster and more complete adsorption on the HSCF.

After interaction with 0.01 M sodium permanganate solution at temperatures
of 20 and 60°C, graphene was analysed using scanning electron microscopy,

Figure 23.
Microphotograph of a commercial graphene powder produced by the BT Corp Generigue Nano PVT.Ltd.
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HSCE, weighted sample, g Mnions, mg Graphene, weighted sample, g Mnions, mg

0 550 0 550

0.02 03 0.02 28

0.05 0.05 0.05 2.8

0.08 0.025 0.08 34

0.1 0.013 0.1 36
Table 8.

Contents of potassium and manganese ions in the solution before and after interacting with the carbon
nanomaterials.

energy-dispersive analysis, X-ray phase analysis, X-ray photoelectron and Raman
spectroscopy. It was shown that the composition and morphology, as well as the
dimensionality of the newly formed phases, do not depend on the interaction tem-
perature, so in what follows, all analysis data will be presented for samples obtained at
a temperature of 60°C.

The microphotographs of graphene after interacting with a 0.01 M solution of
NaMnO, (pH 7) are shown in Figure 24. It is obvious that nanocrystals cover all
surfaces, not just the active edges of graphene, including interlayer ones. The XRD
pattern of such a composite (Figure 25) contains peaks of y-MnO, (the main phase),
as well as graphite (substrate) and impurity f-MnO,. Numerous crystals of manga-
nese dioxide are well-faceted and have a size of up to 100 nm.

The Raman spectrum of this composite (Figure 26) contains all characteristic
graphene peaks: D at 1350 cm™, G at 1583 cm™’, and 2D at 2703 cm ™. In addition,
sharp, pronounced peaks are observed at 566.7 and 641 cm™’, corresponding to differ-
ent modifications of manganese dioxide [28].

The survey XPS spectrum of commercial graphene after interaction with sodium
permanganate at pH 7 (Figure 27), in addition to the peaks of carbon at 284.83 eV,
oxygen at 530 eV, sodium at 1071.3 eV, manganese at 642.5 eV also contains peaks of
elements that appeared in graphene during the production process, namely, chlorine,
nitrogen, calcium and zinc (Table 9). It should be noted that the sodium content in
the oxide phase is less than the sodium content in the HSCF in a 0.01 M permanganate
solution at neutral pH. The Raman spectrum and X-ray diffraction pattern indicate
the synthesis of manganese dioxide instead of sodium manganite during the interac-
tion of graphene with a sodium permanganate solution.

In the high-resolution spectrum of Mn2p (Figure 28b), in addition to tetravalent
manganese, up to 18 at. % of trivalent manganese is determined (Table 10), which is
somewhat lower than for HSCF. The peak difference of Mn3s gives a value of 4.48 eV,
which correlates well with the data for MnO, (Mn**), where the peak difference is
4.7 eV. The carbon peak C1s in the high-resolution spectrum (Figure 28a) mainly
consist of the sp” hybridised state; graphene does not change its electronic state when
interacting with the sodium permanganate solution.

Taking into account the data obtained by various methods, it can be concluded
that when interacting with a solution of sodium permanganate in a neutral envi-
ronment at temperatures of 20 and 60°C, a nanocomposite material “graphene-
manganese dioxide” is formed on graphene. As a result of such interaction, crystals
of predominantly y-MnO, with a size of no more than 100 nm are deposited on the
entire surface of graphene. The specific surface of the “graphene -manganese dioxide”
composite decreases more than threefold and is 45.2 m*/g.
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Figure 24.
Microphotograph of graphene after intevacting with a 0.01 M solution of NaMnO,.
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Figure 25.
XRD pattern of the graphene—MnO, nanocomposite: *graphite; °f, MnO,. Rest peaks correspond to y-MnO.,.
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Figure 26.
Raman spectrum of the graphene—MnO, nanocomposite.
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Survey XPS spectrum of commercial graphene after intevaction with sodium permanganate at pH 7.

Element Peak position, eV Peak height, rel.units FWHM eV Atomic %
Cl2p 198.72 4297 4.23 0.61
Cls 284.72 304,376 199 48.95
K2p 292.59 5602.57 1.27 0.16
Ca2p 34733 11757.33 241 0.83
Nis 399.82 7210.29 3.66 1.69
Ols 529.99 408600.1 219 3349
Mn2p 642.52 309,327 312 12.97
Nals 107134 7356.25 192 0.32
Zn2p 1044.75 14317.06 143 0.97
Tableg.

Identification of elements and quantitative estimation of the survey XPS spectrum of commercial graphene after
interaction with Mn (VII) ions.
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Figure 28.

XPS high-resolution spectra of commercial graphene after intevaction with sodium permanganate at pH: a, C1s;

b, Mn2p.
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Element Peak position, eV Peak height, rel.units FWHM eV Atomic %
Mn3s 84.06 177775 3 0
Mn3s 88.54 1194.25 3 0
Cls 284 22545.84 0.83 24.31
Cis 284.37 2398736 0.74 16.09
Cls 285.22 4446.27 1.57 631
Cis 287.97 1878.36 3 512
O1s MeO 52942 5111341 112 21.34
O1sA 530.62 8055.17 179 5.39
O1sB 531.82 6464.02 179 4.33
O1sC 53312 5319.68 179 3.57
Mn2p3/2 (III) 640.7 7552.8 218 238
Mn2p3/2 A 6418 25898.52 123 4.62
Mn2p3/2 B 642.66 13472.82 1.23 24
Mn2p3/2 C 64341 11002.6 123 196
Mn2p3/2 D 644.6 5217.87 1.23 0.93
Mn2p sat E 646.58 2983.35 3 0.86
Nals 1070.85 959.25 212 0.38
Table 10.

Identification of elements and quantitative estimation of the high-resolution XPS spectrum of graphene after
interaction with Mn (VII) ions.

8. Conclusions

A method for synthesising a new nanocarbon material by reacting D-glucose with
liquid active metals (Mg, Zn) in a molten mixture of alkali chlorides at a temperature
of 750°C has been developed, resulting in the formation of uniformly dispersed in the
salt melt free-standing films consisting of 100% carbon, up to 1 pm thick with a great
specific surface area of up to 590 m”/g. It was established by the means of physico-
chemical analysis that the formed films have a complex hierarchical structure and
consist of carbon in sp, sp’, and sp® hybridised states, which correspond to p-carbyne,
graphene, and cubic (or hexagonal) diamond, respectively. One side of the film is
smooth, consisting predominantly of sp> hybridised carbon. The other has a devel-
oped surface on which diamond crystallites are arranged in the form of continuous
steps with an angle between them equal to 90°.

Carbon nanomaterials, including hierarchically structured carbon films (HSCF)
and commercially produced graphene, have been found to be effective in decon-
taminating water from heptavalent manganese ions [46-48]. When these carbon
nanomaterials react with a permanganate solution in a neutral medium, the resulting
products can vary. Specifically, graphene typically produces manganese dioxide,
whereas hierarchically structured carbon films may yield manganese spinel or
manganese oxide.

A comparative study of the reducing and adsorption properties of commercial
graphene and HSCF with sodium permanganate in a neutral medium was conducted.
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It was shown that both carbon nanomaterials have a high reducing capacity—99% for
graphene and 100% reduction on the surface of HSCF.

During the chemical interaction of HSCF, numerous layers of sodium manganite
nanocrystals were predominately formed on the developed side of their surfaces. 80%
of the heptavalent manganese ions from a neutral sodium permanganate solution are
reduced to the tetravalent state on the surface of HSCF, and about 20% are reduced
to the trivalent state. During the interaction of graphene with permanganate ions in
neutral media, a nanocomposite material, “graphene - manganese dioxide,” is formed
with manganese dioxide crystals of up to 100 nm.

Hierarchically structured carbon films (HSCF) demonstrated complete 100%
manganese (VII) ion reduction and adsorption activity during their interaction with
sodium permanganate solution in neutral and alkaline media at temperatures ranging
from 20 to 80°C. The temperature growth from 20 to 80°C allows a 150-fold increase
in the rate of reduction and adsorption of heptavalent manganese on HSCF; however,
the interaction products do not depend on the process temperature.

The hierarchically structured carbon film’s adsorption capacity is more than
450 mg/g of Mn’" ions during the interaction with the sodium permanganate (0.1 M)
solution, which is one of the highest achieved adsorption capacities of all previously
studied carbon nanomaterials in neutral medjia.

The chemical interaction of HSCF with NaMnO, in neutral and alkaline media
results in the formation of sodium-manganese spinel nanocrystals (up to 100 nm long
and up to 10 nm thick) on the developed side of the hierarchically structured carbon
film. At the same time, manganite crystals are practically not formed on the smooth
side of the film, which indicates the different reactivity of the sides of the HSC films
consisting of pure carbon and having different structures and morphology.
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Chapter 7

Heterogeneous Hydrogenation
in Pharmaceutical Development

Alan Steven

Abstract

This chapter discusses an efficient means of robustly developing a heterogeneous
hydrogenation for use in the development and manufacture of an active pharmaceu-
tical ingredient, or an intermediate thereof. Reaction conversion data is used to estab-
lish a working expression for the differential rate that can be used to test a mechanistic
hypothesis. Heuristics are shared that can be used when assessing how to keep the
reaction under kinetic control. These can be used for problem diagnosis as well as
scaleup strategy, and optimisation. A number of practical tips are shared, including
the use of the process scheme as an information- and visually rich tool for presenting
process understanding to a multidisciplinary team. Considerations when choosing the
catalyst, solvent and equipment setup are also discussed.

Keywords: hydrogenation, heterogeneous, k.4, kinetic, trickle bed

1. Introduction

Hydrogenation is the addition of hydrogen across multiple bonds. Its facilitation by
heterogeneous catalysts is a popular methodology for active pharmaceutical ingredi-
ent (API) synthesis. This discussion will include using hydrogen to cleave single
bonds, as with debenzylations and N-benzyloxycarbonyl removals, transformations
more correctly referred to as hydrogenolysis. In a review from 2006, the frequency of
these reactions and nitroarene reductions, ensured heterogeneous hydrogenation was
a prominent technology used for deprotections and reductions by the development
and manufacturing groups of three large pharmaceutical companies [1]. In line with
this popularity, between 10 to 20% of all chemical steps in the synthesis of APIs at a
separate major pharmaceutical company have been estimated to be heterogeneous
hydrogenations [2]. The complete menu of transformations of importance is available
through the applications tables of some of those that make and sell heterogeneous
catalysts [3, 4]. These companies include Chimet, BASF, Evonik-Degussa, Heraeus,
Hindustan Platinum, Johnson Matthey and Strem.

The popularity of the technology can be attributed to the atom economy of the
transformations, high yield and straightforward post-reaction processing. These char-
acteristics address economic and throughput drivers that inform process design, as
well as the need to control the amount of waste generated per kilogramme of
processing stage product. Where the catalyst can be immobilised, its post-reaction
removal is not required, simplifying process design still further.

151 IntechOpen



Adsorption — Fundamental Mechanisms and Applications

The complexity generated by the presence of at least three phases, hydrogen gas,
process solution and heterogeneous catalyst, has spawned multiple examples of
scaleup issues [5]. The present work focuses on a development workflow and sharing
know-how, with a view to achieving a “right first time” outcome. An envisaged use
case is where a project wishes to scaledown a candidate process from the only avail-
able equipment train. Doing so allows understanding to be built around plant modifi-
cations required for scaleup, when it does takes place, to meet requirements around
product quality, process safety, productivity and waste generation. Alternatively, the
workflow could be used to characterise an existing heterogeneous hydrogenation
process to allow an assessment of its “fit” with the various assets in a manufacturing
network. Due to space constraints, transfer hydrogenation will not be covered.
Catalyst-controlled examples of asymmetric induction with heterogeneous catalysts
[6], a field dominated by homogeneous methods, will also not be covered.

2. Consideration for early process design

Once a project has agreed the transformation of a starting material A to a product AH,
will feature in the route used to make an API, early Process Design activities will assess
different ways of achieving the transformation. This includes establishing the reaction
type (e.g. heterogeneous hydrogenation), categorical variables (e.g. solvent, and any
reagent or catalyst) and the unit operations (e.g. charging, reaction, filtration, cleaning)
involved. A degree of process parameter optimisation and characterisation is also
performed, driven not least by the need, alongside the exploration of process knowledge
space, to manufacture API for clinical trials. It is never too early to capture the ‘musts’,
‘wants’, ‘avoids’ and ‘prefer nots’ of heat and mass transfer, material balance, materials of
construction, measurements required, mixing, operability constraints, physical processing
requirements and residence time. Iteratively addressing gaps in knowledge in these areas,
ensures decisions around duty design and equipment selection are data driven.

Many considerations for Early Process Design can be summarised in Figure 1. This
Process Scheme includes the chemical elementary steps going on, and can be anno-
tated with information on their kinetics, as well as relevant heat transfer equilibria,
mass transfer, mass transport and phase dispersion data. Whilst simplistic in its
format, and not to scale, it is visually rich and allows chemists and chemical engineers
to understand the concerns and knowledge gaps of the other’s discipline. In develop-
ment, by assessing the effect of parameter changes on the chemical and mass transfer
processes highlighted in the scheme, driving forces can be tentatively identified that
enhance the rate forming the desired product and selectivity versus impurities.
Experiments that fill in gaps in knowledge about these driving forces can then be
judiciously designed, building up knowledge more rapidly than a statistical-based
method for creating understanding.

An early activity is to establish the solubility of reaction components in solvents
under consideration. The solvent needs to be able to dissolve the substrate A and
hydrogen, for the reaction takes place. It should also keep the product AH; in solution,
until any suspended catalyst has been filtered off and the composition adjusted to
enable product crystallisation, whilst controlling the mass intensity of the entire
process. The saturation concentration of hydrogen in organic solvents is only a few
mmol/L and increases with temperature (except with predominantly aqueous sys-
tems) and headspace pressure [8]. The correlation with the latter is linear at low
overpressures (Henry’s Law).
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Figure 1.

Hydrogenation process scheme (top) and explanation of gradients in hydrogen concentration (bottom,). Source:
Adapted from Reference [7], https://www.mt.com/dam/non-indexed/po/autochem/clean/application-
notes/hydrogenation-nitrobenzene-to-aniline/fundamentals_of_masstransferandkineticshydrogenation.pdf.

As a solvent, methanol should be chosen with caution as it can be oxidised to
formaldehyde during heterogeneous hydrogenation catalysis. This leads to byproducts
arising from its condensation with primary or secondary amines. Another caveat around
the use of hydrogen with methanol or any other solvent with a low flash point is the risk
of ignition. Procedures using aliphatic alcohols should also be wary of slurrying Raney
nickel and supported palladium catalysts for an extended period of time, prior to the
introduction of hydrogen gas. Under these circumstances, the catalyst surface is slowly
poisoned through the generation and adsorption of carbon monoxide [9].
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The use at elevated temperature and modest overpressure of a volatile material as
solvent, generates appreciable solvent vapour pressure, at the expense of the partial
pressure of the hydrogen in the headspace. On a related note, if not compensated for,
the headspace partial pressures of carbon dioxide offgassed from an N-
benzyloxycarbonyl removal will reduce hydrogen partial pressure.

The metal catalyst can either be supported or not. Raney nickel and Raney cobalt are
unsupported metal catalysts with a high surface area whose formation are accompanied
by the adsorption of hydrogen into the “sponge metal” surface. They remain workhorse
materials in spite of requiring careful handling to address a pyrophoricity hazard. Their
use also brings occupational exposure hazards. As well as being a possible human
carcinogen and teratogen, when it is inhaled, nickel has been linked to pulmonary
fibrosis and pneumonitis, whilst skin exposure causes skin rashes (“nickel itch”).

Supported catalysts normally involve platinum group elements, with palladium
offering the most versatility. The metal typically exists as ensembles hosted by an
inert support like high surface area activated carbon, barium sulfate, calcium carbon-
ate or a ceramic-based material. Regarding catalysts supported on carbon, powdered
and paste catalysts are both used. Paste catalysts contain approximately 50-60% water
within the pores of the carbon. Versus the use of powders, this attenuates both dusting
and the risk of fire in the presence of vapours of organic solvent. Catalytic activity can
be modified through the addition of modifiers [10]. Diffusion of reactants into the
interior of a carbon particle potentially slows the reaction, so formulation for (“egg-
shell”) surface impregnation is the default. Increasing the saturation concentration of
hydrogen in solution, forces hydrogen deeper into the pores, bringing more of any
palladium distributed throughout the particle (as in Figure 1) into play.

It is not uncommon to simply screen catalysts during early Process Design where
there is confidence supply can be maintained over the lifecycle of the API. That is to
say, once you have found a catalyst that works, stick with that particular grade, and
indeed lot number! This approach is derisked by laboratory testing (“use testing”) of a
new lot of catalyst for minimum activity requirements before the bulk catalyst is
released for use on plant. An enhanced approach characterises related variants of the
candidate catalyst, and builds understanding around material attributes tied to its
activity, selectivity, deactivation and filtration performance. This paves the way for a
meaningful specification based on control of these attributes. The characterisation is
often best done in collaboration with academic partners, with the requisite expertise,
and can involve measurements of or using Brunauer-Emmett-Teller (BET) surface
area, X-ray diffraction, particle size distribution, electron microscopies (scanning,
transmission and high resolution transmission), particle shape, gas pychnometry,
geometric density and skeletal density [11]. In the case of palladium catalysts, X-ray
photoelectron spectroscopy gives the ratio of palladium(0) to palladium(II) oxide.

Catalyst particles used for continuous processing with a trickle bed reactor have
additional requirements over those used in batch [12]. Whilst this technology is
routinely used to make bulk chemicals (>1000 tonnes/year), the catalyst particles so
used are too big for the reactors used to make the lower tonnages required of a
pharmaceutical product. As well as particle size and distribution requirements (50—
200 pm), candidate catalysts are shortlisted based on strict requirements around their
mechanical strengths (>1000 bar) and surface roughness (which relates to how easily
metal can be stripped from the support surface), before being assessed for activity and
selectivity. Raney catalysts are fine powders but they have still managed to be accom-
modated in trickle bed reactors for the hydrogenation of sub-kg quantities of API
intermediates [13, 14].

154



Heterogeneous Hydrogenation in Pharmaceutical Development
DOI: http://dx.doi.org/10.5772 /intechopen.1007431

Knowledge of the rate of degradation is an important development objective. It
allows the calculation of the maximum amount of substrate that can be converted per
unit mass of catalyst, by the time it has completely deactivated. Its establishment is
particularly important in an immobilised setting, where there are expectations around
higher utilisation versus batch. As well as poisoning by contaminants in the inputs
(vide infra), attrition and metal stripping, thermal stress, sintering or solid-solid
chemical reactions can additionally degrade the material [15]. Susceptibility to degra-
dation is assessed by monitoring the stability of the reaction conversion over an
extended period in a packed bed setting. The catalyst loading and residence time
should target a starting point of ca. 80% (i.e. incomplete reaction). Where the catalyst
is a powder, to be used in batch, it can be admixed with silicon carbide particles or
glass beads in the packed bed setup for this testing.

Filtering off a heterogeneous catalyst at the end of a hydrogenation is attractive
versus the metal remediation procedures of homogeneous catalysis, but adsorbed
hydrogen will remain on the catalyst surface, rendering the material pyrophoric and a
fire hazard. Postreaction, Raney catalysts can be deactivated by washing with sodium
nitrite in water [16]. According to the Good Manufacturing Practices that underpin
the latter stages of API manufacture, spent catalysts are not normally recycled as is,
but the material can be returned to the catalyst manufacturer for metal recovery after
it has been put under water. Where catalyst recycling is permitted, it can be returned
to its makeup vessel, as a slurry, once it has been pushed off the filter medium,

3. Characterising the intrinsic kinetics of the reaction

For a heterogeneous hydrogenation to be scalable and portable, the rate of the
chemical reaction at the catalyst surface should be so slow, the observed (extrinsic)
rate is not limited by scale- and equipment-dependent phenomena, namely mass
transfer, mass transport and heat transfer. The intrinsic kinetics at the catalyst surface
depend on the equivalent of catalyst concentration, substrate concentration, temper-
ature and the concentration of hydrogen in solution. The full rate expression is a
characteristic of the reaction, over the parameter ranges where the associated mecha-
nism applies, and is independent of equipment.

It is critical that hydrogenation development builds up working knowledge of the
rate expression, commensurate with the phase of development of the product. Time
course data for the amount of hydrogen taken up by the system at constant pressure
can be used to make inferences about the mechanism, and examples are given in
Figure 2. These data should always be recorded with a calibrated flowmeter. Where
there are mass balance issues, due to inadequate calibration, these can be corrected for
by ratioing the hydrogen actually consumed by the sum of that required by the
chemistry and that needed to saturate the solvent. There may also need to be correc-
tion for any ongoing leakage from the reactor. An orthogonal but still “global” signa-
ture is the heat outputted as a measure of time during reaction calorimetry [17]. This
heat flow varies directly with the reaction rate. Neither hydrogen uptake nor heat
evolution differentiate between the desired and undesired chemical processes.

FT-IR and in situ Raman are good for monitoring individual species, including
unstable intermediates, but are not sufficiently sensitive to accurately measure low
levels of impurities. They can be used at low overpressures and do not require method
development. Offline chromatographic measurements offer specificity and sensitivity
that allow starting material, product, stable intermediates and impurities to all be
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Figure 2.
Examples of hydrogen uptake graphs.

quantified, if the setup is able to sample under pressure and there is a suitable
chromatographic method. The most appropriate measurement technology will depend
on the needs of development, but studies should strive to measure hydrogen uptake as
a minimum. When more than one elementary step is involved, the determination of
kinetic parameters becomes increasingly accurate as more intermediate species and
impurities are quantified, along with the starting material and product.

Table 1 presents a typical workflow to generate data for making kinetic inferences.
The baseline temperature should be the temperature anticipated for the final process.
The reactions should be performed isothermally, using a low substrate concentration
and a low catalyst loading to control any exotherm, and with good gas-liquid mass
transfer. A rigorous way of confirming good gas-liquid mass transfer, in this or any
other study, is to change the gas-liquid mass transfer coefficient (vide infra) to estab-
lish no effect on the overall hydrogenation rate (compare with Figure 2, left). The
same batch of catalyst should be used across the experiments to maintain the number
of mol active sites/g of catalyst.

A +H, + Cat — AH, + Cat _Z[tA] ~k[Cat][A][H)),,; (1)

When choosing a candidate mechanism, whose corresponding rate expression can
be assessed against observed data, it is useful to start off as simple as can be. In the
absence of any further knowledge about the mechanism, a useful starting point for a
well suspended catalyst is to effectively treat it like a dissolved reagent, as in Eq. 1,
where it is assumed the conditions keep the solution saturated with hydrogen. This is
first order in all of the inputs. The expression often fits the experimental results, but
has little to say about the actual surface reaction mechanism of the process. Fitting a
working candidate rate expression against the data from runs 3-13 in Table 1 will
generate values for missing mechanistic parameters. This is the rate constant k in
Eq. 1, and will additionally include adsorption constants in more complex cases, and
activation energies where the temperature is varied. Where intermediates in a
multistep sequence are not detected during reaction monitoring, despite the analytical
method being capable of their detection, they are not likely to feature in the turnover-
determining step. The rate constants associated with their formation can be removed
from the fitting exercise by fixing them at arbitrary large values which will not affect
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Run [Substrate] [Catalyst] Py, Temperature Stirring

1 b’line b’line *5 0.5 barg b’line slow a
2 b’line b’line b’line b’line normal b
3 b’line b’line b’line b’line normal ¢
4 b’line b’line b’line b’line normal d
5 b’line b’line b’line b’line normal

6 b’line b’line b’line b’line fast d, e
7 b’line b’line *2 b’line b’line normal e
8 b’line b’line b’line /2 b’line normal

9 b’line /2 b’line b’line b’line normal

10 b’line b’line /2 b’line b’line normal

1 b’line b’line /4 b’line b’line normal

12 b’line b’line b’line *2 b’line normal

13 b’line *2 b’line b’line b’line normal

Fit model against runs 3-9 (lean) or 3-13 (full)

14 b’line/2 < x < b’line b’line/2 < x < b’line b’line/2 < x < b’line b’line normal f

Fit model against runs 3-9 + 14 (lean) or 3-14 (full)

15 b’line b’line b’line b’line + 10 °C  normal
16 b’line b’line b’line b’line - 10 °C  normal
Py, Hydrogen pressure b’line baseline condition.

a) Hydrogen “starvation” run to accentuate side reactions not involving hydrogen.

b) Delay hydrogen admission by 2 hours, versus run 4, to accentuate any background reaction, including inhibition of
catalyst by other reaction components.

c) Product inhibition run: Prestir catalyst slurry with a stoichiometric amount of AH, prior to the introduction of the
substrate.

d) Runs to establish reaction reproducibility using baseline parameter values.

Lower the catalyst loading if the reaction time is less than 10 min.

Analyse an End of Reaction sample for leached metal, after filtration.
[product]
[byproduct]

Evaluate how ratio changes with time, including on holding well beyond the point of complete substrate

consumption.

e) Used to establish reaction is in the kinetic regime, in which case set kpa > 10/s in the absence of a more accurate
estimate. Also used to pinpoint any source of mass transfer vesistance when the reaction is not under kinetic control.
f) Validation run.

Table 1.
Workflow to generate data for kinetic modelling

the overall rate. Fitting involves (simultaneously) changing the parameter(s), using
an algorithm like the Levenberg-Marquardt method, until the sum of squares of the
residuals between the curve for the simulated data and the experimental data has been
minimised across the different experimental scenarios being assessed. These studies
require operation with good gas-liquid mass transfer.

Where there is a good fit between the curves for the simulated data and the
experimental data across the different experimental scenarios assessed, a further
validation run (run 14 in Table 1) is run to assess the predictive capability of the
model. This validation run should use previously untested values of [Catalyst], [Sub-
strate] and Py,. Assuming the model’s predictions are reasonably accurate, the model
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can be revalidated to include this extra data set. Activation energies can be fitted after
generating data at different reaction temperatures (runs 15 and 16 in Table 1, also see
Figure 3, bottom).

Fitting of the initial data sets and attempts to validate the model, by testing its
predictions, are often clearly unsuccessful. In this case, where no reasonable experi-
mental error can be assigned, the elementary steps behind the mechanism, and the
assumptions about their kinetic relevance, will need to be updated. This means build-
ing complexity into the simplified semiempirical starting point (Eq. 1), and consider-
ing the kinetic relevance of the processes happening on the binding surface of the
catalyst, before revisiting the modelling exercise. In this regard, a mechanistic model
commonly implicated next is the so called Langmuir-Hinshelwood-Hougen-Watson
(LHHW) dual site mechanism [18]. Substrate A, product AH, and hydrogen compete
with one another for adsorption onto a finite number of active sites present on the
surface of a catalyst, at rates proportional to both the solution concentrations of the
species and the number of uncovered active sites on the catalyst. If the substrate is
preferentially adsorbed, the degree of adsorption of the hydrogen will drop, and vice-
versa. Once adsorbed onto the catalyst surface, the species react to form adsorbed
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Figure 3.
Fitting of time course data against different mechanistic proposals (top) for the reduction of a proprietary ketone
and extraction of temperatuve-related parameters (bottom). Source: Data provided by author.
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product at a rate proportional to their respective concentrations on the catalyst sur-
face. Intuitively, the probability of two adsorbed species colliding is low, and indeed
this mechanism relies on this reaction being turnover-limiting. Depending on its
affinity for the catalyst, product AH, can compete with the substrate A and H, for
catalytic sites, such that the desorption of AH, into the solution phase may be appre-
ciably reversible. The associated rate expression is shown by Eq. 2. Clues as to the need
to apply this model are any of the following:

* The reaction is second order with respect to the catalyst concentration

* Hydrogen uptake with time shows a concave profile (where the adsorption of
hydrogen is slow relative to substrate A) (Figure 2, right).

* A reaction is faster at lower agitator speed consistent with the slow adsorption of
A relative to the adsorption of H,.

* The reaction rate decreases with increased hydrogen pressure, if the substrate A
is less effective at competing with hydrogen for active sites.
A(l) + Cat(s)=A" Ky
Hy (1) + Cat(s)=H, Ky,
A* +H — AHj k3
AH; =AH, (1) Kan,
d[A]

KaKy,|A]|H
— 28 ks[Cat?, 00, = ks|Cat]? K, [A][Ho]

ota 2)
dt 4k (1 4+ Ka[A] + Kp, [Ha) + Kap, [AH2))

where [Cat],,,, is the total molar amount of catalyst (free plus that bearing adsor-

bate) and 0y = KxlX]
(1+Ka[Al+Kn, [Ha)+K ar, [AH?) )

Where K,[A] dominates the denominator in Eq. 2, as with a tightly bound sub-
strate, the reaction order with respect to the substrate A is —1 over much of its course,
and its fed batch addition should be considered to address its inhibitory effect. Where
Ky, [H,] dominates the denominator, as with a weakly bound substrate, the rate varies
as inverse pressure. When K [A], Ky, [Hz] and Ky, [AH;] are all small compared to 1,

5, the expanded Langmuir isotherm

the expression simplifies to ~ kg[Cat]tzole 4 K, [A][H,]. The practical relevance of
K an,[AH;] to the denominator, and hence the inhibitory effect of AH,, can be
established by run 3 in Table 1. When the above mechanism is being tested, the rate
constants for the forward reactions of the adsorption equilibria can be fixed at arbi-
trary high values where solid-liquid mass transfer is known not to be rate-limiting,
such that concentrations of catalyst-bound species quickly equilibrate. This simplifies
the fitting problem by leaving only the equilibrium constants for adsorption between
solution and catalyst-bound forms of A, H, and AHj, to be fitted, alongside activation
energies and the rate constant for the reaction between catalyst bound species. As the
LHHW model is truly mechanistic, unlike Eq. 1, it can be cautiously extrapolated to
make predictions about performance outside of the parameter ranges covered by the
data used for the original fitting.

Eq. 2 relates to a scenario where the chemisorbed hydrogen appears to react as a
molecular adsorbate. In reality, the chemisorbed hydrogen dissociates into atoms that
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diffuse across the catalyst surface ahead of stepwise addition to A* [19]. The addition
of the first hydrogen atom is reversible, and bond rotation leads to the potential
observation of the geometric isomer of a diastereochemically pure alkene input, over
the course of any alkene hydrogenation. For the reduction of a proprietary pharma-
ceutical intermediate shown in Figure 3 (top), accounting for the dissociative chem-
isorption of hydrogen, such that the square root of the hydrogen concentration
features in the differential rate expression, amongst other changes [20], produced a
better fit than Eq. 2 (nondissociative chemisorption). Repeating the experiment at
different temperatures and plotting the fitted values of the rate constant and the
adsorption constants against inverse temperature allow the extraction of the activa-
tion energy and enthalpies of adsorption (Figure 3, bottom). This involves multiply-
ing the gradients of the lines of best fit (units K) by R = —8.314 J/(mol*K).

A small numbers of cases, where the observed kinetics indicate only strong
adsorption of A and not H,, are often explained using the Langmuir-Rideal (single
site) mechanism [21]. Whilst not likely to be a true reflection of reality, as the
adsorption of hydrogen is largely considered mandatory [22], it has been traditionally
formulated as the mechanism alongside Eq. 3, with A* apparently reacting with non-
adsorbed H; in the slow step. Applying the steady state approximation to the concen-
tration of the adsorbed complex and again assuming it is the chemical reaction
which is turnover-limiting, the rate is as shown in Eq. 3. The rate depends on [A*],
which is largely a constant ([Cat]), given the strong binding of A. The rate is thus
pseudo-zero order in A for the majority of the reaction’s course, reverting to first order
at the very end.

d[A]

A(l) + Cat(s)=A" Ka =t = ko[Ca][H)

Ka[A]
1+ Ku[A]

A* 4 Hy(l) — AHZ ks 3

AH; — AH, ()

The presence of poisons in the inputs that quickly and irreversibly deactivate the
catalyst can be established by plotting the initial rate versus the catalyst loading (runs
4,7, 10 and 11, Table 1), when input materials representative of those to be used in
the manufacture become available. Any non-zero intercept where the extrapolated
form of the line of best fit hits the catalyst loading axis is the poisoning threshold, an
amount of catalyst that can effectively be written off. A poison is sometimes a high
molecular weight oligomeric contaminant in the substrate, and difficult to pick up
without size exclusion chromatographic analysis. Where this contaminant cannot be
removed, a control strategy is to employ a catalyst whose metal is distributed
throughout a carbon support, such that size exclusion by the support’s pores keeps the
contaminant away from the bulk of the metal. Other common poisons are carbon
monoxide in hydrogen and sulfur compounds in the substrate. Despite attempts to
exclude poisons from the input materials, they may still arise due to carryover from
the previous process to be used in the manufacturing equipment. This can be picked
up by introducing the catalyst to the equipment during a solvent trial used to establish
the behaviour of unit operations like distillations, before they are executed for real.
The catalyst used in this sacrificial run is filtered off and tested in the lab. If the
recovered catalyst shows no activity, further sacrificial runs should be repeated,
and the actual manufacture paused until the recovered catalyst shows activity
in the lab.
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4. Hydrogenation mass transfer

—1 dmol dlH
L Aming Wik o)~ ) - @

where 7y, is the number of equivalents of hydrogen used to reduce A to AH, and
7ins 18 the rate of the chemical reaction.

The hydrogen in solution that feeds the reaction on the catalyst surface needs to be
replenished by the dissolution of headspace hydrogen. These processes are captured in
Eq. 4, an expression for the rate of change of concentration of hydrogen in solution.
The rate of dissolution depends on k4, the volumetric gas-liquid mass transfer coef-
ficient and the thermodynamic driving force. The latter is the difference between the
saturation concentration ([Hz] mt) ,as predicted by Henry’s Law at low overpressures,
and the actual solution concentration ([H],,). If the chemical reaction is much slower
than hydrogen dissolution (a requirement for its study, see previous section), the first
part of the right-hand side of Eq. 4 disappears and the rate of hydrogen uptake
approximates to the rate of the chemical reaction. If the chemical reaction is much
faster than hydrogen dissolution, the overall rate is limited by the movement of the
hydrogen from the headspace to point where it can chemisorb on the hydrogen-
starved catalyst surface. In the extreme case, [H>],,;~0, and the rate of change of the
solution concentration of hydrogen simplifies to its maximum value, k a[H>|, = kra
HT solventPr,» where Hr spen: is the Henry constant and Py, is the pressure of hydrogen.
This ensures time course data for the transformation is zero order in substrate until
the chemical reaction slows down.

The most practical lever that can address this mass transfer limitation is k., as the
hydrogen pressure is typically limited by supply and vessel design limits. This coeffi-
cient varies substantially between vessel designs, as it depends on reactor geometry,
agitation rate, impeller type, impeller location, any baffling and any subsurface sparge
line. Even small changes to the setup of a reactor can have an unexpected effect on the
rate, where the reaction is under hydrogen mass transfer control. The effect is dispro-
portionate with changes in agitation rate as it is common for ka to exponentially
depend on this parameter. Whilst relating to a lab study, rather than a change of vessel
or facility, Figure 4 illustrates how a change in [H,],,;, exercised using agitation rate to
change kpa, can dramatically affect an outcome (in this case reaction enantios-
electivity) [23].

Where a technology transfer has ignored the consideration of kra, unless the
reaction at the catalyst is sufficiently slow, maintaining the same headspace pressure
(as in Figure 4) will not be sufficient to ensure the relative rate of competing pro-
cesses is maintained across the two vessels. Alongside this consideration is the
prolonged reaction time associated when gas-liquid mass transfer replaces the intrin-
sic reaction as the bottleneck for the observed rate. This leads to higher levels of
background reactions that do not rely on the catalyst. Deactivation of the catalyst due

2000 rpm, ee=60%; 400 rpm, ee=23%

0 0
a . s .
— a) cinchonidine-modified Pt, 30 °C
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Figure 4.

Example of the dependence of ee on kra.
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to its offcycle poisoning or undersaturation with hydrogen can also potentially
become more prevalent.

Given the importance of knowing when a hydrogenation is likely to be at risk of
gas-liquid mass transfer control, attempts should be made to measure k. for all
hydrogenators used in the lifecycle of a hydrogenation reaction. Where k;a cannot be
measured, it is modelled based on reactor geometry, configuration and fluid proper-
ties [24]. The solvent used for the reaction medium affects the fluid properties, and
the coefficient also depends on reactor fill volume and temperature. Where accurate
and fast pressure readings are possible, a method for the measurement of k.a for a
reactor in a particular configuration uses hydrogen uptake data collected at various
agitation speeds and vessel fills [25]. With the agitator off, and in the presence of a
degassed solution that does not contain the reaction substrate, the headspace is
pressurised with hydrogen gas before the hydrogen line valve to the hydrogenator is
closed. The hydrogen feedline should preferably be preheated so the temperature in
the headspace is close to that of the batch. Agitation is then started and the drop in the
headspace pressure measured as a function of time. This is illustrated in Figure 5. The
actual drop is related to the solubility of the gas in the liquid at that particular
temperature but k;4 is the slope of the plot versus time of the expression on the
second y-axis of Figure 5.

When initially charged to the vessel from their storage container, the particles will
contain catalytically inactive palladium hydroxide or surface oxidised palladium. The
above experiment can be repeated in the presence of a supported palladium catalyst,
but still without substrate. The difference in the uptake profiles, with and without
catalyst, gives information on the kinetics of the reduction of catalyst particles to the
catalytically active palladium(0) state.

An alternative approach to determining k4 is to use the hydrogen uptake of a
test reaction performed in the mass transfer regime. The latter can be achieved by
using a sufficiently high catalyst loading that the rate of hydrogen uptake is initially
constant. Dividing this rate by [Hy] . = H7 soivensPr, gives kra. To cut down on the
effort involved in characterising k.4, it has been modelled using a statistical design
of experiments approach using agitation speed, fill volume and temperature.
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Figure 5.

Gas uptake for the calculation of k a. Calculation of kya for hydrogen uptake by 1-propanol (0.5 L, 30°C).

Pe = final pressure, P; = initial pressure, Py vp is the solvent vapour pressure. Source: Adapted from data in Ref.
[26], Chemical Engineering in the Pharmaceutical Industry.
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Such a study should additionally look at the effect of solvent, or a proxy thereof such
as the viscosity of a blend of solvents. Viscosity is a continuous variable and can be
varied by tuning the composition of the blend.

Gas-liquid mass transfer can be a focus for troubleshooting given its dependence
on scale and equipment, though it is by no means the only rate process involved in
ensuring the catalyst is supplied with adequate amounts of hydrogen. The reciprocal
of each of these rate processes can be thought of a resistance which acts as a drag on
the observed rate of reaction (Figure 6). A second significant source of resistance is
solid-liquid mass transfer. Where the substrate dissolves over the course of the reac-
tion, as in the Process Scheme (Figure 1), the particle size affects the rate of dissolu-
tion. For slow-to-dissolve substrate and the heterogeneous catalyst, there is the need
to adequately suspend particles of both to ensure the full surface area of these mate-
rials is available for dissolution and catalysing the reaction respectively. As Figure 1
shows, solid-liquid mass transfer resistances at the catalyst particle involve both
diffusion across the thin film separating the catalyst surface from the bulk solution
and into the catalyst pores. These processes are dominated by the size and shape of the
catalyst particles themselves, as well as the identity of the catalyst support. Thus,
where the same batch of catalyst is being used for manufacture and development,
even if solid-liquid mass transfer is limiting, performance should translate if it is well
suspended. Where a reaction presents as zero order in substrate, and solid-liquid mass
transfer at the catalyst is suspected as being limiting, deliberately increasing the
number of active sites can be used to pinpoint the source of the resistance. If doubling
the catalyst concentration (runs 4 and 7, Table 1 and Figure 2, left) has a positive
effect on the observed rate whilst retaining zero order behaviour with respect to
substrate, solid-liquid mass transfer is important at the lower catalyst loading.

H, tank
H, supply
to headspace
* drawdown of H,
from headspace
mass transfer of H,
X from gas to bulk liquid phase
advection & convection of dissolved
x H, to catalyst particles
x adsorption & dissociation of
H, on catalyst surface removal of
exotherm x
H, removed through by heat
¥ chemical reaction transfer

l extrinsic (observed) rate

Figure 6.
Rate processes affecting the observed rate of a hydrogenation. Source: Adapted from Reference [5], https://
dcresources.scale-up.com/Open.aspx?file=280¢lid=281¢5c=sus.
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The efficiency of heat removal from batch reactors used for slurry hydrogenations
depends on the surface area of the cooling jacket and decreases in relative terms as the
volume of the reactor increases. It is crucial that the enthalpy of the hydrogenation is
considered early on as part of the process design for highly exothermic transforma-
tions like the reduction of a nitroarene to the corresponding aniline (—554 kJ/(mol
nitrobenzene) in the liquid phase). This enthalpy, which also allows evaluation of the
adiabatic temperature rise, is a useful byproduct of reaction monitoring by reaction
calorimetry. Where it cannot be easily measured, it can be estimated by subtracting
the cumulative bond energies of the products from those of the reactants [8]. The
headspace hydrogen pressure can either be held constant or the supply switched on
and off, depending on if a low pressure and high pressure are respectively present in
the headspace. Either way, the setup should allow the replenishment of consumed
hydrogen in a timely fashion. Otherwise, even when gas-liquid mass transfer is good,
fast reactions run the risk of depleting the amount of hydrogen in the headspace to the
point where the catalyst starves.

Most resistances operate in series but heat transfer operates in parallel (Figure 6).
When a reaction starts off as not being under kinetic control, and reaction parameters
are held fixed, the different resistances in Figure 6 may take their turn in exerting
primacy over the extrinsic rate. As each may well affect competing reactive chemistry
pathways to different extents, the reaction selectivity, as well as being different from
reaction in the kinetic regime, will change over the course of the reaction. We will
now show how a quantitative treatment of these resistances can be considered along-
side the model for the intrinsic rate, when accommodating a hydrogenation into a
manufacturing facility.

5. Considerations when fitting a process into a facility

Figure 7 uses a number of heuristics to advise when any one of the sources of
resistance discussed previously is likely to bottleneck the observed rate. These heuris-
tics are discussed on the DynoChem Resources website [5]. Whilst the consideration
of the different resistances is presented in a certain sequence here, they should be
considered in an order that best suits the project. This workflow can be used during
process deliberations around which hydrogenation facility offers the best “fit” for the
reaction’s kinetics. Alternatively, it can focus attention on improving the suitability of
the sole site under consideration, for example, by highlighting the need to invest in
improved mixing capability. To avoid the possibility of a runaway situation, the
operating temperature and catalyst loading should be chosen so the heat generated
does not overwhelm the heat transfer capability available.

Whilst the Figure 7 workflow is powered towards keeping the reaction in the
kinetically-controlled regime, there may be good reasons to purposefully keep a reac-
tion in the mass transfer controlled regime. A reaction model built using knowledge of
the relationship between k. a, the reaction rate and the amount of heat generated
allowed the temperature of a highly exothermic nitroarene addition to be
controlled by controlling the rate of agitation [27]. To ensure performance was
maintained between lab and plant, k a4 was maintained across both settings. This
approach brings with it the risk of some irreversible deactivation of the undersatu-
rated catalyst.

The enhanced heat transfer capability of a continuous processing technology
would have been another possible solution for the above scenario. A modified
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Heuristics to assess process fit. Source: Adapted from data in Ref. [5], https://dcresources.scale-up.com/Open.aspx?
file=280¢7lid=281€5c=sus.

workflow is required for scaling up the use of a flow reactor using an immobilised
catalyst bed. Catalyst suspension is not required here. The diameter of the reactor is
increased whilst maintaining the height of the bed and the velocity of the process
stream. This largely maintains the pressure drop at the larger scale, as modelled using
the Ergun equation [28], mitigating the risk of a portion of the catalyst bed becoming
undersaturated with hydrogen and deactivating.

Towards the end of Process Design, the project will have built out its kinetic model
into a physical model with additional terms that are independent of scale and equipment.
Characterisation ranges around operating setpoints are then agreed for parameters in the
model. The model is virtually run thousands of times, as a full factorial DoE, to predict
the process performance throughout the multidimensional hyperspace defined by
these ranges. The part of the hyperspace that meets the targets for product quality
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(e.g. impurity formation), consistency and process performance (e.g. yield, hydrogen
uptake rate, reaction rate) define a design space-like region that can be registered with
Health Authorities as part of the process for gaining a licence to make the API for
commercial use. A recent example is from AbbVie, where control was exercised over the
levels of genotoxic intermediates in the product of a nitroarene reduction [29]. A means of
simultaneously assessing ranges for multiple process parameters when establishing the
shape of the design space-like region is to use a parallel coordinates plot.

Errors in the measured values used for model training, errors in ‘noise’ variables,
general model error, and errors in the parameters fitted during modelling all produce
variability in the actual response generated if any one virtual DoE experiment were to
be repeatedly run in the lab. The k;a data is likely to present a particularly important
source of uncertainty, particularly where it has been modelled (rather than measured)
based on the reactor geometry. The cumulative variation for the different errors in the
model can be accommodated using a Bayesian-based statistical approach.

The manufacturing partner ought to have a support lab with a miniaturised version
of the plant reactor, which mimics the geometry and heat and mass transfer behaviour
of the latter. This “twin” reactor is used for experimentation to establish that the
ranges predicted by the virtual DoE are in fact suitable for use in the manufacturing
environment envisaged for the commercial supply of the API. By experimenting close
to the edge of acceptability of the design space-like region, this testing seeks to
establish that even “worst case” combinations of inputs produce suitable material.

6. Further equipment considerations

We will close out the discussion by providing broader context around equipment
considerations. Hydrogenations have mostly been carried out in stirred tank hydroge-
nation reactors [30]. Roessler has described a detailed process flow covering charging,
inertisation, reaction, sampling, slurry filtration, waste treatment and safety engineer-
ing controls to address the process safety challenges of adding, removing and handling
catalysts in slurry reactors [31]. The pressure in vessels used for pilot or production scale
production will typically be limited to 5 bar on safety grounds, though some facilities
have access to autoclaves that go up to 100 bar. In addition to a jacket for heat transfer,
and a hydrogen supply, a conventional setup in such a reactor will have a pressure
controller and a calibrated flowmeter to measure hydrogen uptake. This setup is fre-
quently available in plant hydrogenators, and works well when all the solvents and feeds
are batch charged to the reactor at the start. Catalyst splashed onto the walls above the
tide mark of the reactor can be baked on during heating. The removal of this material
requires both labour- and time-intensive manual intervention by the equipment opera-
tor, to the detriment of the length of a manufacturing campaign.

The use of pressurised hydrogen used by a stirred tank reactor represents a signif-
icant safety hazard and requires its own zone in a manufacturing plant. The higher the
gas-liquid mass transfer (typical values <0.005-0.5/s), the greater the opportunity to
use hydrogen in nearly stoichiometric amounts. To help with initial saturation of the
batch, a gas-inducing agitator will supply hydrogen via nozzles at the impeller tips
after it has been pulled down through the hollow shaft. Alternatively, the hydrogen
can be supplied with a sparge ring located beneath the impeller, though this requires
special blades that can transfer their power to the liquid, whilst the impeller is being
flooded with hydrogen gas. With a normal stirred tank reactor operated in semibatch
mode, a substantial change in the batch volume means the impellers and heat transfer
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surfaces are not properly submerged initially, compromising performance and giving
rise to significant temperature anisotropy. The heat transfer performance of a stan-
dard stirred tank hydrogenator can be improved by fitting a loop to pump the reaction
mixture through an external heat exchanger. This configuration allows the heat
exchanger and pump to be sized separately from the reactor agitation system.

A stirred tank reactor with high heat transfer capability in and of itself is the Biazzi
reactor. This uses highly efficient curved plate heat exchangers that are readily
cleaned. The jet loop reactor is a specialist batch reactor which is not agitated and uses
a gas-liquid venturi ejector to pull hydrogen into the reaction mixture (producing
kras > 10/s). The jet loop reactor also uses an external heat exchanger. It works well if
a solution of substrate is added over the course of a reaction, making it a useful asset
for highly exothermic hydrogenation reactions. A variant of the jet loop reactor has a
monolith catalyst bed immobilised in the reactor autoclave. This can be retrofitted to a
hydrogenation stirred tank reactor which collects the material that has passed through
the catalyst bed ahead of its recirculation.

Its limited hydrogen inventory allows more forcing conditions (up to 100 bar and
150°C) to be exploited in flow, with appropriate engineering controls, versus those
achievable in batch. Also, as the product is removed from the flow reactor once
formed, any overreaction involving the catalyst is likely to be better controlled than in
batch. Use of an immobilised bed of catalyst, as in a trickle bed reactor, allows for a
high effective molar concentration of catalyst. This is useful where an increase in
catalyst concentration drives product formation at the expense of background reac-
tions not involving the catalyst.

Alternatives to the immobilised beds used for continuous hydrogenations are
daisychained continuous stirred tank reactors [32], and the Taylor-Couette reactor
[33], whose axisymmetric toroidal vortices, providing efficient mixing of a heteroge-
neous slurry. Neither option allows for the high effective catalyst concentrations of an
immobilised bed reactor. As with batch processing, they still require a catalyst filtra-
tion operation at the end of the reaction with its impact on cycletime. These are all
areas where the use of an immobilised bed can offer strategic advantages, on top of
access to processing windows of temperature and pressure that are not available to
other technologies, cutting down on the potential exposure of the operator to the
catalyst material, and offering a high interfacial area between the liquid and gas
phases for hydrogen dissolution. Ideally, catalyst particles of an appropriate size are
prepacked into cartridges that can be swapped in and out whenever the catalyst bed
needs changing. The penetration of trickle bed technology into the pharmaceutical
development and manufacturing services market has been constrained, however, by a
lack of catalysts with suitable physical properties. This problem is accentuated further
with emerging catalyst-coated static mixer technology [34]. This uses a specialised
mixer (doubling as a reagent) with a bespoke manufacture and so its adoption over
the use of a commodity like palladium on carbon would require compelling reasons.

7. Conclusions

This chapter has set out principles and workflows that can be adopted when
developing a heterogeneous hydrogenation for the development and manufacture of
an API or API intermediate. A lean list of experiments has been provided, whose
systematic variation of concentration and temperature levers allows the establishing
of a working mechanism and catalyst surface chemistry that is kinetically consistent
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with the observed reaction rate. Even where an initial mechanistic model poorly pre-
dicts data gathered in the lab, the designed experimentation used to establish this fact
can be recycled for the next mechanistic iteration. Where resource or capability for
detailed kinetic studies is constrained, a team can still make useful inferences based on
a mechanistic hypothesis, designing experiments that look to establish differences in
the driving forces behind activity and selectivity. Similar equity can be extracted by
consciously revisiting duty design and equipment requirements at intervals to ensure
decisions around manufacturing equipment selection are data-led. Building on the
knowledge of the surface chemistry, a reproducible and robust transfer between a
donor and receiving vessel, as part of a scaleup or facility transfer, requires consider-
ation around what can prevent reaction solutions in both setups from being in effect
saturated with hydrogen throughout their respective courses. It cannot be assumed
that the headspace pressure used in the lab will be fit for the pilot or production plant,
and that the reaction in the donor facility does not need to be slowed down as part of
its accommodation in the receiving facility. Answering these and other points around
process accommodation requires the physical characteristics of the manufacturing
facility to be considered alongside the kinetics on the catalyst surface, and we have
highlighted a number of heuristics to help with this. We have also sought to present a
balanced outlook on equipment selection, recognising that their flexibility ensures
stirred tank methodology continues to stand the test of time.
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Abstract

Bauxite waste (Red Mud) from Bintan Island Indonesia, Riau Archipelago, is used to
synthesize hierarchical ZSM-5. This book chapter discusses the preparation of a hierar-
chical ZSM-5 material as an adsorbent for methylene blue removal from water using the
hydrothermal method. The synthesis process involved two stages of crystallization: The
first stage was conducted at 80°C for 6, 9, and 24 h, followed by the second stage at 150°C
for 24 h. The findings revealed that hierarchical ZSM-5_6h possessed a high mesoporous
surface area and volume, measuring 734 m*/g and 0.58 cm®/g, respectively. The adsorp-
tion kinetics of hierarchical ZSM-5_6h on methylene blue adhered to a pseudo-first-order
model. The thermodynamic parameters, including AG®, AH®, and AS°, were — 2.69
kJmol ™% —4,04 kJmol % —5.38 kJmol %, 38.06 kjmol %, and 0.13 kJ/mol.K, respectively.

Keywords: adsorption, bauxite waste, methylene blue, hydrothermal method,
hierarchical ZSM-5

1. Introduction
1.1 Overview of Red Mud waste and its conversion into adsorbent materials

In today’s world development, industrialization is an important process that occurs
all over the world. This process is related to the large environmental impact related to
safe and appropriate waste disposal and waste management generated. One of the
wastes produced is Red Mud (RM) [1, 2]. RM is waste in the form of sludge which is a
by-product of bauxite ore processing. The bauxite ore processing process produces
1.0-1.8 tons of RM per ton of aluminum produced [3]. With the increasing world
demand for aluminum, the amount of RM produced as a by-product of aluminum
processing is increasing. The overall RM inventory is estimated to reach 4 billion tons
in 2019, with a production rate of 0.15 billion tons per year [4].

RM has high alkalinity, in dry form with a pH ranging from 10.5 to 12.5 [5]. Large
amounts of RM disposal cause environmental problems such as soil contamination,
groundwater pollution, and the formation of suspensions in the waters. The accumu-
lation of dry RM around bauxite processing plants also causes dust pollution, which is
also a serious health problem for the ecosystem [6]. To overcome the environmental
problems caused by the accumulation of RM, especially in wastewater, is to utilize RM
as a basic material for the synthesis of other materials that have utility.
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Several studies have been conducted by utilizing RM as a catalyst [7, 8], and the
basic material for making building materials [3, 9], inorganic substrates [10], the
development of dyes and paints [11], and as adsorbents, especially to overcome water
pollution problems [12-16].

Optimizing the use of RM as an adsorbent is carried out by converting it into other
materials that have a higher surface area such as mesoporous materials. Several
researchers have converted RM waste as a source of alumina and silica in the synthesis
of other materials such as mesoporous aluminate [17], mesoporous alumina [18], and
ZSM-5 hierarchical [19]. The most oxide compounds in RM are Fe,03, Al,03, and SiO,
[18]. The high content of Al,O5 and SiO, has the potential to be used as a precursor to
ZSM-5, while hematite (Fe,O3) must be separated first so as not to affect the purity of
the synthesis of aluminosilicate. Zinoveev et al. [20] developed a direct combustion
technology with sodium carbonate reduction then with magnetic separation of high
iron content in RM. The results obtained through this process are 90.87% iron, and the
total iron as a whole is 95.76% [20]. Microwave reduction method is used to extract
iron from iron minerals in RM [21, 22]. The study showed that the reduction of RM
with microwave at 1000°C for 10 min obtained an iron concentration of 48.5% and an
iron purity level of 95%. The separation of Fe,03 from RM has also been carried out by
Bahari et al. [18]. The separation is carried out based on physical properties where it is
known that the specific gravity of Fe,O3 is greater than that of Al,O3 and SiO,.
However, this separation method is ineffective because Fe,03 has not been completely
separated, so the alumina extraction process must be continued with a hydrometal-
lurgical method that requires chemical reagents (HCI and NaOH) in large quantities.
Another method that can be used to separate Fe,O; into the extraction of alumina and
silica from RM is by the alkali fusion method. The principle of alkali fusion reaction is
the reaction between alumina and silica with NaOH alkaline base at high temperature
(about 550-650°C). During the heating process, alumina and silica will fuse with
NaOH to form sodium aluminate and sodium silicate salts that are easily soluble in
water, making them easier to separate [23].

The extraction of alumina and silica by the alkali fusion method has been carried
out by Lin et al. [24] to extract alumina and silica from coal fly ash of power plants
and used to synthesize sodalite and silica. The optimum condition for silica extraction
from fly ash was 46.2% at a temperature of 95 "C for 3 h. Sodalite is synthesized at 200
°C for 1 hour. The silica produced has a purity of 98.8% [24]. Zhang et al. [25]
successfully synthesized magnetic zeolite from a mixture of RM and fly ash using the
alkali fusion method with NaOH (NaOH ratio: RM-fly ash 1.2) at a temperature of
600°C to extract alumina and silica from the mixture which was then continued by
hydrothermal method [25]. Padhi et al. [17] reported that Fe,O3 in RM Bintan Island
can be separated from Al,O3 and SiO, through alkali fusion reaction. The addition of
NaOH to the fusion alkali is carried out with a ratio of NaOH mass: RM 1:1 and heating
at a temperature of 600°C. Chen et al. [7] performed a heating temperature variation
to determine the temperature with the highest amount of Al,O3 and SiO, obtained
after the alkaline fusion of RM Bintan Island. The reported optimum temperature is
450°C [7]. Zhao et al. [19] also performed alkali fusion with a method that has been
optimized by Padhi et al. [17] and Chen et al. [7]. RM Bintan Island plus
NaOH (NaOH mass ratio: RM 1:1) and heated at 450°C for 2 h [19].

Temperature and crystallization time are important factors that can affect the
process of zeolite synthesis. Sun et al. [26] have synthesized ZSM-5 using hydrother-
mal methods and crystallization times ranging from 24 to 96 h at a temperature of 180
°C [26]. Aloui et al. [27] have successfully synthesized ZSM-5 from kaolin without
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organic templates directly. The variations in the crystallization time used were 12, 24,
48, and 72 h. About 24 h is the optimal time to obtain ZSM-5 crystals with high
crystallinity in the form of hexagons measuring 0.57-2.57 pm [27]. Aguirre-Cruz et al.
[28] succeeded in synthesizing ZSM-5 hierarchical from kaolin as a source of silica and
alumina, and silicate seeds were added as a structural director of ZSM-5 and CTAB as a
structural director of meso-sized pores. The ZSM-5 hierarchy was synthesized at a
crystallization temperature of 80; 127.5; and 175°C and the crystallization temperature
varied in crystallization time of 12, 24, and 48 h, respectively. The results showed that
samples with a crystallization time of 48 h at a temperature of 80°C had a high surface
area and mesopores [28].

In this study, the synthesis of zeolite ZSM-5 (Zeolite Socony Mobil-5) hierarchical
from RM has been carried out on Bintan Island, Riau Islands. The first stage of the
crystallization process uses a hydrothermal method at a temperature of 80°C with a
time variation of 6, 9, and 24 h. At this stage, mineralizing agents play an important
role in the formation of Si-O-Al bonds and produce clusters (ZSM-5 precursors) that
are nanocrystalline in size [29]. These nanoclusters will then undergo arrangement
into larger aggregates. The second stage is 150 °C for 24 h. The second crystallization
process is the crystallization stage of the formation of meso-sized pores where there is
an interaction between surfactants and aluminosilicate nanoparticles. The selection of
hierarchical ZSM-5 synthesis in this study is because the pore diameter of ZSM-5 is in
the range of 0.54-0.56 nm, where the pore size is too small and blocks the diffusion
process of large reactants on the active side of the catalyst [30]. Moreover, this
approach is taken because the uniform distribution of zeolite micropores influences
the selectivity in various reactions. However, it can also lead to diffusion constraints
when large molecules navigate through relatively narrow channels. Some active sites
are prevented from connecting reactants due to the limited diffusion process. As a
result, it is indispensable to develop new materials with meso-sized porosity. Several
solutions have been proposed to overcome the limitations of diffusion, one of which is
the synthesis of new zeolites with larger pores, such as the hierarchical ZSM-5 syn-
thesis, which modifies the pore structure in zeolite by adding a mesoporous structure
direction template [31] and also modifies the micro-pore ZSM-5 to ZSM-5 with hier-
archical pores that have combined pores between micro and meso so that reactants
with large sizes can enter the pores and be diffused in the active side of catalysts
(32, 33].

The technology of using adsorbents in overcoming water pollution problems has
many limitations, including the need for additional processes to separate adsorbates
from adsorbents and further handling of adsorbed pollutants [34-36]. This research is
the utilization of RM Bintan Island, Riau Islands, which is left to be wasted into the
environment. The waste is processed into zeolite (ZSM-5 hierarchy) by hydrothermal
method of two stages of crystallization at a temperature of 80°C at a time of 6, 9, and
24 h and a temperature of 150°C at a time of 24 h. Furthermore, an adsorption study
was carried out to test the activity of ZSM-5 hierarchical as an adsorbent so that it
could remove MB in water.

2. Synthesis and characterization of ZSM-5 hierarchy as blue methylene
adsorbent in water

This section contains a description of the RM preparation from Bintan Island, Riau
Islands, which is used for the synthesis of hierarchical ZSM-5 with the addition of
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CTAB surfactant as a meso-pore directing template, the organic compound tetrapro-
pyllammonium hydroxide (TPAOH) as the MFI structure director, and LUDOX as a
silica additive by hydrothermal method as well as the adsorption study of hierarchical
ZSM-5 as an MB adsorbent in water.

2.1 RM preparation and characterization

The RM used in this study came from Riau Island, Bintan Island, in the form of dry
chunks. The chunks are mashed with a mortar and then filtered with a 325-mesh sieve.
The sieving aims to ensure that the RM sample particles used have a uniform size and
to accelerate the reaction between RM and NaOH at the time of fusion reaction. Next,
the RM is dried at a temperature of 105°C, which aims to remove the water that is
physically bound to the RM. RM has a different compound content depending on the
region of origin of bauxite and its processing technique [37] so it is necessary to carry
out initial characterization to determine the phase and chemical composition of RM.
In this study, RM from Bintan Island was characterized by XRF, XRD, and FTIR
instrumentation. The composition of oxide compounds in RM is known from the
results of characterization with XRF instruments.

Based on the results of XRF analysis, the dominant compound content in RM used
in this study is iron oxide compounds (Fe;03), alumina (Al,O3), and silica (SiO;), and
the rest are minor compounds, namely TiO,, P,0s, K,0, CaO, CuO, V,0s, Cr,03,
Zr0,, MnO, ZnO, and PbO. The levels of compounds contained in RM Bintan Island
are shown in Table 1.

The mineral content of RM was also analyzed using XRD techniques. XRD patterns
are used to identify the minerals present in RM. RM generally contains minerals that
have not been dissolved in the Bayer process such as hematite (Fe,O3), goethite,
(FeOOH), gibsite (Al(OH)3), quartz (a-SiO;), anatase (p-TiO2), and baumit (y-AlO
(OH) [3].

Based on JCPDS and ICSD data, RM consisting of gibsite mixture (JCPDS 00—
007-0324) has a diffraction peak at 26 = (18.28; 20,31; 20,54; 36,59; 37.64°), buhmit

Oxide compounds Weight (%)
Fe,03 39.22
AlLO; 30.00
Sio, 25.70
TiO, 2.96
CaO 0.30
ZrO, 0.26
PbO 0.22
K,O 0.14
CuO 0.13
V20s 0.08
ZnO 0.04
Cr,05 0.03
Table 1.

RM composition from Bintan Island.
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Figure 1.

X—%:zly diffraction pattern from (a) RM waste, (b) alkaline fusion filtrate (FAF) and gibsite JCPDS data
®(00-007-0324), TiO, anatase ()(00-021-1272), buhmit W (00-021-1307), hematite d (00-033-664),
magnetite [] (00-019-0629), goethite 4 (01-075-5065), kuarsa & (00-046-1045) dan data ICSD
tsaregorodtsevite * (96-900-9561) dan polimorfis silika A (96-412-4034).

(JCPDS 00-021-1307), 26 = (38.38; 49.93; 49.21°), hematite (JCPDS 00-033-0664), 26 =
(24.14; 33.15; 35.61; 40,865 49,48; 54.90°), magnetite (JCPDS 00-019-0629), 26 = (30.91;
35.42; 43.04), goethite (JCPDS 01-075-5065), 20 = (21.27; 33,28; 34,74; 36.72°), quartz
(JCPDS 00-046-1045), 26 = (20.86; 26,64; 36,54; 39.47°), TiO, anatase (JCPDS 00-
021-1272), 26 = (25.28; 37.80; 48.05°), ICSD data for tsaregorodtsevite (96-900-9561),
20 = (19.84; 24.88°), and SiO, polymorphism (96-412-4034) 20 = (12.29°). The XRD
pattern of RM and the minerals present in RM are shown in Figure 1.

Characterization by FTIR spectroscopy was carried out to determine the functional
groups and types of bonds present in the RM sample. The infrared spectrum of RM is
shown in Figure 2. The FTIR RM spectrum shows the absorption bands of quartz and
hematite at wave numbers 999-1008, 549-540, and 462-468 cm " ([38]. The absorp-
tion band at the wave number of 960 cm ™" indicates the presence of Si-O bonds from
quartz. Furthermore, the presence of hematite absorption bands at wave numbers 559
and 479 cm " shows Fe?*-O,” bonds. The absorption bands that appear at wave
numbers 874, 712, and 628 cm ! indicate the presence of AP*-O,” bonds [39].

2.2 Alkaline fusion reaction of RM with NaOH

RM is a source of Al and Si required in the synthesis of zeolite materials because the
content of Al,O3 and SiO, is quite high. The main composition of RM besides Al,03
and SiO, is Fe,03. The Fe,O3 content in this study was even higher than the two
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Figure 2.
Spectra FTIR RM Bintan Island.

Oxide compounds Heavy (%)
AFF AFR
Fe,03 0.50 4511
ALO3 61.50 21.00
Sio, 20.50 28.20
TiO, — 3.147
Table 2.

XRF data comparing the composition of the main compounds FAF and RAF reactions.

compounds mentioned earlier. Bahari et al. [18] reported that Fe,O3 in RM

Bintan Island can be separated from Al,O3 and SiO, through an alkaline

fusion reaction. Alkaline fusion is a method used to separate Fe,O; in the extraction
of alumina and silica from RM [40]. In addition, it aims to decompose and activate the
SiO; and AL,O; components in RM into a form of salt that has higher solubility in
water.

The solids obtained from the alkali fusion filtrate process are characterized by
XRF. Table 2 shows the composition of the main compounds in the reaction of alkali
fusion filtrate (AFF) and alkali fusion residue (AFR). The high Fe,;O3 content in AFR
(45.11%) resulted in a brownish-red residual color compared to the RM color before
alkali fusion (39.22%), as reported by Gok et al. [41]. TiO, also only appears in the
results of XRF characterization of residues. This shows that the residue of the alkaline
fusion process has metal oxides that are difficult to dissolve in water under alkaline
conditions [42].

In this study, sodium hydroxide (NaOH) was used as an alkaline source.

NaOH functions as a mineralizer that can increase solubility by forming sodium
aluminate salts and sodium silicates [25].

Furthermore, the alkaline fusion method that has been optimized by Padhi et al.

[17] and Ramdhani et al. [43] is used for the alkaline fusion reaction of RM Bintan

178



Utiligation of Red Mud Waste as a Dye Adsorbent
DOI: http://dx.doi.org/10.5772 /intechopen.1010397

Island by adding NaOH (NaOH mass ratio: RM 1:1) and then heated at a temperature
of 450°C for 2h. The reaction that occurs during the alkaline fusion reaction between
SiO; and Al,O3 components with NaOH is as follows [44]:

2NaOH) + ALOs(s) — 2NaAlO) + Hy 0 M
2NaOHy) + SiO; (5) — 2Na;SiO3(5) + HyOg) )

Egs. (1) and (2) describe the process of alkaline fusion of Al,03, and SiO, reacts
with NaOH to form NaAlO, and Na,SiOj salts. This is shown in the FTIR spectrum of
the emergence of new absorption peaks at wave numbers of 870 and 1420 cm !
indicating the presence of sodium aluminate [45] and sodium silicate [46, 47]. Fur-
thermore, in the alkaline fusion process, there is no Fe-O bond, indicating that the
iron oxide in RM has been lost (Figure 3).

Kusumawardani et al. [48] reported that the salt produced from the alkali fusion
process can be dissolved in water, while iron oxide does not so that AFF will be
produced with the content of alumina and silica salts. This is in accordance with the
XRF results from the FAF where the Fe,05 content is small (0.50%) but has a large
Al O3 content (61.50%). The SiO, content in AFR is quite large (28.20%) compared to
the content in AFF (20.50%). This is suspected to be due to the concentration of
NaOH that is too low to dissolve all the SiO, and Al,O5 content in RM. Liu et al. [49]
reported that the solubility of SiO, and Al,O; increased along with the increase in the
concentration of NaOH used and the solubility of Al,O3 was greater than that of SiO,
in alkaline conditions [49]. XRF results show that the Al,O; content in AFF is greater
than the SiO, content [48].

Transmittance (%)
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Figure 3.
FTIR RM spectra after alkali fusion.
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2.3 Sintesis ZSM-5 hierarki dari RM

The hierarchical synthesis of ZSM-5 from AFF results from the alkaline fusion
process of RM, namely sodium aluminate-sodium silicate. Based on the results of XRF,
AFF sodium aluminate-sodium silicate obtained Al and Si levels of 61.5 and 20.5%,
respectively. The Al and Si content data were used to determine the molar ratio of the
ZSM-5 synthesis hierarchy. The hierarchical ZSM-5 synthesis in this study refers to
the synthesis method from the research of Nguyen et al. [50] and Zhao et al. [19],
which was modified using the hydrothermal method and then added CTAB from the
Gao et al.’s [51] research. The composition of the molar ratio used by Gao et al. [51]
and Zhao et al. [19] are 100SiO,: 2Al,03: 1800H,0: 20TPA. In this study, 1/500 of the
original ratio was used so that the composition of the molar ratio used was 0.2 SiO,:
0.004 AL,O3: 3.6 H,0: 0.04 TPA.

The Al content in AFF is more than the Si content. Therefore, Si is added from
other sources to meet the needs of Si to meet the desired composition of synthetic
molar (0.2 SiO,: 0.004 Al O3). This study uses colloidal silica (LUDOX) as a source of
silica. Other materials used are TPAOH as the MFI structure directing agent, CTAB as
the mesoporous structure directing agent, and DM aqua as the H,O source.

The process of synthesis of hierarchical ZSM-5 from RM Bintan Island Indonesia
began by weighing the AFF resulting from alkali fusion of 0.663 g and dissolved with
DM water of 24.668 mL in a polypropylene bottle. The hierarchical ZSM-5 synthesis
process requires a large amount of SiO,, while the SiO, content in the FAF from alkali
fusion is only 20.50%, so it is necessary to add SiO, from other sources. LUDOX is one
of the sources of SiO, that can be used in the synthesis process of ZSM-5 [51]. The
addition of LUDOX of 39.901 g was carried out after the FAF results from complete
dissolved alkali fusion and was done slowly and interspersed with the addition of DM
aqua so that clumps would not form. The mixture is stirred with a magnetic stirrer for
8 h at room temperature. This is done so that the particles are evenly distributed. The
role of DM fish is as a solvent to improve mixing and material transfer [52], change
the physical/chemical properties of reactants and products, and accelerate reactions
[53]. Furthermore, 20.337 g of TPAOH was added to the pp. bottle (gel mixture) and
stirred for 30 min at room temperature.

The hydrothermal process is carried out at a temperature of 80°C for 6 h. This
process occurs continuously, which begins with a condensation reaction and is
followed by polymerization of saturated solution to form Si-O-Al bonds. During the
hydrothermal process, an amorphous Si-O-Al bonding network containing water
occurs and produces nanocrystalline aluminosilicate clusters [54]. After the first stage
of the hydrothermal process is completed, the crystallization process is stopped by
cooling the reaction vessel (polypropylene bottle) using running water. This sudden
cooling is carried out to prevent the formation of perfect aluminosilicate crystals with
a larger size and smaller pore size [51]. This circumstance is avoided because it can
make it difficult to combine these particles in the mesoporous formation process,
which is assisted by the CTAB template in the next process. Mesoporous formation is
carried out by adding surfactants (CTABs) to the resulting white gel. CTAB (Molar
ratio SiO,/CTAB = 3.85) is added slowly, and the distiller is strong for 1 h. The stirring
gel mixture is transferred into the autoclave for a second stage of crystallization at 150
°C for 24 h through structural arrangement and micelle formation until mesopores are
formed in the solid. The same synthesis process is carried out for hydrothermal
processes at 80 °C for 9 and 24 h. The resulting solids are then washed with DM aqua
to pH neutral and dried at 60°C for 24 h to remove the moisture content. Drying is
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carried out at a low temperature so that the water comes out slowly so as not to
damage the mesoporous structure formed because the Si-O-Al skeleton is still very
fragile [55]. The solids formed are then calcined at a temperature of 550 °C for 1 hour
with a temperature increase of 2 °C/min using a stream of nitrogen gas so that the
decomposition of the template takes place slowly so as not to damage the skeletal
structure and strengthen the formation of brittle aluminosilicate (Si-O-Al) bonds [56].
It is then calcined at 550°C for 6 h in free air to remove organic templates (carbon)
and strengthen the Si-O-Al network. Melek et al. [57] stated that the CTAB decompo-
sition process takes place in three stages, namely the release of ammonia molecules at
200-320°C which is the result of partial decomposition of CTAB, the breaking of the
CTAB template structure at 320°C, and the removal of CTAB from the solid skeleton
at 395°C [57]. The calcinated solids were then characterized by XRD, FTIR, SEM-
EDX, and nitrogen adsorption-desorption.

2.4 Hierarchical ZSM-5 characterization
2.4.1 Characterigation by X-ray diffraction (XRD)

Characterization with XRD technique is based on a sample that has a crystalline
field. XRD characterization techniques are used to determine the crystalline phase,
crystal structure, and particle size of materials such as ceramics, polymers, compos-
ites, and other materials [58]. In this study, XRD analysis was carried out at an angle
of 20 between 5° and 50°. The peak diffraction characteristics of the commercial ZSM-
5 and the hierarchical ZSM-5 synthesized at 6, 9, and 24 h are shown in Figure 4.

(d)

(<)

Intensity (a.u.)

(b)

Figure 4.
XRD pattern of samples (a) commercial ZSM-5, and ZSM-5. Synthesis vesults: (b) ZSM-5_6 h, (c) ZSM-5_9 h,
and (d) ZSM-5_24 h.
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Intensity Sample Commercial ZSM-5
Top ©) 6h 9h 24h

7.9 774.41 773.83 1091.27 2374.61

8.8 510.87 563.97 560.93 1447.73

22.9 575.49 707 1071,12 1912.99

23.15 574 825 918 1009.32

23.29 353.61 559.12 603.21 1135.61

24.3 265.75 419 454 408.18

Total 2480.13 2721.92 4698.53 8488.44
Crystallinity 29.21 32.07 55.35 100.00

Relative (%)*

*Relative crystallinity is calculated from the sum of the highest source intensities of the sample compared to the sum of the
highest standard peak intensities.

Table 3.
Relative crystallinity of ZSM-5 hierarchy and commercial ZSM-5 standard.

The distinctive diffraction peaks of ZSM-5 with the MFI structure appeared at 7.9,
8.8, 22.9, 23.1, 23.9, and 24.3°, corresponding to the hydrothermal synthesis durations
of 6,9, and 24 h [59]. Relative crystallinity is calculated from the sum of the intensity
of each sample divided by the sum of the intensity of the standard [60]. The calcula-
tion of relative crystallinity is based on the six characteristic peaks of the ZSM-5. The
commercial ZSM-5 was chosen as the standard because it had the highest intensity
compared to other samples. Based on Table 3, it shows that the longer the crystalliza-
tion time and the higher the crystallization temperature, the crystallinity of the sample
will increase. The highest crystalline was shown in the ZSM-5_24 h sample, while the
lowest was the ZSM-5_6h sample, which was 55.35 and 29.21%, respectively. During
crystallization, the formation of zeolite from the solution phase to the solid phase
forms a Si-O-Al bond. The crystal growth process of ZSM-5 also occurs during the
crystallization process. The crystallinity will certainly continue to increase along with
the increase in the crystallization time because the ZSM-5 crystals that are formed will
also increase [61]. Therefore, the longer the crystallization time produces the intensity
and percentage of crystallinity of the ZSM-5 sample, the greater the percentage.

In Table 4, it shows the highest crystallinity of ZSM-5 formed at 24 h when
compared to the crystallinity at 6 and 9 h. This difference in intensity is expected to
occur. Variations in the number of crystal fields formed in each sample result in
different amounts of light reflected from the crystal planes. Samples with higher
reflectivity will produce greater intensity, leading to increased crystallinity in the
synthesized ZSM-5. Based on the results of XRD, the intensity value increases with
increasing crystallization time, indicating high crystal formation of ZSM-5. Further-
more, the ZSM-5 properties of the synthesized hierarchy of RM are shown in Table 4.

2.4.2 Characterigation by Fourier transform infraved (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a characterization technique
used to determine the functional groups present in a compound by utilizing the
vibration of the functional groups that are subjected to infrared radiation. According
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Figure 5.
FTIR spectra (a) commercial ZSM-5, (b) ZSM-5_6 h, (¢) ZSM-5_9 h, and (d) ZSM-5_24 h.

to Zhou et al. [62], FTIR can provide information in estimating the molecular struc-
ture and functional groups of compounds in the characterized solids [62]. In this
study, characterization with FTIR technique was used to determine the peak of char-
acterization of ZSM-5.

The results of the hierarchical ZSM-5 synthesis in Figure 5 show that the presence of
T-O-T bending vibrations (T is an Al or Si atom) appears at a wave number of 450 cm ™/,
while the absorption bands of 798 and 1100 cm ™" are vibrations related to sensitive
external tetrahedral structures (external symmetrical tendrial vibrations) and sensitive
internal tetrahedral structures of the TO, asymmetric longitudinal vibration model.

These absorption peaks are insensitive to changes in tetrahedral structure in ZSM-5
[63]. The absorption band of 540 cm ! arises due to the vibration of the MFI’s typical
pentacil double ring, which shows the characteristics of MFI-type zeolite pentacils. The
absorption band of 1220 cm ™~ shows an asymmetrical tensive vibration model of T-O-T
(tetrahedral, TO,) that is sensitive to structural changes from tetrahedral external vibra-
tions. Based on Figure 5, it can be concluded that the intensity increases with the increase
of crystallization time, resulting in the formation of a high crystal structure of ZSM-5 [64].

2.4.3 N, adsorption

The nitrogen adsorption-desorption technique is a technique used to determine the
distribution of pore size and specific surface area of a solid. The techniques used for
hierarchical materials are BET and BJH. The BET (Sggr) method is used to determine the
specific surface area, while the BJH method is used to determine the pore size distribution.

The adsorption-desorption isotherm N, in Figure 6 shows the isotherm of the
sample ZSM-5 at the variation in crystallization time. Rapid adsorption of N; at
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Figure 6.

N, adsorption-desorption isotherm (a) and NLDFT pore size distribution of all synthesized samples. The dashed
line at 2 nm indicates the boundary of micropores and mesopores (b), the pore size distribution of NLDFT for
interparticle mesopores (P/P, = 0.9-1.0) (c).

relatively low pressure (P/P0) is characteristic of micropore adsorption (type I) and
occurs in all samples. An increase in adsorption at a relatively high pressure (P/P0)
indicates the presence of mesoporous adsorption (Type IV).

The ZSM-5_6h sample exhibited N, adsorption at a high relative pressure (P/Py) of
0.3-0.9, followed sequentially by ZSM-5_9h and ZSM-5_24h. The findings indicated
that shorter crystallization times resulted in ZSM-5 with higher mesoporosity. The
appearance of a hysteresis loop, indicating nitrogen molecule adsorption in small
quantities, was observed at a relative pressure (P/P) starting from 0.3 in both ZSM-
5_6 h and ZSM-5_9 h samples. This indicates the occurrence of condensation in the
intra-particle mesopores [65, 66]. Meanwhile, the hysteresis loop that occurs in ZSM-
5_24 h is a high number at a relative pressure of P/P0O = 0.9-1.0 indicating the
formation of inter-particle mesopores in the structure of ZSM-5 [65, 66].

The volume of mesopores and surface area decreased with the length of crystalliza-
tion time so that the formation of ZSM-5 hierarchical in the zeolite structure decreased
[67]. Figure 6b shows the distribution of ZSM-5 pore size obtained from the crystalli-
zation time data, calculated using the non-local density functional theory (NLDFT)
method, and then shown in Table 4. All ZSM-5 samples showed a micropore distribu-
tion of ~1.18-1.24 nm; however, the pore volume increased for the ZSM-5_6 h synthe-
sized in a shorter time. The presence of intra-particle mesopores is shown to be between
2.5 and 4.0 nm. High N, adsorption volumes are present at ZSM-5_6 h, as well as at
ZSM-5_9 h and ZSM-5_24 h. In Figure 6c, the pore size distribution in the inter-particle
mesopores is calculated at P/Py = 0.9-1.0 using the NLDFT method. Furthermore, the
volume uptake of N, is reduced in large pores, so that the inter-particle pores in the
ZSM-5 structure are lower than those of intra-particle pores. These results prove the
effect of crystallization time on the formation of hierarchical ZSM-5 from RM waste.

2.4.4 Morphological analysis using SEM and TEM

SEM characterization is used to determine the surface morphology of solid
samples. The morphology and particle size of the sample were observed by
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Figure 7.
SEM micrograph of (a) ZSM-5_6 h, (b) ZSM-5_9 h, (c) ZSM- 5_24 h. Size distribution of ZSM-5 particles
produced at hydrothermal time (d) 6 h, (¢) 9 h, and () 24 h.

scanning electron microscopy (SEM). The samples of ZSM-5_6 h, ZSM-5_9 h,
and ZSM-5_24 h were tested with SEM to determine the effect of crystallization
time on the morphology of solids, as mentioned in Section 2.4.1 each sample
had a difference in crystallinity based on the XRD results of 29.21; 32.07;

and 55.35%.

In general, the morphology of the three ZSM-5 samples of the microcrystalline
hierarchy is cubic (Figure 7a-c). Irregular aggregates are dispersed on the surface of
the cube microcrystalline at ZSM-5_6 h and ZSM-5_9 h. The increase in crystalline
occurs because of an increase in the number of irregular particles present in the
sample. These irregular particles are amorphous aluminosilicate particles that arise as
a result of the reaction between alumina and silica [68]. This is in accordance with the
XRD analysis data in Table 4 showing that a longer crystallization time will increase
the crystallinity of the ZSM-5 hierarchy. The histogram of the particle size distribution
is shown in Figure 7d-f.

The particle sizes of ZSM-5_6 h, ZSM-5_9 h, and ZSM-5_24 h were 2.12, 3.52,
and 2.68 pm, respectively. HRTEM analysis was employed to examine the
morphology of ZSM-5_6 h and confirm the presence of mesopores. Figure 8 shows
the presence of intra-particle pores that appear in lighter areas of the dark plane.
Furthermore, the formation of inter-particle porosity was observed from the interac-
tion of ZSM-5 crystals forming pores with a diameter of ~31.4 and 51.5 nm. The
results are in accordance with the data obtained from the N, adsorption-desorption
analysis.
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Figure 8.
TEM analysis of ZSM-5_6 h samples.

2.5 MB adsorption on ZSM-5 hierarchy

MB adsorption was carried out with RM, ZSM-5_6 h, ZSM-5_9 h, and ZSM-5_24 h
to explain the effect of microporosity on MB adsorption efficiency. The adsorbents
used were 2.5, 5, 10, and 15 mg, while the concentration of MB solution used was
20 mgL " shown in Figure 9.

A significant difference in the percentage of MB removal occurred in the number
of adsorbents of 2.5 mg with ZSM-5_6 h showing the highest MB removal of 80%,
followed by ZSM-5_9 h (68%) and ZSM-5_24 h (48%), while adsorption with RM
only showed MB removal of 5%. An increase in the number of adsorbents to 5 mg led
to an increase in MB removal efficiency to 95% at ZSM-5_6 h and ZSM-5_9 h, while
for ZSM-5_24 h showed MB removal of 70%.
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Figure 9.
Initial experiment of MB adsorption on RM and ZSM-s5 hierarchy.
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MB adsorption by RM increases with an increase in the amount of RM used during
the adsorption process by 15 mg to obtain MB removal of up to 60%. In general, a
large adsorbent surface area provides more adsorption side for MB. At a low number
of adsorbents, the ZSM-5_6 h with its large surface area and mesoporous volume
increases MB adsorption due to the availability of many active sides for MB adsorp-
tion. However, the binding of the number of adsorbents did not show a significant
mesopore effect because the number of available adsorption sides was offset by the
number of adsorbents.

2.5.1 Effect of contact time and initial concentration of MB on adsorption

The effect of the initial dye concentration on adsorption capacity was performed
with a mass of 5 mg for a ZSM-5_6 h sample and the concentration of MB 20, 25, 30,
and 35 mgL " solution are as illustrated in Figure 10, and the use of a 20 mg/L MB
solution results in rapid adsorption, reaching equilibrium within 5 minutes. Higher
MB concentrations lead to an increased adsorption capacity, achieving equilibrium at
30 minutes. These findings indicate that adsorption occurs swiftly at low MB concen-
trations due to interactions on the external surface of ZSM-5. As the MB concentration
rises, MB molecules diffuse into the ZSM-5 hierarchy, eventually saturating the exter-
nal surface. The repulsion between adsorbed MB molecules and those in the solution
may contribute to the longer equilibrium time. However, the thrust of the high
concentration of MB solution overcomes the restriction of mass transfer between the
MB solution phase and the adsorbent solid. The existence of mesopore in ZSM-5_6h
with a diameter of 3 nm, allows the diffusion of MB molecules into the pores, which
leads to an increase in adsorption capacity at high concentrations.
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Figure 10.
Effect of initial concentration on MB adsorption using ZSM-5_6 h.
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Effect of temperature on MB adsorption using ZSM-5_6 h adsorbent.

2.5.2 Temperature influence

The influence of MB solution temperature during the adsorption process causes an
increase in kinetics and adsorption capacity. The adsorption process of MB 20 mgL "
solution at ZSM-5_6 h hierarchical is determined at temperatures of 30, 40, and 50°C.
The adsorption process is also determined at 5, 10, 20, 30, and 60 min with a constant
stirring speed of 2000 rpm. The adsorption capacity increases with increasing
adsorption temperature as shown in Figure 11.

In general, MB adsorption in adsorbent solids reaches equilibrium when the
adsorbent surface is covered with a single layer of MB. Elevated temperatures enhance
adsorption capacity by strengthening the electrostatic interactions between MB and
ZSM-5. Water molecules also engage in dipole-dipole interactions with ZSM-5, poten-
tially occupying adsorption sites. Additionally, higher temperatures reduce adsorbate-
solvent interactions, leading to stronger intermolecular forces between adsorbent
particles. Conversely, at lower temperatures, electrostatic interactions between MB
and ZSM-5 cause water molecules to adhere to the adsorption side. The increase in
adsorption capacity at high temperatures indicates that the MB adsorption process is
endothermic.

2.6 Isothermal adsorption

The adsorption of dyes in zeolite materials is an adsorption mechanism that occurs
on the surface of the material. It needs to be observed experimentally to see the
phenomenon of adsorption isotherms (adsorption at constant temperatures). Adsorp-
tion isothermal studies can describe how adsorbates interact with absorbents. The
isotherm describes the relationship between dye concentration in the solution and the
amount of dye adsorbed on the solid phase when equilibrium is achieved between the
two phases.
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Figure 12.
Isothermal adsorption ZSM-5_6 clock using model isotherms: Langmuir, Freundlich, and Temkin.

Adsorption isotherms were evaluated using the Langmuir, Freundlich, and Temkin
models to illustrate the mechanism of MB adsorption onto ZSM-5, as presented in
Figure 12.

According to Langmuir’s isotherm, adsorption involves the formation of a mono-
layer on the surface, assuming no interaction occurs between adsorbate molecules.
The Freundlich isotherm, commonly used for heterogeneous solid catalysts, provides
a mathematical model for multilayer adsorption. Meanwhile, the Temkin isotherm
describes adsorption in heterogeneous systems by assuming that the heat of adsorp-
tion decreases linearly over a broad range due to interactions between adsorbent and
adsorbate, with adsorption-binding energies uniformly distributed [69].

The non-linear equations of the Langmuir, Freundlich, and Temkin models [70]
are shown in the Egs. (3)-(5):

o QtI<LCe
Q= 1+ K.C, 3)
Q, = Kx(C,)"" (4)
Q, =BInKr +BlnC, (5)

where Ce (mg L") represents the concentration of MB at equilibrium, while Qe

(mg g~ ') denotes the amount of MB adsorbed at equilibrium. Qe (mg g~ ) is the
maximum adsorption capacity based on the Langmuir model, with KL (L mg™") as the
Langmuir constant. The Freundlich model uses KF (mg g~*) (mg L") "™ as a con-
stant and n as a dimensionless parameter reflecting adsorption intensity. Meanwhile,
KT (L mgfl) represents the Temkin constant KT (L mgfl), and B (RT/bT, Lmol %) is
Temkin’s constant with respect to adsorption heat/heat.

The MB adsorption isotherms at ZSM-5_6 h were analyzed using the Langmuir
model (Eq. (3)) and the Freundlich model (Eq. (4)). Isothermal adsorption was
observed at temperatures of 30, 40, and 50°C. The results of the adsorption isothermal
analysis of MB at ZSM-5_6 h are shown in Table 5.
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Isotherm model Parameter Value
Langmuir Qu, (mg/g) 270.27
K, (L/mg) 0.008
Ry, rata-rata 0.867
RSME 0.042
Freundlich n (mg/g) (L/mg) in 1.090
Kg ((mg g ™) (mg L™H)™")) 2.246
RMSE 0.093
Temkin B (L/mol) 23.438
KF ((mg g ") (mg L™H)™)) 0.310
RMSE 7.597

Table 5.

Isothermal model parameters for MB adsorption at ZSM-5_6 h.

Table 5 also displays all the parameters that have been calculated from the
isotherm model. The root mean square error (RMSE) value of Langmuir is 0.042,
which is lower than the RMSE value of Freundlich and Temkin. These results
show that MB adsorption at ZSM-5_6 h conforms to the Langmuir isotherm model
with a maximum adsorption capacity of 270.27 mg g~ ". Based on the Langmuir
model, the adsorption of MB onto the ZSM-5 surface occurs through the formation
of a monolayer. The adsorption properties of MB in ZSM-5 using the Langmuir
model can also be presented with a separation factor (RL) calculated according
to Eq. (6):

1

RL=—
L=+ KiLCos.4

(6)

The mean separation factor (RL) determined has a value between 0 and 1
which indicates that the adsorption properties of the Langmuir model are pre-
ferred [71].

2.7 Kinetika adsorpsi

Adsorption kinetics were determined by using Lagergren’s kinetic model for
pseudo-first order (Figure 13a,c) and pseudo-second order (Figure 13b,d). These two
kinetic models are expressed in non-linear and linear shapes following Egs. (7) and (8)
[72] and linear following Egs. (9) and (10) [73] as follows:

Q =Q.(1-e™) 7)
n(Q,—Q,)=mQ, — kit (8)
. Q€2 kot
=T Qe ®)
t 1 t
o R TQ 4o
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Figure 13.

Pseudo-order (a,c), MB adsorption kinetics on ZSM-5 pseudo second order (b,d), fitting non-linear (a, b), fitting
linear (c, d).

where K1 (min ) is the rate constant of the pseudo-first order and K2 (g mg{1 mint)
is the rate constant of the pseudo-second order.
The MB adsorption kinetics on the ZSM-5_6 h are shown in Figure 13.
Figure 13(b,d) shows that the MB adsorption kinetics on the ZSM-5_6 h follow a -
pseudo-second-order model. The Qe value calculated from the pseudo-second
order corresponds to the experimental Qe compared to the Qe calculated by
the pseudo-first order. All parameters of adsorption kinetics are shown in
Table 6.

2.8 Adsorption thermodynamics

Thermodynamic parameters such as the equilibrium distribution constant (Kd) is
used to determine the entropy change (AS°), enthalpy change (AH®), and Gibbs free
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C, Q. exp Pseudo-order Pseudo second order
(mg/L) (mg/g) ks a R k, Q R
(min™1) (mg/g) (g.mg’1 min 1) (mg/g)
20 32.32 -0.31 10.81 0.87 0.50 32.36 1.00
25 42.40 —0.16 21.07 0.84 0.07 42.01 0.99
30 44.87 -0.20 32.29 0.96 0.02 45.45 0.99
35 48.09 -0.10 21.29 0.60 0.01 48.54 0.99
Table 6.

Kinetic parameters for the pseudo-first order and pseudo-second-order models of MB adsorption on ZSM-5_6 h.

T AG® AH® AS°
(K) (kJ mol %) (kJ mol 1) (kJ /mol. K)
303 —2.69 38.06 0.13
313 —4.04
323 —5.38
Table 7.

Thermodynamic parameters for MB dye adsorption at ZSM-5_6 h at a standard temperature of 298 K.

energy change (AG®). Kd is calculated using Eq. (11) based on adsorption at varying
temperatures. Cads,e (mgL ") refers to the concentration of MB adsorbed at equilib-
rium and Ce (mgL ") is the concentration of MB in solution at equilibrium. The slope
and intercept values of the Ln Kd graph to 1/T are used to calculate the values of AG®
Eq. (12) and AH° Eq. (13), and AS® is calculated by Eq. (14).

Cad,e

Ky = 11
1=, (11)
AG° AH? — ToAS®  AS®  AH°
InKgqo = — =— 0 =_ _— (12)
RTO RTO R RTO
K, —AHy[1 1
In|—%| = R 1
" L@J R {T To] (13
AG® = AH® — TyAS° (14)

The calculated thermodynamic parameters can be seen in Table 7 showing negative
values of AG ° with increasing temperature, indicating that MB adsorption on ZSM-5 is
a spontaneous process [74].

The positive AH® value of +38.06 kJ/mol confirms that MB adsorption onto ZSM-5
is an endothermic process, favoring higher temperatures to enhance adsorption
capacity. The entropy change (AS°) was determined to be +0.13 kJ/mol. K shows an
increase in freedom from adsorbed specimens during surface adsorption [75]. The
value of entropy change was very low which indicated that there was no significant
change in the resulting entropy [76, 77].

193



Adsorption — Fundamental Mechanisms and Applications

3. Conclusion

In this study, the hierarchical ZSM-5 was successfully synthesized from Red Mud
(RM) waste obtained from Bintan Island, Indonesia. The synthesis process involves an
alkaline fusion method to extract Al,O3 and SiO,, followed by a two-stage hydrother-
mal crystallization process. The characterization results confirm the formation of
hierarchical ZSM-5 with a combination of micropore and mesopori structures, which
significantly increase its adsorption capacity. XRD analysis showed that the synthe-
sized ZSM-5 showed well-defined crystallinity, while FTIR spectroscopy confirmed
the presence of a key functional group typical of ZSM-5.

The adsorption performance of ZSM-5 hierarchically was evaluated for the
removal of methylene blue dye (MB). Among the synthesized samples, ZSM-5_6 h
showed the highest adsorption efficiency, eliminating up to 95% MB at a 5 mg adsor-
bent dose. The adsorption process follows the Langmuir isothermal model, showing
the mechanism of monolayer adsorption. Kinetic studies show that adsorption follows
a second-order pseudo-order model, implying chemisorption as the dominant inter-
action. Furthermore, thermodynamic analysis revealed that the adsorption process is
spontaneous and endothermic, with increased efficiency at higher temperatures.

The findings of this study highlight the potential utilization of RM waste as a raw
material for the synthesis of hierarchical ZSM-5, which can function as an efficient
adsorbent for wastewater treatment. This approach not only provides an effective
method to reduce RM waste but also contributes to sustainable environmental man-
agement. Future research should focus on optimizing the synthesis conditions to
further increase adsorption capacity and explore the potential for regeneration of
synthesized materials for long-term applications.
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