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Abstract

Currently, one of the main damages caused to the environment is related to the un-
controlled disposal of chemical products into bodies of water, causing harmful effects
on aquatic life and human health. Some examples of these substances are dyes, phar-
maceuticals, metal ions (arsenic, lead, etc.), and pesticides; all of which are difficult
to break down and are toxic in high concentrations. In response to this problem, this
work developed and characterized macadamia nutshell-based activated carbon for the
removal of amoxicillin and methylene blue from a binary solution in an aqueous system.

On the one hand, amoxicillin is an antibiotic used to treat bacterial infections and
on the other hand, methylene blue is a cationic dye widely used in the textile industry.
Both contaminants are already present in water efluents and in high concentrations
could be dangerous to maintain a healthy life. This mixture may give an approach
to the adsorption processes in a real context to treat wastewater that is composed of
multiple components of different nature.

In this sense, activated carbons were produced through a Box Behnken experimen-
tal design, using macadamia nutshell as precursor. Different conditions of activation
temperature, time, and potassium carbonate (K2CO3): precursor ratio were proved.
The resulting activated carbon was employed in binary adsorption process to remove
cationic methylene blue dye, and anionic molecule of amoxicillin. The experimental
conditions tested varying the pH (2 - 12), initial concentration of binary solution (50,
100, 200, 400, 600 and 800 mg/L, relation 1:1 between both pollutants), adsorbent
dosage (0.1-0.3 g), temperature (30, 40 and 50 °C), and time (0-24 h).

The activation conditions tailored topology, functional groups, and morphology of the
activated carbon. It was found that the optimum activation conditions were 900 °C,
for 1 h and K2COj3: precursor ratio of 2:1 (Run 2). This sample shows an appreciably
high surface area BET of 1225 m?/g, pore volume of 0.81 m?/g, and a nanopore size
of 0.46 nm.

The results of binary adsorption revealed that the Run 2 could reach a maximum
experimental adsorption capacity of 788.305 mg/g, having better affinity to adsorb
the methylene blue contaminant. Evaluated isotherm models demonstrates that Khan
isotherm best describes the affinity of the binary solution to Run 2. The pseudo-
order second kinetic model best describes the data, which means that the adsorption
mechanism was purely chemisorption. The interparticle diffusion test revealed that the
adsorbent produced fast adsorption behavior at the initial process; additionally, these
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results mostly showed two stages of adsorption.

Likewise, four activated carbon regeneration methods were tested, being the one elab-
orated with ethanol and sodium hydroxide the one that showed the best performance
throughout the regeneration cycles to which it was subjected. However, most of the
textural properties of the original activated carbon sample were modified.
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Chapter 1

Introduction

The earth has been subject to numerous changes and natural phenomena necessary to
maintain safe life, however, in the last few years, this dynamics have been disrupted
due to environmental problems and other factors. Anthropogenic activities, increasing
population growth and increasing industrialization are the primary factors that have
disturbed the earth environmental balance. The damages inflicted due to excessive use
and discharge of uncontrolled chemical substances (1) affects the aqua bodies, which
have an adverse effects on aquatic life and humans (2).

The Guidelines for Quality Drinking-Water published in 2022 by the World Health
Organization indicated that the common illnesses caused by consuming or being in
contact with polluted water are diarrhoea, cholera, hemolytic uremic syndrome, can-
cer, hepatitis, and gastroenteritis, among others (3). According to the World Health
Statistics 2022 published by the same institution, more than a quarter of the global
population had problems accessing safely managed drinking water services in 2020, i.e.
about two billion people. Furthermore, only 54% of the global population has access to
good sanitation services, which means that the water used by the rest of society suffers
from untreated excreta disposal (4).

The aforementioned water pollution is mainly provoked by excreta disposal, discharges
of oils and fats, microorganisms (bacteria, viruses, and fungi), toxic and radioactive el-
ements, and another common pollutant classified as emerging pollutants, which include
dyes, pharmaceuticals, hormones, pesticides, heavy metals, polycyclic aromatic hydro-
carbons, and industrial additives, among other sources (5). The treatment or discharge
of these contaminants is often not properly regulated; therefore, they are considered a
threat to life and the quality of the water (6, 7).

In view of this alarming panorama, drinking water scarcity has become an immense
problem, making its purification one of the greatest environmental challenges of recent
decades. Currently, some of the wastewater remediation technologies implemented are:
activated sludge, chemical precipitation, ozonation, ion exchange, anaerobic digestion,
filtration, and adsorption, etc (8, 9). The selection of the appropriate wastewater reme-
diation technology for this purpose will depend on the characteristics of the wastewater
to be treated because each method has its own properties such as viability, efficiency,
environmental impact, sludge production, operation difficulty, pretreatment require-




1. INTRODUCTION

ments, and the formation of toxic by-products (9).

In this respect, adsorption is a surface exothermic process where the molecules of a
compound in a gaseous or liquid state are accumulated on an adsorbent surface. This
process can occur in two ways: physical adsorption, also called physisorption, and
chemical adsorption, also known as chemisorption (10). Therefore, one of the most
avant-garde technologies at present is the implementation of wastewater treatment
with materials that have high adsorption capacity, high surface area and large porosity
(11, 12, 13).

Wastewater treatment via adsorption using activated carbon (especially for metals,
pharmaceutical compounds, and dyes) is considered a very efficient, and high regener-
ation capacity technique. However, production of activated carbon is energy-intensive.
The adsorption capacity of activated carbons strongly depends on several factors such
as pH, concentration of the contaminant to be removed, particle size of activated car-
bon, temperature of activation, contact time, agitation speed with the contaminant,
and the nature and type of precursor (6). Similarly, the particular textural characteris-
tics in terms of surface area and pore distribution, and functional groups present on the
surface of the activated carbon could determine the adsorption efficiency, depending on
the polarity of the pollutants to be absorbed.

Currently, several solid wastes have been deployed as a sustainable precursors to pro-
duce activated carbons. These solid residues include animal waste, lignocellulosic
biomass, and, in certain cases, sewage sludge. However, the resulting carbonaceous
materials are frequently evaluated under ideal conditions, considering one pollutant
and letting aside the main problem to be solved, which is removing multiple pollutants.
This makes even more sense when the water’s composition is analysed because typically
it contains a variety of pollutants from industrial, untreated agricultural, and municipal
sources (14).

Hence, this thesis project focuses on the production of activated carbon to be ap-
plied as adsorbent using macadamia nutshells as an abundant lignocellulosic precursor.
The produced adsorbent was tested in water treatment of emerging pollutants using
two pollutant models namely antibiotics (amoxicillin) and dyes (methylene blue) as a
binary solution in a single adsorption. Critical analysis to understand the structural-
performance relationship of the produced activated carbon were conducted. The effects
of pH, temperature, pollutant concentration, contact time, adsorption process’s kinet-
ics, isotherm models fitting, and thermodynamics were examined. The reusability of
the produced activated carbon was tested using four different methods to regenerate
the saturated activated carbon.




1.1 Objectives

1.1 Objectives

1.1.1 General

To develop, and characterize activated carbon from macadamia nutshell for removal of
amoxicillin and methylene blue from aqueous solution.

1.1.2 Specific

e To produce activated carbons from macadamia nutshell through chemical activa-
tion technique using KoCOg3 as activating agent.

e To characterize the best adsorbent obtained from experimental design and estab-
lish the adsorbent structure-performance relationship for removal of amoxicillin
and methylene blue.

e To analyze the effect of the activation factors and optimize the influencing pa-
rameters using Box Behnken design.

e To elucidate the adsorption behavior and mechanism using thermodynamic, ki-
netics, and isotherm models.

e To evaluate the reusability of the activated carbon using four different regenera-
tion techniques.

1.2 Thesis structure

This thesis is made up of six chapters, which contain all the essential information and
methods followed to ensure the fulfilment of the objectives mentioned above.

Chapter 2 provides a general review of previous studies and additional information
that addresses multipollutant adsorption, the usage of macadamia nutshell as a pre-
cursor, and the relevance of the threat to the selected pollutant. Chapter 3 presents
a literature review of different concepts and technical information about activated car-
bon, adsorption processes using this material, the effect of each factor (such as pH,
time, and temperature, among others) on the response variable, and its regeneration.
Chapter 4 focuses on describing all the methods and techniques used to produce the
macadamia nutshell activated carbon and gives details of the adsorption mechanism
and the regeneration of the activated carbon. Chapter 5 presents the obtained re-
sults, emphasizing the binary solution removal effectiveness according to the different
conditions under which activated carbon was produced and the conditions to which
adsorption was subjected. Finally, Chapter 6 includes highlights from the thesis work
and conclusions.







Chapter 2

Background

Activated carbon is characterised by its porosity, high surface area, and chemical struc-
ture, which allows it to present different behaviours depending on the environment in
which it is employed (15). These characteristics could be changed according to the
precursor, activating agent, and the method employed to produce them. In this sense,
activated carbon is produced using various thermochemical processes such as pyrolysis,
hydrothermal processes, and gasification in the absence of oxygen (6).

This material is used for more than just wastewater remediation; its properties make it
suitable for use in energy storage devices, hydrogen storage devices, soil improvements,
pharmaceuticals, food, and odour purifiers, among other things (16). In the last decade,
the global production of activated carbon has increased by 5.5% (17). Additionally, it
was estimated that its market was valued at $3.43 billion USD in 2021, which shows how
important and useful this material is (18). Generally, for commercial purposes, coal,
wood, peat, lignite, coconut shell, lignin, petroleum coke, and synthetic high polymers
are mainly used as activated carbon precursors, since all of them are rich in carbon (19).

At present, the production and use of activated carbon as an adsorbent have increased
significantly (16). Investigations about activated carbon have introduced new materials
as precursors and a diversity of options for how these materials can be doped, with the
aim of improving their adsorption capacity and ability to work in different media.

Hence, lignocellulosic biomass is also distinguished by its abundance and viability for
implementation from an economic viewpoint and in terms of food safety. In this sense,
the activated carbon produced from this type of precursor is characterised by high
chemical and physical stability (20). Through the use of lignocellulosic materials, it
is possible to reduce organic waste and obtain another reusable material, in this case,
activated carbon. For this reason, in this work, the production of activated carbon
from the macadamia nutshell is proposed, which is considered a residual resource. As
an activated carbon precursor, this biomass has not been extensively studied, especially
as an amoxicillin adsorbent.

Amoxicillin (C16H19N3O5S) is an anionic pharmaceutical compound derived from the
B-lactam antibiotics of the penicillin class. This antibiotic is widely used in human
and veterinary medicine to treat bacterial infections (21). Amoxicillin and amoxi-
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cillin/clavulanic acid have been shown to be commonly used drugs around the world,
according to the Word Health Organization (WHO) (22), which is why these antibi-
otics can be identified as a component of the industrial route as well as a compound
in urine and feces (23). A study revealed that about 86+8% of consumed amoxicillin
by humans is excreted in the urine (24). A significant amount of amoxicillin could be
able to produce important health effects such as stomach-ache, skin irritation, diarrhea,
antibiotic resistant, nausea, among other symptoms (25).

Also, methylene blue (C16H15CIN3S) is a cationic dye commonly used in the textile
industry and employed for medical and veterinary purposes (26, 27). Huge concen-
tration of this compound might affect the enhancement of heart rate, skin irritation,
vomiting, headaches, and contamination of the water (28). As previously stated, an
anionic (amoxicillin) and a cationic (methylene blue) contaminant were used in this the-
sis project to investigate competitive adsorption phenomena when the activated carbon
comes into contact with pollutants with different polarities. Some previous works fo-
cused on the study of the removal of multi-polluted water using activated carbon made
from a renewable resource, such as lignocellulosic biomass.

Hence, working with a mixture of contaminants as multipollutant adsorbate repre-
sents the real scenario encountered in treatment plants. Also, it poses an important
challenge to the researchers to describe the adsorption processes and contemplate the
variables that affect adsorption behaviour and kinetics. The study of the behaviour
of a mixture of two pollutants (also known as binary pollutants) and activated carbon
could be the start of this material’s transition to improve its capacities for the entire
wastewater treatment process.

In this context, Yiying et al. (29) used avocado seeds to produce activated carbon
for the removal of p-cresol and ammonium as a binary solute. The activated carbon
was produced via chemical activation with 70% methanesulfonic acid as the activating
agent in a 0.8 acid-biomass ratio for 17 h. The resulting material was dried at 95 °C
and carbonised at 700 °C for 1.5 h. Their results showed that a maximum adsorption
capacities of 87.79 mg/g and 3.393 mg/g for p-cresol and ammonium, respectively could
be achieved using their activated carbon.

Chan et al. (30), for their part, conducted chemically activated carbon production
using an acid activating agent (H3POy4) and waste bamboo scaffolding as precursors to
carry out chemical activation, in a ratio of 2.41, respectively. The impregnated material
was heated in two steps: the first one for 2 hours at 150 °C and then for 4 hours at
600 °C. As a final step, they wash this new adsorbent material and taste it with Basic
Yellow 11 and Maxilon Red 200%, the first of them presents better adsorption affinity
with this activated carbon.

Benhabiles and Rida (31), produced activated carbon from sawdust with NaOH to




conduct the chemical activation. Their main objectives were to know how the influence
of time, temperature, and ratio during the activation process influence on the final
structure of activated carbon and its behaviour in adsorption with a binary mixture
composed of erythrosine and methylene blue. Their best material was made with a 1:1
impregnation ratio at 85 °C in 2 h. As a result, they reported adsorption values of 72
mg/g for methylene blue and 65 mg/g for erythrosine in a binary system.

Only a few studies have used macadamia nutshell as a precursor to produce activated
carbon, and it was never used to adsorb more than one pollutant. For instance, Martins
et al. (32) prepared and characterized activated carbon from macadamia nutshells with
NaOH as an activating agent for tetracycline adsorption. They reached a maximum
adsorption capacity of 455.33 mg/g.

Wongcharee et al. (33), on the other hand, used a doping of activated carbon and
zeolite produced through physical activation (using COg as an activated agent) from
macadamia nutshell to adsorb methylene blue, with the best removal relationship ob-
tained in this study being 97 mg/g. According to other related work developed by the
same research group (34), they prepared mesoporous activated carbons by carbon diox-
ide activation to adsorb methylene blue, yielding a material with a removal capacity of
134.69 mg/g.

Dao et al. (35), investigated the use of macadamia nutshell as an absorbent mate-
rial for wastewater treatment, employing HoSO4 and KoCOg3 as activating agents to
remove methylene blue from water.

Hence, this thesis work intends to show and at the same time bring valuable infor-
mation together about current challenges in the removal of binary pollutants using
activated carbon prepared from macadamia nutshell, focusing on absorbent character-
istics, modifications, and some drawbacks inherent. Additionally, to look at the entire
problem, this thesis also considers the regeneration of the activated carbons previously
saturated with a binary solution through four different ways that result in different ef-
ficiencies and textural and chemical modifications, among other phenomena to analyse.







Chapter 3

State of the art

3.1 Lignocellulosic biomass

Lignocellulosic biomass residues are organic materials that are part of or comes from
flora, which do not represent a threat to the food sector, and it is abundant (36). The
purpose of using lignocellulosic materials is to provide a correct CO2 balance. In other
words, CO9 emissions during production and use must be equal to COy consumption
during plant life (37).

Today, the use of these materials is important in the industry because it is possible
to reduce organic wastes and greenhouse gases emissions while also obtaining products
such as chemicals, biofuels, and other value-added products (38). This type of biomass
includes grasses, soft and hard woods, and, as well, any type of agricultural waste and
certain industrial wastes.

Lignocellulosic biomass is mainly composed of lignin (10-25%), cellulose (35-50%),
and hemicellulose (20-35%). Also, there are other compounds in lesser proportion such
as extractives, ash, proteins, etc. (39). The proportions of these compounds vary de-
pending on the lignocellulosic resource and could influence the structure and properties
of activated carbon.

Lignin is a highly cross-linked aromatic polymer mainly composed of phenylpropane
units. The principal building blocks of lignin are p-coumaryl, coniferyl, and sinapyl
alcohols (Figure 3.1). All these units are linked by ether bonds, carbon-carbon bonds,
and ester bonds, the first of which constitute 60%-70% of the total linkages, being the
most common of this specie 5-O-4 linkage (40). Lignin’s primary function is to pro-
vide structure, strength, protection from environmental factors (such as sunlight, bliz-
zards, and snowfall), and resistance to biological attacks, among other things (41, 42).
As an isolated component, lignin is used to produce vanillin, dispersant, emulsifier,
fertilizers, and herbicides, etc. Research is primarily focused on developing energy,
macromolecules, and aromatic compounds (43).
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Figure 3.1: Precursors of lignin. From left to right: sinapyl alcohol, coniferyl alcohol y

p-coumaryl alcohol.

Cellulose is the most abundant polymer in nature, mainly composed of D-gluco-
pyranose units linked through -1,4-glycosidic bonds (44). Its general formula is repre-
sented by (CgH1905), (Figure 3.2), and its polymerization degree is between 9000 and
10,000 Da. This polysaccharide could form hydrogen bonds because of the existence
of hydroxyl bonds in the glucose molecules (C6, C2, and C3), which promote the con-
struction of the structure from chains onto a fiber (45, 46). These cellulose microfibrils
are primarily wrapped by other biopolymers such as lignin and hemicellulose, resulting
in the complex structure of lignocellulosic biomass, which presents a challenge when
attempting to isolate any of these components (47, 48).

OH HO
O HO

HO O
OH OH

Figure 3.2: Chemical structure of cellulose.

Hemicellulose, is a short chain polymer mainly composed of heterogeneous monomers
with amorphous structure (hexoses and pentoses), among them, it is possible to find
xilose, manose, arabinose, galactose and glucose (Figure 3.3); additionally, it is possible
to find acetyl groups and glucuronic acid (49). Hemicelluloses xyloglucan chains are the
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most abudant in biomass, they are represented in almost 20-30% of the forest biomass
and approximately 50% on the grass biomass (41).

This component of the biomass connects with the cellulose structure through Van der
Waals forces and hydrogen bonds (50). Hemicellulose is usually required for the pro-
duction of cosmetics, biofuels, xilitol, and sugar conversion processes (i.e., fermentation
processes), to name a few (51).

OH HO
o) o) o)
HO HO HO oH
HO OH H@OH HO OH
OH OH
p-D-glucosa B-D-xilosa B-D-manosa
HO
Ho ~OH 0
0 HO
HO OH
OH on °

a-L-arabinosa
o-D-galactosa

Figure 3.3: General structures of hemicellulose.

3.1.1 Macadamia nutshell generalities

Macadamia integrifolia is a native tree that originated in New South Wales and Queens-
land, Australia. The macadamia nut tree was given its scientific name in recognition
of an Australian scientist, John McAdam (52, 53). The macadamia nut tree can grow
up to 15 metres tall and 6 to 12 metres in diameter. Its fruit ripens 6 to 7 months
after flowering; the complete fruit (seed, husk, and shell) measure between 2.6 and 5
cm in diameter (54, 55). In industry, 60% of this product is mainly used in cosmetics
or medications, and the remaining 40% is destined for the food industry (55).

The worldwide production of macadamia nuts registered in 2019 was about 60,057 met-
ric tonnes (on a kernel basis), with South Africa (29%), Australia (22%), and Kenya
(12%) being the principal producers (56). More recently, data from 2021 show that the
production on the same scale was around 369,491 tons (57). In Mexico, however, the
production of this crop reached approximately 32,205.77 tons, with Puebla, Veracruz,
and Chiapas being the main Mexican states producers (58).

11
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Considering that the shell constitutes a third part of the complete fruit, the statistics
mentioned above could highlight the large quantity of macadamia nut residue obtained
(53). The macadamia nutshell (Figure 3.4) is made up of two layers: the internal one
is softer and more flexible, which protects the fruit, while the external one is extremely
hard and hydrophobic, with a thickness that oscillates between 1.5 mm and 5 mm (59).
The macadamia nutshell is employed as feed livestock, the production of various sorts
of plastics, as well as for covering nurseries, fuel, and composting (60).

Figure 3.4: Macadamia nutshell biomass.

3.2 Lignocellulosic biomass to produce activated carbon

Biomass transformation is an important step that must be taken in order to obtain
materials with specific properties or to benefit from some biomass components over
others. Biomass conversion can be classified into biological (digestion, fermentation)
and thermochemical process (hydrothermal processing, pyrolysis and gasification), the
main goal of this treatment is to transform the original biomass into chemicals and
solid, liquid and gas fuels (40).

In this sense, pyrolysis promotes the thermal degradation of biomass at high tem-
peratures (typically between 300 and 1200 °C), and in the absence of oxidising agents,
the decomposition of the biomass occurs due to the material’s unstable chemical bonds
(61). Pyrolysis could provide three products in different aggregation stages: solids
(such as charcoal, biochar, and ashes), liquids (typically tars, heavier hydrocarbons,
and water), and gases (CO2, H2O, CO, CoHa, CoHy, CoHg, and CgHg) (62, 63).

12
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Additionally, pyrolysis may occur as slow pyrolysis (carbonization and torrefaction)
or fast pyrolysis (flash and ultrarapid). The selection of the method to carry out de-
pends totally on the results to be achieved (64). Thus, the principal product obtained
from slow pyrolysis is charcoal, or char. Flash pyrolysis is used to produce bio-oil,
chemicals, and gases. Ultrarapid is mainly used to obtain gases and chemicals (65).
The main characteristics of each type of pyrolysis are described in the Table 3.1 showed

below.
Table 3.1: Pyrolysis characteristics classification.
Pyrolysis technique Time Temperature range (°C) Heating rate (°C min™!) Ref.
Torrefaction 30-120 min 200 - 300 <50 (66)
Carbonization Hours/days >400 <80 (67)
Ultrarapid <0.5s 1000 >60,000 (68, 69)
Flash <ls 800 — 1000 >30,000 (68, 70)

Currently, it is well known that biomass composition influences the activated carbon
characteristics and yield in a thermochemical process. In other words, during pyrol-
ysis, each component of lignocellulosic biomass reacts differently (71). This is due to
the thermal stability of the main components of lignocellulosic biomass. For example,
lignin is a biopolymer whose decomposition occurs between 200 °C and ~ 1000 °C
(72); similarly, hemicellulose decomposes in the range of 200-350 °C (73), and cellulose
degrades between 250 and 370 °C (74).

Besides, during the pyrolysis, linkages present in lignin structures such as 3-O-4 could
be easily broken at relatively low temperatures (200-250 °C, in this case), promoting
the formation of the carbon-like characteristic solid structure. The decomposition of
cellulose depends on the temperature: at low temperatures, it turns into anhydrocel-
lulose which promotes a high carbon content, while at high temperatures, it turns into
volatile products (40, 75). Hemicellulose, is mainly converted into volatile products
(17).

The production of activated carbon also includes the activation process, apart from
pyrolysis (carbonization). In this sense, the pyrolysis promotes the construction of
the elemental carbonaceous structure and by applying the activation stage, the pore
features are improved (76). Activation could happen mainly by physical or chemical
activation; however, physicochemical and microwave-assisted activation are also applied
but to a lesser extent.

Carbonization and activation by separate stages are included in physical activation,
which means that the biomass must be carbonised (400-700 °C) in an inert atmosphere
before pyrolysis (800-1100 °C) with an oxidising agent such as steam, air, or CO2. On

13
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the other hand, using chemical activation makes it possible to carry out carbonization
and activation at the same time using chemicals as activating agents (NaOH, KOH,
ZnCly, and H3PO4) and applying temperatures between 400 to 1000 °C (77, 78).

The conditions applied to produce activated carbon determine its characteristics (such
as pore size and volume, surface area, chemical inertness, and stability), regardless of
the properties of the biomass. In this sense, these activated carbon properties depend
directly on the biomass particle size, temperature, activated agent proportion, and
heating rate used during the thermochemical process (pyrolysis, in this case) (79). It
is critical to consider these factors in order to obtain materials that are more suitable
for final application, such as adsorption.

For instance, the pore size distribution and volume mostly depend on the activating
agent, which describes the affinity between the pollutants and emphasises the mecha-
nism of competition in a multi-pollutant system. Similarly, the biomass particle size
determined the surface area of activated carbon; hence, the adsorption efficiency is
higher when the particle size is smaller (71).

3.3 Adsorption

Three main elements describe the adsorption processes: adsorbent, adsorbate, and
medium. Adsorbents are materials with a high volume and surface area that can re-
move interest compounds from a given medium through processes that occur only on
their surface. In simple terms, adsorption is defined as the mass transfer of an adsor-
bate from a specific medium onto the surface of an adsorbent (80). The most important
applications of this technique are to remove pollutants from the air and for wastewater
treatment.

The nature of the interactions that occurs between adsorbate-adsorbent define their
mechanism, which can be categorized as chemical adsorption (or chemisorption) and
physical adsorption (or physisorption) (81). Chemisorption is characterised by the for-
mation of strong bonds as a consequence of electron exchange or transfer between the
adsorbate and the surface site. Usually, this involves ionic or covalent bonds. In this
type of adsorption, the adsorbate forms a monolayer on the adsorbent, requires a high
energy (40 to 800 kJ/mol), and is stable at high temperatures. All of these character-
istics imposes difficulty in the desorption process.

On the other hand, attraction forces between the adsorbate and the adsorbent de-
fined as the physisorption process is due to electrostatic forces, hydrogen bonding, Van
der Waals, or dipole—dipole forces. Usually, it requires a low adsorption energy (5 to 40
kJ/mol) and reaches stability at low temperatures, which permits an easily reversible
desorption (80, 82).
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3.3.1 Adsorption kinetics

Understanding the adsorption kinetics (Figure 3.5) could help to obtain information
about the adsorption rate, data from the conditions where equilibrium is reached, the
adsorbent behaviour, and especially to describe mass transfer mechanisms. The ad-
sorption kinetics includes principally four steps: bulk phase, external diffusion, internal
diffusion, and adsorption of adsorbate on active sites (83, 84).

First, in the bulk phase, the adsorbate atoms approach the surface of the adsorbent.
Then, in the external diffusion, the transference between the liquid phase and the
surface of the adsorbent initiates. After that, in the internal diffusion, the textural
characteristics of the adsorbent play a very important role. In this step, the adsorbate
diffuses into the pores or surface of the adsorbent. The last stage considers the adsorp-
tion mechanism; depending on how the adsorbate and the adsorbent interact, it could
be chemisorption or physisorption (85, 86).

— IfAdsorbate
.| Bulk phase
Adsorbent dsorption ' 7 j o
Active e (= _Ex_te_rr_lal diffusion
e |_Internal diffusion

Figure 3.5: Adsorption kinetics steps.

Typically, pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and Weber-
Morris intraparticle diffusion models are used to help to describe and identify the ad-
sorption mechanism of a particular experiment. All of them have different physical
meanings, and their interpretation depends on how well they fit the experimental data
provided. To test the already mentioned fits, it is important to prove the correla-
tion through multiple error calculations such as the coefficient of determination (R?),
average relative error (ARE), and root-mean-square error (RMSE), among others.
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3.3.1.1 Pseudo-first-order (PFO)

In 1898, Lagergren proposed this model, especially for solid-liquid systems. His work
considers that the adsorption rate is proportional to the difference between the free ac-
tive sites and the saturation concentration (87). The pseudo-first-order kinetics model
assumes that the adsorption is governed by a non-reversible reaction where only ad-
sorbent features are responsible for the process, that is, discarding the adsorbate-ion
interaction influence (88). The Lagergren pseudo-first-order model could also be suit-
able for overdose solution experiments (89) and provide an adequate model for the
initial adsorption phase (90). Usually, this model is related to physisorption adsorption
mechanisms.

Starting from a differential equation, it is possible to find all the variables that con-
trol the adsorption, which include the amounts of the adsorbate adsorbed, taking into
account the time and also an equilibrium rate constant. The equation of this model
could be consulted in next chapter (Equation 4.5). The already mentioned variables
are mostly founded on the linearization of the equation; however, many authors have
observed that errors could be propagated through this methodology (91).

3.3.1.2 Pseudo-second-order (PSO)

The model was proposed in 1995 by Ho and is suitable for low-concentrated solutions
(92). It assumes that the mechanism involved is clearly chemisorption and that its
adsorption capacity primarily depends on the chemical characteristics of the adsorbent
(i.e., functional groups) (80). According to the literature, this fitting could be capable
of being adapted during all steps of the adsorption processes, and through the calcu-
lations, it is possible to obtain all the parameters of the equation, in contrast to the
pseudo-first-order model (86).

The pseudo-second-order kinetics model is developed to establish a proportionality
between the adsorption rate and the adsorption capacity (91). In this sense, the al-
ready mentioned model plays an important role in adsorbing dyes, metal ions, oils, and
organic substances, all of which are diluted in water (83).

3.3.1.3 Elovich

This model was developed by Zeldowitsch in 1934; his experiment consisted of describ-
ing the behaviour between carbon monoxide and manganese dioxide (93). According
to the nature of the Elovich experiment, his model could lend validation to a pseudo-
second-order model while assuming chemisorption as the principal adsorption mecha-
nism. Also, the model considers an heterogeneous adsorbent surface in terms of energy
and states that the adsorbate concentration decreases exponentially as a function of the
increment in the amount adsorbed (94). Usually, the Elovich model is widely applied to
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the adsorption of gases, metal ions, organic pollutants, and to the removal of pollutants
in aqueous solutions (85).

3.3.1.4 'Weber-Morris intraparticle diffusion

Diffusion models are another way to describe adsorption kinetic processes, which, in
contrast with the traditional models (PFO, PSO, and Elovich), are based on mass con-
servation principles and kinetics laws. As a result, using diffusion models eliminates
the experiment’s specific conditions, such as initial adsorption rate, desorption rate,
and equilibrium adsorption rate. The previously mentioned assumption establishes di-
rect knowledge of the kinetics of the adsorption phenomenon itself as well as the mass
transfer process between adsorbate and adsorbent (95, 96).

At the same time, diffusion models could be divided into internal and external dif-
fusion; the Weber-Morris model is part of the first group. Internal diffusion models
indicate that this step is the slowest part of the adsorption (85). In this sense, the
Weber-Morris model is described through a nonlinear equation (Equation 4.8) that
clearly represents the multiple factors that may influence the adsorption rate (86).

3.3.2 Adsorption isotherms models

Adsorption isotherms are mathematical models that describe how pollutants interact
with the adsorbent material. These models provide information about the maximum
adsorption rate, describe the adsorption pathways, and, more importantly, provide more
understandable knowledge about how to optimise adsorption process (85, 97). The
adsorption isotherms come essentially from experimental data performed at constant
temperature and pH. Its mathematical formulation starts by assuming that adsorption
and desorption rates reach equilibrium and also takes into account the thermodynamic
parameters (98).

Adsorption isotherms may be classified as functions of the parameters to be found
using their own equations. There are two to five parameters, and multilayer physisorp-
tion isotherms. In practice, it is common to use more than one isotherm model for
a single experiment with the aim of abstracting all the possible physical correlation
meanings (97). The Langmuir, Freundlich, and Temkin models are commonly used to
describe adsorption processes. However, the use of these models can vary according to
the experimental characteristics.

3.3.2.1 Langmuir isotherm model

The Langmuir (1916) isotherm is one of the earliest developed isotherm models and
is currently widely used to describe the adsorption of pollutants in aqueous solutions.
Originally, this model was developed to describe a gas-solid system, assuming ideal
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behaviour of both the adsorbent and the adsorbate (99). Its mathematical formulation
considers monolayer coverage on a homogeneous surface; that is to say, the adsorption
only happens onto definite and located active sites: one molecule is adsorbed to only
one active site (97). Furthermore, the model ignores lateral interactions from adsorbed
molecules and also assumes that the adsorption energy is constant (100).

The Langmuir model has two constants: one of them represents the maximum ad-
sorption capacity, and the other one describes the surface properties of the adsorbent
(affinity constant). To get all of these parameters, it is often necessary to use the
linearization of the original equation. There are at least four ways to linearize the
Langmuir equation, but all cases may lead to errors (101). Currently, a significant
quantity of isotherm models are inspired by and founded on the Langmuir isotherm,
among which we can find Jovanovich, Koble—Corrigan, Marczewski—Jaroniec, Baudu,
Brouers—Sotolongo, and Khan, just to name a few. All of the models already mentioned
are characterised by the ability to modify and improve the description of the adsorption
processes (102).

3.3.2.2 Freundlich isotherm model

Contrary to the main assumptions that govern the adsorption process described by
Langmuir, the Freundlich isotherm model is designed for multilayer systems adsorbed
on heterogeneous active sites (103). The model was developed by Freundlich in 1906,
to describe animal charcoal adsorption. In this experiment, it was observed that the
adsorption was not constant when the ratio of adsorbent to adsorbate was modified
(104). Due to its nature, the Freundlich model was the earliest to describe a non-ideal
and reversible case of adsorption. Even more, the model declares that the active sites
of the adsorbent have different energies (heat), but the entropy remains constant for
all of them (91).

Through their mathematical parameters, the equation provides knowledge about the
heterogeneity of the active sites, the energy distribution of the adsorbent, and the sur-
face coverage (98). The Freundlich model is widely used to describe the adsorption
of organic compounds, dyes, and heavy metals on activated carbon (105). Otherwise,
some of the limitations of the Freundlich model consist in its impossibility to give the
correct interpretation of the adsorption mechanism at a molecular level, in addition
to the propagation of errors caused by the logarithmic function intrinsic to the model
equation (91).

3.3.2.3 Khan isotherm model

The Khan isotherm was a mathematical model developed in 1996 that included sin-
gularities from the Langmuir and Freundlich isotherms (106). In their work, Khan et
al. used experimental adsorption data from the literature to propose a reliable method
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capable of describing the adsorption of multi-component and organic solutes using acti-
vated carbon as an adsorbent. With this context, this model is considered appropriate
to describe adsorption systems in which pure solutions (bi-adsorbate) are involved (102).

Also, Khan is categorized as a 3-parameter isotherm model, which allows showing
the influence of the experimental conditions while reducing the propagation of errors
in aqueous adsorption systems (107). The Khan parameters include the maximum ad-
sorption capacity of the specific experiment, the Khan constant, and the exponent of
Khan, which could determine the relationship degree to the Langmuir or Freundlich
isotherms (108).

3.4 Factors that influence adsorption processes

As mentioned in previous sections, several factors can influence the adsorption behav-
ior of activated carbon, including pyrolysis and adsorption conditions, as well as the
adsorbate with which it comes into contact. More specifically, these factors may in-
fluence the textural (surface area and pore structure), chemical (functional group and
elemental composition), and behavioral properties of the activated carbon.

Characterization methods exist that can analyze and inform about the properties of
a specific activated carbon. Through these methods, it is possible to understand and
enhance the adsorbent attributes. In this sense, scanning electron microscopy (SEM)
provides micrographs of the textural morphology of the adsorbent; on the other hand,
fourier transmission infrared spectroscopy (FTIR) gives us information about the func-
tional groups of the analyzed materials; and physisorption equipment provides surface
area and pore size distribution data using the nitrogen cryogenic properties (109). In
the following sections, there is an overview of the variety of features that may affect
the efficiency of adsorption processes.

3.4.1 Activated carbon properties

Textural and chemical surface properties of activated carbon are defined as a result of
the intrinsic properties of the biomass and the conditions under which it was produced.
From this perspective, the chemical properties of the activated carbon are linked to
its surface functional groups, which impact the porous properties of the adsorbent, the
surface charges, and the adsorption characteristics (110). These functional groups re-
sult from the union between the heteroatoms (hydrogen, oxygen, sulfur, phosphorus,
nitrogen, etc.) and the activated carbon structure, which results in their main function-
alities: carboxyl, carbonyl, phenols, lactones, and quinones, among others (111). Thus,
its classification depends on the nature of the heteroatoms present in the adsorbent,
which are divided into oxygen-containing, nitrogen-containing, and sulfur-containing
functional groups (112).
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Despite the fact that the functionalities may improve the adsorption in many cases,
it can happen the opposite in others. This means that the adsorbate may not always
be compatible with the functional groups of activated carbon. In this sense, pH is an
external factor associated with the experimental conditions that has the potential to
change the behavior of the functional groups (113). Currently, there are some modifica-
tion methods that help to improve the adsorption properties throughout the functional
groups of the activated carbon, which are: oxidation, nitrogenation, sulfuration, am-
monification, among others (114).

On the other hand, textural properties mainly result from the activation stage of the
activated carbon, which may happen in a chemical or physical way. In this sense, these
textural characteristics are associated with the specific surface area, pore volume, and
size distribution. Usually, high values in a specific area enhance the adsorption capac-
ity level because, in this way, the probability of accessing more active sites is increased
(115).

These active sites are related to the pore structure of the adsorbent (Figure 3.6), which
is classified as micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm).
The micropores make up the majority (< 90%) of these adsorption sites (116). Fur-
thermore, the literature indicates that carrying out chemical activation is most likely
to obtain microporosity as the principal textural characteristic (71). Mesoporosity, for
its part, works as a transition stage that permits the access (slowly) of the adsorbate
to micropores, and macropores, aside from being the ones that contribute the most to
the pore volume, are the ones that let the adsorbate enter quickly to the active sites
(117).

Macropore

Mesopore

Micropore

Figure 3.6: Pore classification according to the size.
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3.4.2 Adsorption experimental conditions

It is critical to examine the experimental conditions in order to improve the adsorbent-
adsorbate interactions, which reflect the degree of removal. These conditions include
pH solution, temperature, pollutant concentration, and contact time. Thus, pH of
solutions play an important role in controlling the electrostatic forces between adsor-
bent and adsorbate by regulating the charge on the surface of the adsorbent. The pH
could interact with the heteroatoms and change the functionalities presented on the
adsorbent (82). In addition, by using the pH of the point of zero charge (pH,..), it is
possible to determine the charges (positive or negative) on the surface as a function of
pH. The value of the pH,.. establishes the pH, where the positive and negative charges
are balanced, which means there is a neutral charge (118).

Otherwise, controlling the temperature along the experiment affects the mobility of
the adsorbate molecules in the solution to be adsorbed; as a consequence, a high tem-
perature level promotes the diffusion of the adsorbate throughout all the adsorption
steps (119). However, increasing the temperature of the adsorption process has an up-
per limit; passing over this peak causes a decrease in the effectiveness of the adsorption
(120). In other words, temperature regulates the adsorption rate and removal percent-
age.

Contact time is also an important parameter to be regulated in adsorption experi-
ments. Studying this factor helps determine the minimum time required for adsorbate
and adsorbent to reach equilibrium (120). The contact time could vary depending on
the adsorbent characteristics (chemical and textural) (121). On the other hand, the
initial concentration of the adsorbate is extremely related to the contact time; that
is, as the initial adsorbate concentration increases, so does the contact time with the
adsorbent (31). At the same time, control the initial concentration of the pollutant and
determine the removal capacity of the adsorbent.

3.5 Regeneration

After using activated carbon in various adsorption methods, the spent carbon could
be discarded or recovered through regeneration and reactivation (122). Particularly,
to regenerate saturated activated carbon, there are different methods to achieve that.
The most common are thermal regeneration, wet air oxidation, solvent regeneration,
and chemical regeneration; however, there are also microwave-assisted, electrochemical,
and biological methods, which are less commonly used (123).

The appropriate regeneration technique is determined by the adsorption mechanism ob-
served during the experimental behaviour of a specific activated carbon species, namely
chemisorption or physisorption. It is remarkable that adsorption behaviour is affected
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by adsorbate qualities and adsorbate affinity (6). Table 3.2 summarizes some of the
previously mentioned regeneration methods’ characteristics.

Table 3.2: Common activated carbon regeneration methods.

Regeneration Reagents em- Time of reac- Temperature Reference
technique ployed tion range
Thermal  re- Inert  atmo- 20-60 min Three stages: (124)
generation sphere (Nag, 1) 200 °C,
COq, etc.) 2) 400-600
°C and 3)
800-1000 °C
Wet air oxida- Oz or air 2-4h. 125-320 °C (125, 126)
tion stream
Solvent regen- Methanol or >1h 30-50 °C (6)
eration acetone
Chemical re- HCI, HySOy4, >1h Room temper- (127, 128)
generation HNO3, NaOH, ature
H209

In this thesis project, chemical and solvent regeneration was used because these
methods have not been widely used and according to the literature they cause less
damage to the porous structure. Chemical regeneration is one of the most used meth-
ods for regeneration of spent activated carbon. This method, as its name suggests,
involves the employment of chemical reagents that interact with the adsorbate and
either change its composition or influence equilibrium adsorption, which in both cir-
cumstances allows the promotion of desorption (129, 130).

The level of regeneration attained with this method is highly dependent on the acid-
base or redox reactions produced by the adsorbate affinity with the chemicals employed
(131). Chemical regeneration has a number of advantages over other approaches, in-
cluding lower mass losses, and on the other hand, the adsorbate may be recovered using
some separation techniques (132). Furthermore, the use of this technique promotes the
modification of activated carbon’s textural properties, i.e., the increase of surface area
and the formation of new pores (122).
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On the other hand, solvent regeneration promotes the alteration of the electrostatic
structure built between the adsorbent and the adsorbate so that the hydrogen bonds
and 7 —7 bonds may be affected, thereby promoting the desorption (133). This method
is frequently used to treat wastewater, particularly wastewater that contains metal ions
(134). Some advantages of solvent regeneration fall under the category of easy recovery
(both adsorbate and solvent). The process is quicker than others and the textural

properties are unchanged; additionally, the temperature employed is generally below
100 °C (135).
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Chapter 4

Methodology

The present thesis work focused on the use of macadamia nutshell (MNS) as a lig-
nocellulosic precursor to produce activated carbon (AC). The carbonaceous material
was produced through the employment of a 3*¥ Box-Behnken experimental design with
K2COs as activating agent. From the resulting material, each sample produced was se-
lected as a function of the yield and removal percentage. The removal percentage was
tested with a solution composed of two emerging pollutants: amoxicillin (drug) and
methylene blue (dye), also known in this work as a binary solution (BS). The effects of
temperature, pH, contact time, initial concentration of adsorbate, and activated carbon
dosage were evaluated. The textural and chemical analysis of the surface of the selected
sample was performed.

Additionally, the experimental data was modelled using kinetics models, eight isotherm
models, and thermodynamics for a better understanding of the behavior of the process.
Finally, four techniques were employed to regenerate the saturated activated carbon,
which are classified as chemical and solvent regeneration. Figure 4.1 shows a graphical
abstract, which includes the steps already mentioned. The procedures and approaches
used for this thesis project are described in detail in the following sections, along with
information on the equipment, supplies, and reagents used.

Binary somﬁ
(AMX+ MB)

Before

Figure 4.1: Graphical abstract.
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4. METHODOLOGY

4.1 Activated carbon production

To evaluate the effects of activation factors on the textural-morphological characteris-
tics of the activated carbon and their resulting adsorption properties, a Box-Behnken
experimental design was used. The factors contemplated to be evaluated were the
K2COg:precursor ratio (x1), the activation temperature (x2), and the time of the pro-
cess (x3). In Table 4.1, the complete experimental design conditions are specified.

Table 4.1: Levels of experimental factors in Box-Behnken design.

Levels KoCOg:Precursor (x1) Temperature, °C (x2) Activation time, h (x3)
High (+1) 3:1 900 2
Medium (0) 2:1 800 1.5
Low (-1) 1:1 700 1

The Box-Behnken experimental design prevents material and reagent waste while
also allowing for their examination under milder conditions. In this sense, the facto-
rial 3% design results on fifteen experimental runs, three of them correspond to central
points with which the reproducibility and consistency of the data obtained can be cor-
related.

Chemical activation was used to produce activated carbon in accordance with the ex-
perimental design specifications. To do that, 20 g of crushed macadamia nutshells were
impregnated with KoCOg3 in a weight ratio ranging from 1:1 to 1:3 (KoCOg:precursor)
and diluted in 200 mL of deionized water at 85 °C for 4 h under vigorous stirring. After
that, the impregnated macadamia nutsell were dried in an oven at 105 °C overnight to
remove excess moisture.

The activation process was carried out in an electrical tubular furnace (Linderberg
Blue M) under an N atmosphere flux of 100 mL/min at the temperature specified by
the experimental design (700-900 °C), maintaining a heating rate of 20 °C/min, and a
residence time of 1-2 h (Figure 4.2). The resulting carbonaceous material was washed
using 1M HCI and then deionized water. The purpose of this step was to remove all
the impurities and leave the pores available to carry out the adsorption. The washing
process was extended until the sample reached a neutral pH and then dried it in an
oven at 105 °C for 24 h. With each sample ready, the yield of the activated carbon was
calculated using Equation 4.1.

MNSAC(g)
MNS(g)

where MNS represents the macadamia nutshell lignocellulosic biomass and MNSAC is
the amount of activated carbon obtained from each experiment. It is worth mentioning

Yield(%) = x 100 (4.1)
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4.2 Activated carbon characterization

that the results obtained from the activated carbon yield were analyzed using the
ANOVA analysis model with a confidence level of 0.05. All of this concerns the factors
included in the experimental design.

N2 input Electric
1 resistance

Lumina o
cover

|

Gas trap

Stainless steel tube

Figure 4.2: Tubular furnace used to activate the impregnated biomass.

4.2 Activated carbon characterization

The characterization of activated carbon was done to understand its intrinsic prop-
erties. To achieve this goal, the carbonaceous samples with the best behavior were
characterized using a Scanning Electron Microscopy (SEM) S-5500 (Hitachi) model
series. With this equipment, it was possible to obtain information about the morphol-
ogy of the samples, which were analyzed at different magnifications from 15000X to
50000X. In the same way, energy dispersive X-ray spectroscopy (Bruker) (integrated in
the SEM) was also used to achieve the elemental analysis.

Additionally, Fourier transform infrared spectroscopy FTIR (Nicolet iS50), was imple-
mented to evaluate the functional groups associated with the adsorbent. The analysis
was run in the wavelength range from 4000 cm™' to 400 cm™!. Furthermore, the tex-
tural characterisitics were elucidated using the nitrogen physisorption isotherm at 77
K. This procedure required the use of Nova 2200e Quantachrome equipment to de-
termine the specific surface area, which was calculated using Brunner-Emmett-Teller
(BET) and Density Functional Theory (QS-DFT) models, by using the NovaWin®)
software.
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4. METHODOLOGY

4.3 Calibration curves

For elaboration of the BS calibration curve, it was necessary to carry out previous stud-
ies of MB and AMX individually throughout the entire absorbance range allowed by
the measurement instrument. Based on this information, it was possible to detect that
MB had a high absorbance level at ~664 nm and emitted a small signal in the higher
absorbance range of AMX (~230 nm). Faced with this scenario, in order to obtain the
correct quantification of BS, the absorbance at 230 and 664 nm was measured, taking
into account adding equal amounts of both AMX and MB. Thus, it was easier to obtain
a signal equivalent to the known concentrations of each compound in the BS.

In general, absorbance measurements of AMX and MB (individually) are indispens-
able for the detection and identification of signals throughout the absorbance range.
Likewise, measurements of the BS with AMX and MB at equal concentrations were
useful for the quantification of these compounds, taking into account the interferences.
The resulting calibration curves are shown in Figure A.1.

4.4 Batch adsorption experiments

To prepare the binary solution (BS) necessary to test the removal capacity of the acti-
vated carbon samples, amoxicillin (AMX) and methylene blue (MB) were dissolved in
deionized water at the same concentration. In this sense, for a total of 400 mg/L BS,
200 mg/L of MB and 200 mg/L of AMX were added. Then, 0.1 g of each activated
carbon sample from the Box-Behnken experimental design was put into a different 125-
mL Erlenmeyer flask to conduct batch experiments. Hence, 100 mL of the 400 mg/L
BS was added to the all containers. The samples were inserted in a thermostat shaker
(Julabo-SW series) and agitated at 150 rpm for 12 hours at room temperature.

Following the completion of the exposition time, a sample of the solution was collected
from each experiment to determine the final concentration (Figure 4.3). This residual
concentration was determined using a Shimadzu UV-1900 UV-visible spectrophotome-
ter in accordance with a previously created calibration curve for BS, which includes the
lecture at 230 and 664 nm (using the respective correction factors). The percentage
removal was calculated using Equation 4.2.
Co—Cy

Co x 100 (4.2)
where Cq is considered as the sum of the initial concentrations of the BS components
(that is Cy = CO,MB + CO,AMX) and Cf (Cf = Cf,MB + Cf,AMX) refers to final
concentration of BS in mg/L, respectively. The sample with the best performance was
chosen by calculating the removal percentage of each run from the entire experimental
design and correlating it with the yield results.

Removal(%) =
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4.5 Influence of pH and pHpzc value

Figure 4.3: Batch adsorption experiments after 12 hours of reaction.

4.5 Influence of pH and pHpzc value

The pH assessment was applied only for the best activated carbon sample. To de-
termine the influence of pH, six reactors were prepared with 0.1 g of the best carbon
sample, 100 mL of 400 mg/L of BS, and placed in a 125-mL Erlenmeyer flask. The
solution pH of each reactor was adjusted using to pH 2, 4, 6, 8, 10 and 12 using 0.1 M
NaOH and 0.1 M HCL.

After that, these six experiments were placed in the thermostat shaker (Julabo-SW
series) and agitated at 150 rpm for 24 hours at 30 °C. The initial and final BS concen-
tration and pH were measured by Shimadzu UV-1900 UV-visible spectrophotometer
and Sper Scientific Benchtop Meter potentiometer, respectively. The point of zero
charge pH,.. was determined using the pH data collected from all the reactors, by
graphing the initial pH (pHi) vs. the final pH (pHf). The intersection of these two
curves defines pH,.., which is pHi=pHf.

4.6 BS adsorption equilibrium and kinetics studies

To perform the adsorption kinetics, BS at different concentrations were prepared: 50
mg/L, 100 mg/L, 200 mg/L, 400 mg/L, 600 mg/L, and 800 mg/L. About 200 mL of
each BS concentration was placed in a separate 250-mL Erlenmeyer flask, and 0.2 g of
the best MNSAC sample was added. The initial concentration was recorded from every
single reactor before starting the kinetics studies. To do that, all the flask properly
prepared were heated at 30 °C for 24 h under constant agitation at 150 rpm. Through-
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4. METHODOLOGY

out the adsorption period, measurements about the concentration of the solution were
taken at different time intervals. All the procedures already described were repeated
for temperatures of 40 °C and 50 °C. In this sense, the amount of BS adsorbed at time
in mg/g (q;) was determined from Equation 4.3.

(Co—CHV
w
where V (L) is the volume of the BS solution, W (g) is the weight of the MNSAC
best activated carbon sample added, and Ct (that is, C; = Cy mp + Cramx) is the
concentration at time t in mg/L. When the adsorption process (qe) reached equilibrium,
it was also possible to calculate the quantity of BS adsorbed at this point using the

concentration at equilibrium (C. = Ce B + Ce amx), as shown in Equation 4.4.
(Co—C)V
0= (1.4
Kinetics studies were estimated, taking into account all the concentration data collected
for each reactor evaluated at this stage. To accomplish that, all the q; and ¢ data
were fitted to the pseudo-first order (PFO), the pseudo-second order (PSO), and Elovich
models, which are shown in Equations 4.5 (87), 4.6 (92), and 4.7 (93).

(4.3)

qs =

PFOq; = qe(1 — e M) (4.5)
kQQe2t
P = - 4-
504 = T it (4.6)
Elovichg, = éln(aﬁ) + éln(t) (4.7)

where k; (1/min) and ko (g/mg-min) are the rate constants for PFO and PSO, calcu-
lated using their respective models. The Elovich kinetics constants are o and 3, the
first one refers to the initial adsorption rate, while the second one is the desorption
constant. The interparticle diffusion by Weber and Morris (136) was accomplished
following the Equation 4.8.

qr = kpt1/2 (4.8)
where t is the time in min and k,, is the constant for the interparticle diffusion equation.
It is important to mention that all the fitted data from kinetics models was correlated
with the experimental data and validated through the use of the coefficient of determi-
nation R? (Equation 4.9), root mean square error RMSE (Equation 4.10), and average
relative error ARE (Equation 4.11).

2 _ 4 Z;’L:l(yi - @i)2
=l i p? (4.9)

n

1
MSE = | —— i — Ui)2 4.1
RMSE = =3 (=) (4.10)
1=y — 0
ARE = — 4.11
2l 11
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4.7 Adsorption equilibrium isotherms

4.7 Adsorption equilibrium isotherms

Adsorption equilibrium isotherms were carried out in eight different ways to assure
the best fit for the obtained experimental data. All the isothermal parameters were
obtained using the Origin®) software. Moreover, the models evaluated in this thesis
project were Langmuir (99) (Equation 4.12), Freundlich (104) (Equation 4.13), Temkin
(137) (Equation 4.14), Sips (138) (Equation 4.15), Liu (139) (Equation 4.16), Dubinin-
Radshkevich (140) (Equation 4.17), Redlich-Peterson (141) (Equation 4.18) and Khan
(106) (Equation 4.19).

g = KpC/™ (4.13)

Ge = Ib%;r In K7C, (4.14)
1/ns

Ge = % (4.15)
ny

Ge = G- e (4.17)

e = HIZ;RR%WD (4.18)

dmbicCe (4.19)

T = 11 kxC,)nx

where, q,, represent the maximum adsorption capacity of the adsorbent in mg/g, all K
and n parameters refer to the equilibrium constant (L /mg) and dimensionless exponent
from each isotherm, respectively. R indicates the universal gas constant which is 8.314
J/mol-K, T corresponds to the temperature used to carry out the experiments in K,
€ is the adsorption potential, 5 shows the mean of sorption free energy and arp is a
second constant from Redlich—Peterson model.

4.8 Adsorption thermodynamic parameters

It is important to establish thermodynamic analysis, which is indispensable to deter-
mining the spontaneity and feasibility of the adsorption problem to be faced (142). The
thermodynamic behavior of the adsorption experiment presented in this thesis was in-
vestigated. Thereby, the Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
are calculated using Equations 4.21, 4.22 and 4.20.

AG = —RTI K, (4.20)
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nK,=— - == (4.21)

with
K. = — (4.22)

where K. is the distribution coefficient, q. refers to the amount of BS adsorbed at
the equilibrium in mg/g, and C. is the concentration in mg/L of the concentration
remaining on the solution at the equilibrium, respectively. Again, R is the ideal gas
constant (which is 8.314 J/mol - K), and T (in Kelvin) is the temperature of the
adsorption process of the experiment.

4.9 Regeneration

Using findings from the kinetics, thermodynamics, and isotherm data, the regeneration
experiments were adapted. Hence, chemical and solvent regeneration techniques were
carried out, using 0.1 g of wasted activated carbon. In this sense, the regeneration

processes shown in Table 4.2 below were applied to the waste activated carbon.

Table 4.2: Regeneration methods.

Reagents Conditions

1 Methanol 100mL, 60 °C, 24h, constant stirring
Ethanol and NaOH (0.5M) 50 mL, proportion 1:1, 5h and room temperature
Ethanol and HCI (0.05 M) 50 mL, proportion 1:1, 5h and room temperature

- W N

HCI (0.1 M) 50 mL, 5h and room temperature

Figure 4.4: Regeneration processes.
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4.9 Regeneration

After the regeneration process (Figure 4.4), the activated carbon samples were dried
overnight and then re-saturated with 100 mL of 200 mg/mL BS. After that, the initial
and final concentration of BS was recorder as specified in section 4.2, to be able to
calculate the regeneration efficiency (RE). The RE percentage (Equation 4.23) allows
comparing the adsorption capacity in both cases: the regenerated and the original.

RE(%) = L9 . 100 (4.23)

Qorig

where, gy and gy are the regenerated adsorption capacity and the original capacity,
respectively.

This process was conducted for as many adsorption cycles as the technique allowed.
Subsequently, the regenerated carbon samples were characterized to determine the
changes due to regeneration, including both the properties that involve surface chem-
istry, such as textural and compositional ones.
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Chapter 5

Results and Discussion

5.1 Macadamia nutshell biomass

Macadamia nutshell precursor was supplied by a local seller from Chihuahua State
in 2019. The biomass was dried outdoors in a solar dryer provided by the UNAM
Institute of Renewable Energies for two days. The drying step was critical to the
subsequent studies. Then the biomass constituents were obtained according to the
National Renewable Energy Laboratory (NREL) methodology (46). Data obtained
from the macadamia nutshell is shown in Table 5.1.

Table 5.1: Characterization of macadamia nutshell lignocellulosic biomass.

Component Content (%)

Ashes 5.35 £ 0.03
Extractives 12.57 £ 5.08
Cellulose 50.42 + 0.48

Hemicellulose 13.75 £+ 0.71
Lignin 5.69 4+ 0.09

In other work, the same lignocellulosic sample was studied in the production of acti-
vated carbon, used for energy storage (143). In addition to the work’s main goal, it was
determined that the low ash percentage found in macadamia nutshell samples was the
primary cause of good carbon production. In other words, a low quantity of inorganic
material inside the lignocellulosic matrix will let the organic part be converted into
carbon. Additionally, it was found that high cellulose content promotes improvements
in the textural properties of the activated carbon surface (144, 145). The analysis of
all this information was a determining factor in contemplating the macadamia nutshell
as a good alternative to be examined as an adsorbent material.
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5. RESULTS AND DISCUSSION

5.2 Effects of the activation process on the yield and ad-
sorption of BS

Contrary to expectations, ANOVA statistical method found that the activation time
and the KoCOg:precursor molar ratio were not significant based on their p-values. For
this analysis, it was stipulated an « value of 0.05 which was lower than those obtained
for time and impregnation ratios factors (0.546 and 0.466, respectively). On the other
hand, the activation temperature showed a high degree of significance in the prediction
of the model, resulting in a p-value of 0.009. In other words, the activation tempera-
ture had a significant contribution on the yield of activated carbon and BS adsorption,
which could also be confirmed with equations 5.1 and 5.2.

From the regression equations, the positive coefficients denote proportionality between
the independent and dependent variables, and the negative ones otherwise. That is,
when the factor increases in level, the response variable for positive coefficients also
increases. For this reason, it has been observed that temperature has an important
impact on the activated carbon final mass because yield increases at low temperatures.
Which means that the relationship between temperature and yield is inverse. Equa-
tion 5.1 and 5.2 represents the regression equation of the yield and BS adsorption,
respectively.

Yield = 25.33 + 0.633x1 — 3.663x5 + 0.302x3 — 0.6727

5 5 (5.1)
—1.03z5 + 0.0225 + 1.75x122 — 0.91z123 + 1.152223

BSads = 82.94 + 3.14x1 + 16.38x5 + 2.5825 + 5.03z2

9 9 (5.2)
—15.1125 — 11.2725 — 4.73x122 — 3.162123 — 4.342223

In evaluating the factor interactions over the response variables, temperature-KoCOs3-
precursor molar ratio interaction was the most important interaction that influences on
the BS adsorption. In accordance with Table 5.2, the range of activated carbon yield
found for these experiments was from 16.47% (Run 8) to 28.08% (Run 3). For the BS
adsorption response variable, the results ranged from 30.7% (Run 1) to 86.5% (Run 2).
Additionally, it was found that the central points from the experimental design (Runs
13, 14, and 15) have a standard deviation of 1.081 for yield factor and 1.07 for BS ad-
sorption. This correlation could be interpreted as good consistency and reproducibility
in the performance of the experiments.

Results from this section were important for selecting the best sample based on its
performance to carry out the adsorption experiments. Therefore, Run 2 was selected
according to its low activating agent usage, moderate activation temperature and time,
and good performance on the response variables evaluated. It is important to highlight
that because time and KoCOs:precursor factors have less influence on the response vari-
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5.3 Characterization of activated carbon samples

ables of the model, it is not necessary to employ more resources, which could increase
material and operational costs.

Table 5.2: Extended Box-Behnken design matrix for KoCOg3 chemical activation and the

influence of factors over BS removal and yield.

Run IR (z1) Temp. (z2) Time(zs) Yield (%) BS removal (%)

1 2:1 700 1 27.39 30.70
2 2:1 900 1 18.26 86.50
3 2:1 700 2 28.08 35.30
4 2:1 900 2 23.56 86.32
) 1:1 700 1.5 27.80 58.24
6 3:1 900 1.5 22.97 78.00
7 3:1 700 1.5 27.30 69.07
8 1:1 900 1.5 16.47 86.10
9 1:1 800 1 24.90 60.74
10 3:1 800 2 22.64 73.74
11 3:1 800 1 26.26 78.26
12 1:1 800 2 24.94 81.46
13 2:1 800 1.5 25.16 83.64
14 2:1 800 1.5 26.48 81.71
15 2:1 800 1.5 24.34 83.47

Note: IR, impregnation ratio and Temp, temperature

5.3 Characterization of activated carbon samples

The best two samples (Run 2 and 4) and those that displayed less efficiency in the
variables assessed (Run 1 and 3) in the previous section were subjected to the char-
acterization process. The objective was to describe the properties that make certain
behaviors possible for the response variables. Thus, the chemical composition of the
samples was determined through EDS analysis. The samples contain mainly carbon,
followed by oxygen, nitrogen, silica, and potassium. Table 5.3 show the exact percent-
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ages of the elements.

Table 5.3: Chemical composition of the samples

Carbon (%) Oxygen (%) Nitrogen (%) Silica (%) Potassium (%)

Run 1 82.65 11.96 5.05 0.37 -
Run 2 85.55 7.78 3.20 2.18 1.29
Run 3 62.00 30.70 4.14 3.16 -
Run 4 78.13 12.67 3.00 3.90 2.30

Evidently, according to Table 5.3, Run 2 has the highest percentage of carbon than
the rest of the samples. The impurities of Si could be a result from the intrinsic com-
position of macadamia nutshell biomass (33, 146). Also, the best samples Run 2 and 4
contains potassium. The common characteristics between these two samples were tem-
perature (900 °C) and the concentration of activating agent (ratio 2:1). This means that
the activating agent probably reacts differently at high temperatures, so small amounts
of potassium appear on the activated carbon structure that were perhaps crystallized
in the activated carbon structure.

The micrographs of the samples at different magnifications were obtained from SEM
equipment (Figure 5.1). The 1500x micrographs shows the porosity distribution through-
out the samples surface. Figures 5.1b and 5.1c, shows the non-homogeneous distribu-
tion of porosity of the activated carbon samples. The white deposits on the surface are
inorganic elements of silica, and potassium as indicated in the EDX analysis.

Run1

Run 2
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Run 3

Run 4

Figure 5.1: Micrographs from SEM at: (a) 1500x, (b) 5000x and (c¢) 20000x magnifica-

tions.

The FTIR analysis was carried out to determine the functional groups on the acti-
vated carbon samples. Figure 5.2 shows that the four samples evaluated have a similar
signal at ~3430 cm ™!, which represents the band due to combined vibration of amine
functional group (N-H) and hydroxyl groups (O-H) (147). These last ones are due to
proton vibrations occurring in water molecules. Thus, the vibrations at ~2345 cm ™!
are assigned to C=C functional group , which describes the intrinsic properties of ac-
tivated carbon (146, 148). Also, the samples show an intense response at ~1560 cm ™!,
which is identified as carbonyl functional group (C=0), and can be attributed to the
stretching of aromatic ring of the carbon (149). The peaks at ~1107 cm~! and ~814
ecm~! are due to C-O bonding, typically assigned to ether alcohol and ether group
(150, 151).

However, for Run 1 and Run 3 at frequencies ~1107 cm™!, the peaks vibrate slightly
out-of-phase compared to the best samples (Run 2 and Run 4). The mentioned delay
is caused by the displacement of the central atom of the functional group (152). In
this case, the mentioned out-of-phase vibration could affect the interaction between the
surface chemistry and pollutants of BS. A high concentration of these functional groups
could influence the adsorption processes because of the hydrogen bonds formed between
the water and oxygenated functional groups, which block the access of pollutants to
the porosity of activated carbon (153).
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Intensity (Arbitrary units)

3432 2345 1107

1560

4000 3000 2000 1000

Wavenumber (cm™)

Figure 5.2: FTIR spectra for macadamia nutshell activated carbon samples.

The physisorption isotherms were obtained from the four samples evaluated under
Ny atmosphere. All the data obtained from this characterization technique are shown
in Table 5.4. As expected, Run 1 and 3 were the samples that showed the lowest surface
area in both analysis methods of BET and DFT. Thus, the surface area of Run 4 was
found to be slightly higher than Run 2; however, the pore volume of Run 2 is larger
than that of Run 4. According to the literature, if the pore volume is increased, it
can promote the adsorption of contaminants with larger particle sizes and, at the same
time, prevent pore clogging (154). Also, it could be noted that the affinity of Run
2 over the rest of the samples to adsorb the binary solution is mainly related to the
chemical characteristics of the adsorbent surface and the pore volume.

Table 5.4: Data obtained from physisorption isotherms.

Sample BET surface DFT surface Pore volume Half pore
(m*/g) (m*/g) (cc/g) width (nm)

Run 1 547.38 727.18 0.38 0.33

Run 2 1225.41 1239.70 0.80 0.46

Run 3 661.51 763.06 0.40 0.46

Run 4 1272.60 1280.66 0.75 0.50
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5.4 Effect of pH and determination of pHpzc

Figure 5.3a displays the isotherm shape of each of these four samples. Clearly, all
the isotherms shows a combination of Type I and IV accompanied by an adsorption-
desorption hysteresis of Type H4 according to IUPAC nomenclature (155). This type
of isotherm is mainly due to the presence of micro and mesopores. Also, Figure 5.3b
shows two peaks, which correspond mainly to mesopores, with a small contribution of
micropores, confirming the isotherm trend.
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Figure 5.3: (a) Adsorption—desorption isotherm, and (b) pore size distribution following

DFT methodology.

5.4 Effect of pH and determination of pHpzc

As mentioned above, Run 2 was selected for the adsorption experiments. The pH has
a significant impact on the adsorption mechanism since it controls the charges on the
adsorbent surface and influences the degree of ionization of the solution components
(12). Figure 5.4a shows the effect of pH for BS adsorption experiments in a pH range
of 2 to 12. The results shown in this graph indicate that the activated carbon sample
evaluated could function in a wide range of pH values. However, there is a considerable
decline in pollutants removal in strong alkali environment. The best adsorption was
obtained at pH 6, reaching a 87.4% of BS adsorption (75.85% of AMX and 99.98% of
MB removal). On the other hand, lowest behaviour was obtained from pH 10 and 12,
with 82.0% and 73.5% of BS removal, respectively. Based on what has been previously
described, neutral pH has been selected as the appropriate one to handle the rest of
the experiments.

Besides, the pHpzc is the point when the surface charge on the activated carbon is
neutral, knowing its value could helps to measure the electrokinetic conditions of the
evaluated materials (156). For Run 2, the pHpzc is 4.5, indicating an acidic behaviour
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of this sample (Figure 5.4b). Therefore, at pH higher than pHpzc (pH>4.5), the surface
of Run 2 is negatively charged and could adsorb cations contained in BS, in this case,
the MB (157, 158). Likewise, when the pH is lower than 4.5 (pH<4.5), the anionic
substances develop a better affinity with the adsorbent, which is positively charged. In
other words, in this scenario AMX would preferentially adsorb on the carbon surface.
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Figure 5.4: Effect of pH in adsorption of BS. (a) Percentage of binary solution removed
at different pH values, and (b) determination of pHpzc for Run 2 in BS.

Figure 5.5 indicates the removal percentage of each pollutant contained in the BS
solution at different pH values. In the pH range evaluated, there are no changes for
MB removal percentage, which suggests that the forces involved here are mostly = — 7
interaction (159, 160). The above indicates that AMX has a synergistic behaviour to-
wards MB, hence, it is not affected by the presence of AMX (161).

On the other hand, it was expected that AMX would have a better adsorption ca-
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5.5 Effect of activated carbon concentration

pacity at acidic pH; however, the optimal pH for AMX removal in BS was close to
neutral pH, that is ~6 (75.85%). Under acidic conditions are predominantly negative
ions (with -COOH already converted to ~COO-) and the surface of Run 2 is posi-
tively charged (pH< 4.5), therefore, the predominant adsorption mechanism is mainly
through electrostatic forces (162). When the pH was increased, the surface of Run 2 ac-
tivated carbon sample becomes negatively charged (pH>4.5), which causes electrostatic
repulsion of mentioned anions, and initiates a competition adsorption process between
the OH- groups from the alkalinity of the solution and —COO- functional groups from
AMX (163).
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Figure 5.5: Removal of each pollutant from BS at the corresponding pH.

5.5 Effect of activated carbon concentration

Different concentration of activated carbon using Run 2 sample were tested to investi-
gate its effect on the adsorption process. To achieve this objective, various experiments
were prepared, with 0.1 g, 0.15 g, 0.2 g, 0.25 g, and 0.3 g amounts of activated carbons.
Then, 100 mL of 400 mg/L of BS was added to each experiment at neutral pH during
the next 24 h.

From the results displayed on Figure 5.6, it was observed that the removal capac-
ity of BS increases as the dosage of Run 2 sample was increased. About 100% of MB
removal and 98.6% for AMX was realized at 0.3 g concentration of the activated carbon.
The percentage adsorption of MB was higher than AMX over the entire range of acti-
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vated carbon concentrations tested, probably due to the difference of charges present
on the surface of the activated carbon and the ions of the BS, which was discussed
in a previous section. In other words, the competitive adsorption between these two
BS components allows MB to be adsorbed first due to its affinity with the activated
carbon sample, and then AMX could be available to be adsorb in the remaining active
sites (164). This phenomena occurs principally on the micropore region (165), which
is characterized by being the main one that has the largest number of active sites for
adsorption in aqueous solutions mechanism (166).

Therefore, only the AMX adsorption was proportional to concentration of Run 2. Con-
sidering the results and associated costs in producing activated carbon, a dosage of 0.2
g was selected to carry out the rest of the experiments. This adsorbent concentration
shows an adequate adsorption capacity without the need for large quantity of activated
carbon.
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Figure 5.6: Effect of activated carbon concentration on adsorption processes at 150 rpm

for 12 h and room temperature.

5.6 Effect of temperature

The influence of temperature was investigated at 30 °C, 40 °C, and 50 °C. Parameters
such as pH and adsorbate dosage were maintained under the optimal conditions already
selected in previous sections, that is, 0.2 g of Run 2 activated carbon and neutral pH.
The contaminated solution used for these experiments was at its maximum concen-
tration of 800 mg/L BS. Usually, an increase in temperature is expected to promote
adsorption mechanisms (82). This is because as increasing temperature, decreases the
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5.7 Effect of contact time and kinetic of adsorption

viscosity and increases molecular motion allowing the pollutants to be adsorbed on the
activated carbon.

Figure 5.7 indicate that above 40 °C, the equilibrium adsorption was slightly decreases,
approximately by 10 mg/g. Further increase in temperature above 50 °C will promote
the reversibility of the adsorption equilibrium (119). From the viewpoint of the input
energy and resources employed, a temperature of 40 °C was selected as the optimal
temperature for this material and adsorbate.
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Figure 5.7: Effect of temperature for BS adsorption with Run 2 probed at 30, 40 and 50
°C, for 24 h and 150 rpm.

5.7 Effect of contact time and kinetic of adsorption

An adequate contact time ensures that the adsorbent achieve the adsorption equilib-
rium. This analysis promotes the understanding about the behavior of the adsorption
rate as a function of temperature and BS concentration. The experiments described
in this section were carried out using different concentrations of BS (50, 100, 200, 400,
600, and 800 mg/L), always maintaining the same proportion of AMX and MB in each
experiment. That is to say, for instance, a concentration of 50 mg/L of BS solution
was prepared by adding 25 mg/L MB and 25 mg/L AMX. Thus, neutral pH was used,
with temperatures of 30 °C, 40 °C, and 50 °C. The experiments were extended until
no changes were found in the BS concentration in each of the tests evaluated.

In this context, Figure 5.8 shows that for all temperatures employed, BS adsorption
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5. RESULTS AND DISCUSSION

increases with time until equilibrium is reached. For all the experiments, it could be
observed that there is strong adsorption in the first 15 minutes, followed by slower
adsorption. In this sense, for the lowest BS concentrations (50, 100, and 200 mg/L), it
was observed that the temperature does not represent a factor that significantly affects
the adsorption process, due to the abundance of active sites available to adsorb the BS
components. In experiments with a BS concentration of 50 and 100 mg/L, equilibrium
was practically reached in the first two minutes. When the concentration increased
from 400 mg/L to 800 mg/L, equilibrium was obtained from 400 min onwards. The
adsorption speed accomplished in these experiments could be interpreted as a strongly
initial adsorption, propagated by the free active sites on the surface of Run 2.

(@) -B-E@50 -A-E@100
800 -@-E@200 -O-E@400
*-E@600 —+—E@800

Concentration [mg/L]

0 500 1000 1500
Time [min]
1000
—_ (b) —a-E@50 -A-E@100
= 800 ——E@200 -O-E@400
g —>¢E@600 ——E@800
‘= 600
2
g
= 400
8
S
o 200
0 n I
0 500 1000 1500
Time [min]

46



5.7 Effect of contact time and kinetic of adsorption

1000
(©) W-E@50 —4-EQ@100
—1T 800 —-E@200 -O-E@400
E» >E@600 ——E@800
‘= 600
=)
[
= 400
3
5
8 200
0 n
0 500 1000 1500
Time [min]

Figure 5.8: Effect of contact time in the removal of BS using 0.2 g of Run 2, neutral pH
at (a) 30 °C, (b) 40 °C and (c) 50 °C.

Moreover, the intraparticle diffusion study was carried out with the objective of
describing the adsorption rate and mass transfer mechanisms that govern the samples
already mentioned. Thereby, Weber and Morris (136) methodology was applied. This
model suggests multi-linearity a result of plotting q; (the amount of BS adsorbed at
one time in mg/g) versus v/t. Consequently, each segment of slope found on the graph
represents a different mass transfer stage within the adsorption mechanism.

Figure 5.9, is a clear example of the aforementioned multi-linearity, where the points
are the experimental data obtained plotted with respect to v/¢. Evidently, two seg-
ments were found. The first segment refers to the mass transfer (BS) process on the
external surface of the carbon sample (instantaneous adsorption); the second slope is
attributed to a gradual adsorption governed by the intraparticle diffusion uptake rate
(32, 167, 168). As shown in Table 5.5, for the series of experiments conducted in this
section, most of the segmentations found were two for each case, so the interpreta-
tions are similar to Figure 5.9. However, some cases were recorded where three slopes
were appropriate to describe the behavior of those experiments. In this case, the third
slope has to do with the equilibrium caused by the decrease in the concentration of the
adsorbate (BS) (169).
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Figure 5.9: Weber and Morris intraparticle diffusion model analysis. Experiment carried

out at optimal conditions: Neutral pH, 0.2 g of Run 2 sample, 40 °C and 400 mg/L of BS.

Some authors indicate that the values of C; could provide information about the
thickness of the boundary layer. Therefore, if the value of the intersection (C;) is large,
the effect on the boundary layer of the adsorption process also increases. In other
words, a positive value of C; suggest that the adsorption is affected by some mecha-
nism other than the process of internal diffusion (170). C; values are shown on Table
5.5 in the Appendix, Section A.2.

On the other hand, initial adsorption factor (R;) was obtained from each concentration
at different temperatures (Table 5.5), using the same method. For this case, it was
found that experiments using from 50 mg/L to 600 mg/L of BS result in a strongly
initial adsorption (R; value between 0.5 and 0.1). Meanwhile, for the experiment using
at 800 mg/L, it was found to have an R; value between 0.9 and 0.5, which means an
immediately initial adsorption behavior (171). The exception was for the experiment
carried out at 40 °C and 800 mg/L, for which it was obtained strongly initial adsorption.
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5.7 Effect of contact time and kinetic of adsorption

Table 5.5: Interparticle diffusion initial adsorption behavior analysis.

30 °C 40 °C 50 °C

Exp Initial adsorp- Adsorption be- Initial adsorp- Adsorption be- Initial ad- Adsorption
tion factor (Ri) haviour tion factor (Ri) haviour sorption behaviour

factor (Ri)

E@50 0.128 3 0.120 3 0.111 3

E@100 0.340 3 0.115 3 0.132 3

E@200 0.181 3 0.352 3 0.238 3

E@400 0.400 3 0.270 3 0.465 3

E@600 0.468 3 0.384 3 0.544 2

E@800 0.536 2 0.462 3 0.576 2

Strongly initial adsorption (3), intermediately initial adsorption (2), according to (171).

Additionally, the experimental kinetic data obtained at different BS concentrations
and temperatures (that is, 30 °C, 40 °C, 50 °C) were fitted with pseudo-first order
kinetic (PFO), pseudo-second order kinetic (PSO), and Elovich models. The results
of the fitting are shown in Figure 5.10, 5.11, and 5.12. Observably, from the fitting
obtained at 30 °C (Figure 5.10 and Table A.2), PSO and, consequently, Elovich were the
models that best fit the data at this temperature. This could be validated according to
the range of coefficients of determination (R?), the error analysis based on root-mean-
square error (RMSE), and the absolute relative error (ARE).
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Figure 5.10: PFO, PSO and Elovich kinetics modelling fitted to experimental data from

different initial concentration at 30 °C and neutral pH.
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From the PFO, R? was obtained in the range located at 0.999-0.913, an RMSE
value of 0.84-147.58, and a range of 0.011-0.249 for ARE. The PSO, for its part,
presented R?, RMSE, and ARE ranges of 0.999-0.927, 0.537-81.80, 0.008-0.138, re-
spectively. Whereas, Elovich model have R? of 0.999-0.985, RMSE of 0.371-25.551,
and ARE of 0.005-0.051. This information suggests that the interaction mechanism
between the activated carbon Run 2 sample and the BS is mainly via chemisorption,
according with the good PSO and Elovich fitting. Besides, the adequate adaptation
of the Elovich model to the kinetic data with very low error and high R? indicates
heterogeneous adsorption on the surface of the Run 2 sample (85, 86, 90).

On the other hand, Table A.3 and Figure 5.11 indicate that the pseudo second or-
der and Elovich models fit the experimental data well, according to the values of R?,
RMSE and ARE. As explained above, this means that the mechanism that governed
the adsorption process at 40 °C was mainly chemisorption.
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e ® 200 mg/L
< 400 mg/L
x 800 mg/L
___________________ —sooene | + 600 mg/L
— —PFO
e, | === PSO
—smmam | —— Elovich
1000 1500

Time [min]

Figure 5.11: PFO, PSO and Elovich kinetics modelling fitted to experimental data from

different initial concentration at 40 °C and neutral pH.

Similarly, the data shown in Table A.4 and Figure 5.12 demonstrated a good rela-
tionship between experimental data and the pseudo-second order model, and therefore
to the Elovich model.
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Figure 5.12: PFO, PSO and Elovich kinetics modelling fitted to experimental data from

different initial concentration at 50 °C and neutral pH.

In general, all kinetics experiments at their smallest concentrations showed a good
fit with respect to the kinetic models of PFO, PSO, and Elovich. The above com-
pletely rules out the effect of temperature on them. On the contrary, in experiments
that were carried out at concentrations higher than 200 mg/L, the error values in-
creased considerably. Despite the values obtained for the errors, the main adsorption
mechanism was chemisorption. It should be noted that PSO is an adequate model for
low-concentration solutions, which may be the main reason that PSO has not adapted
exactly to high concentrations (92). However, the good fit with the Elovich model
confirms the speculations about the adsorption mechanism involved in BS and Run 2,
which is chemisorption.

5.8 Isotherm modelling

The interaction mechanism between Run 2 and BS could also be described by adsorption
isotherm models by obtaining information on values such as maximum adsorption ca-
pacity, energy, and surface properties, among others (80). In this sense, eight isotherm
models were evaluated for this project, and all the data obtained were correlated and
validated by R2. Table 5.6 contains the data from the best isotherm fitting; the rest of
the models are shown on Table A.5 in the Appendix, Section A.
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Table 5.6: Data obtained from several isotherm models at different temperatures.

303K 313K 323K
Sips

K, 0.221  0.117 0.195

n, 0.608  1.601 1.755

Am 603.201 1016.144 848.560
R? 0.979  0.966 0.961

Temkin

B; 93.955 132160  85.112

Kr 4166 1.701 45.496
R2 0.968  0.972 0.964

Khan

am 467.926  386.2639 349.2194
Kg 0.39745 0.31641  0.5623
nx 0.93297 0.833114 0.85935
R? 0.978  0.967 0.975

The fitting adjustment curves are shown in Figure 5.13. It was found that the best
fit was the Khan isotherm, according to the value of R?, which is close to unity. Fur-
thermore, the Khan isotherm model is a hybrid of the Langmuir and Temkin isotherms
that has been developed specifically for pure substance adsorption (bi-adsorbate ad-
sorption), which correspond with the phenomenon described by Majd et al. (102).
The Sips isotherm model, which is a hybrid of the Langmuir and Temkin isotherms,
also presented a good fit to the experimental data. As expected, the Temkin isotherm
is also appropriate for describing the adsorption phenomenon described in this thesis.
At higher concentrations, Sips isotherms highlight heterogeneous adsorption systems
governed primarily by monolayer behavior (97), which refers again to chemisorption.
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Figure 5.13: Experimental data of adsorption isotherm and their fitting of Sips, Temkin

and Khan isotherm models at different temperatures.

Besides, separation factor (Rz) from Langmuir isotherm was evaluated at differ-
ent temperatures and initial BS concentrations to study the nature of the adsorption
process and to describe the affinity of BS molecules to Run 2 surface (Figure 5.14).
R values obtained were between 0 and 1, these values exponentially decrease as the
initial concentration increases, indicating a favourable adsorption (98). In addition,
the adsorption intensity values (1/ng) obtained in this work were less than zero in all
temperatures, which indicates that the adsorption processes are favourable (100).
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Figure 5.14: Separation factor evaluated at different temperatures.
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5.9 Adsorption thermodynamics

The Gibb’s free energy (AG), enthalpy (AH), and entropy (AS) thermodynamics pa-
rameters were calculated for the experimental data obtained. These thermodynamic
values could give an idea of the spontaneous or non-spontaneous nature of the adsorp-
tion and the feasibility of the adsorption process (89). The AS and AH parameters
were obtained by the Van’t Hoff equation resulting from using Equation 4.21. This
equation provides specific values of slope and intercept, which are related to AH and
AS, respectively. The graph obtained from these calculations is shown below (Figure
5.15).
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Figure 5.15: Curves obtained from Van’t Hoff equation at each concentration.

The specific values calculated to each curves were register on Table 5.7. For the
Gibbs free energy of change (AG), only negative values were found, which according to
the literature means that the process was feasible and that it occurred spontaneously
(142). Analyzing the results obtained from enthalpy, negative values were found for
the experiments carried out at low concentrations (100 and 200 mg/L), which totally
describes an adsorption of an exothermic nature. Likewise, the experiments with pos-
itive AH describe adsorption processes of endothermic origin (172). Additionally, this
parameter is closely related to the activation energy (E,) according to the Arrhenius
equation and therefore the calculation of the variables involved is similar. In simple
terms, E, ~ AH (173).

As occurred in the case of AH, negative values of AS were also obtained for one exper-
iment with the lowest initial concentration (100 mg/L). This suggests that this process
is clearly governed by enthalpy, due to the decreased disorder of the process. Positive
AS, for its part, indicates high affinity between the adsorbent and the adsorbate (BS)
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Table 5.7: Thermodynamics parameters of the adsorption process.

Experiment AG (KJ/mol) AH (KJ/mol) AS (J/mol)
303 K 313 K 323K
Ea@50 -10.38 -10.94 -11.32 3.94 47.35
EQ@100 -13.10 -11.58 -11.49 -37.72 -82.01
E@200 -12.11 -12.32 -12.72 -2.92 30.22
E@400 -5.36 -6.29  -6.37 10.10 51.45
EQ600 -3.12 -4.72  -3.69 5.88 31.07
E@800 -1.80 -2.72 -2.30 5.96 26.31

5.10 Regeneration

The results from each regeneration method implemented are shown on Table 5.8. In this
sense, after 4 cycles of regeneration, the best regeneration method based on the removal
capacity was the one elaborated with a mixture of ethanol and sodium hydroxide,
obtaining a BS removal of 42.57% and a RE percentage of 41.14. From this methodology
it was found that MB was the compound that showed a better response to the removing
substances, reaching even a 0.98 mg/L as final concentration of MB (Figure 5.16). Also,
it can be shown how the adsorption capacity decreased with respect to the number of
saturations carried out.

100

80

Concentration [mg/L]

MeOH

EtOH+NaOH

Final concentration of MB [mg/L]
m Final concentration of AMX [mg/L]

EtOH+HCI

Regeneration cycle

Figure 5.16: BS components remaining of each regeneration technique.
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In this regard, the reaction resulting from the mixture of ethanol and NaOH is
shown in Equation 5.3, which contains a proportional amount of ethoxyl and hydroxyl
ions (174).

CH3CHOH + NaOH — CH3CH>0~ Na* + Hy0O (5.3)
As can be seen, these ions are characterized by being a strong base. Both ions, when
interacting with the surface of the adsorbent, and in particular the ions coming from the
BS contaminants, facilitate the removal of contaminants from the adsorbent. Hence,
it can be concluded that the percentage removal of MB is higher than that of AMX
for this regeneration experiment: the ST cation of MB interacts more easily with the
hydroxyl (OH™) and ethoxide (CH3CH207) ions present in the regeneration solution
(175).

Table 5.8: Results of each regeneration method through the cycles performed.

Removal BS (%) RE (%)

MeOH
C1 76.35 71.84
C2 58.13 26.46
C3 29.71 15.07
EtOH+NaOH
C1 83.47 80.71
C2 75.86 73.33
C3 64.76 62.63
C4 42.57 41.14
EtOH+HCI

C1 54.87 28.80
C2 41.62 13.94
C3 52.94 12.71
C4 48.24 10.42
HC1

C1 72.42 68.13
C2 67.54 52.45
C3 31.45 32.77
C4 26.12 20.96

On the other hand, a small amount of AMX compound remains on the adsorbent
surface after being regenerated, in some cases its concentration exceeded 80%. This
phenomena could occur due to the low affinity to the characteristic carboxylate anion
(RCOO™) of amoxicillin and other -lactam antibiotics (176, 177), which is caused by
the dissociation of carboxylic acids. Generally it was found that the regeneration meth-
ods developed with methanol and hydrochloric acid yielded lower removal efficiency and
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5.10 Regeneration

RE percentage.

The characterization of the regenerated adsorbents was carried out after the fifth re-
generation process. Table 5.9 shows the information collected from the physisorption
studies. As can be seen, the regeneration method based on a mixture of ethanol and
NaOH, despite being the most effective in removing the BS solution from the surface of
the adsorbent, was nevertheless the one that had the greatest effects on the morphology
of the activated carbon.

Table 5.9: Comparative table on the porosity of the regenerated carbons and the original

Run 2 sample.

After fifth regeneration = Run 2 Reg. MeOH Reg. EtOH+NaOH Reg. EtOH+HCl Reg. HCI

BET surface area (m?/g) 12254 70.1 0.00 2.5 62.8
DFT surface area (m?/g) 1239.7 87.6 28.0 1154 112.6
Pore volume (cm3/g) 0.8 0.2 0.07 0.2 0.2

Half pore width (A) 4.6 16.9 22.1 15.5 15.5

Figure 5.17: Micrographs from SEM at 20000x magnifications for: (a) Reg.
EtOH+NaOH, (b) Reg. HCI, (¢) Reg. EtOH+HC]I, and (d) Reg. MeOH.

However, Figure 5.17 shows the SEM micrographs obtained for the activated carbon
samples subjected to the regeneration methods already mentioned. In this sense, in
Figure 5.17a. it could be easily seen that for the experiment carried out with ethanol
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and NaOH, it has a dirty surface. This suggests that the change in morphology of the
activated carbon sample is mainly because of the contaminants sticking on the surface
of the carbon.

The EDS composition analysis (Table 5.10) showed that some different elements were
added to those contained in Run 2. These elements were sodium, sulfur, and aluminum,
which may be traces in the NaOH-based solution, and the sulfur contained in both MB
and AMX.

Table 5.10: Comparative table on the porosity of the regenerated carbons and the original

Run 2 sample.

C(%) O (%) N(%) S(%) Si(%) Na(%) K (%) CI(%)

MeOH 78.98  9.87 7.36 3.16 0.63 - - -

EtOH+NaOH 76.78 10.51 5.06 5.22 1.08 0.98 - -

EtOH+HCI 78.93 11.19 7.07 2.43 0.39 - - -
HCI 80.04  10.41 - 1.76 5.05 - 1.71 1.03

As the last step, FTIR studies were carried out on the four activated carbon samples
subjected to the different regeneration processes. The functional groups found could
be seen in Figure 5.18. The signal at ~3736 cm ™! was attributed to (O—H) vibrations
in hydroxyl groups (178, 179) and the vibrations at ~3380 cm~! are assigned to the
amide group (N—H) (180). Both functional groups were merged into the original Series
2 sample; however, in the regenerated activated carbon samples, a displacement of both
functional groups was obtained.

Thus, the peaks presented at ~1740 cm~! is due by ester carbonyl group C=0 (154).
The signals found at ~1310 cm~! (181, 182) and ~814 cm™! (183, 184) are caused by
methylene (C—H) stretching, the second peak of this functional group was the only
one different from those found in the original Run 2 sample. The possible cause of this
finding is the addition of new functional groups characteristic of the BS solution and
its main constituents, namely MB and AMX. That is, the interaction between BS and
the adsorbent caused changes in the general functional groups. On the onther hand,
C—O functional group was located at ~1060 cm™! (185).
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Figure 5.18: FTIR analysis for regenerated activated carbon samples.
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5.11 General comparison for macadamia nutshell activated
carbons

Table 5.11 provides knowledge about previous recent works where macadamia nutshell
was used as a precursor. Data presented in the table contains information regarding
the maximum adsorption capacity reached through using their methods for primarily
one pollutant, which in all cases are lesser than the results shown in the presented work.

Table 5.11: Comparative chart of the removal achieved by activated carbons produced

from macadamia nutshell.

Ref. Pollutant Activation method Maximum  adsorp-

tion capacity [mg/ g]

(186) Melanoidin - 14.7
(187) Methylene Blue Physical activation 97

(34) Methylene Blue Physical activation 134.69
(188) Reactive Blue 19 Chemical activation (KOH) 376.81
(189) Methylene Blue - 444.732
(146) Methylene Blue Physical activation 41.83
(32) Tetracycline Chemical activation (NaOH)  455.33
This Methylene blue and amoxi- Chemical activation (KoCO3) 788.305
work cillin

Likewise, (as mentioned in the previous sections) some of the additional qualities of
the activated carbon produced in this thesis project reside in the materials used for its
preparation. These materials are environment-friendly. On the one hand, macadamia
nut shell is considered a lignocellulosic residue; besides, the use of KoCO3 as an activat-
ing agent reduces harmful effects on the environment. Also, it can work in neutral pH
environments and shows good results when simultaneously adsorbing two contaminants.
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Chapter 6

Conclusions and recommendations

In conclusions, microporous activated carbon was developed from macadamia nutshell
(MNS) using potassium carbonate as eco-friendly activation agent. The Box-Behnken
toolbox allowed for generation of experimental design (15 experimental runs) to eval-
uate the influence of factors such as KoCOs3: precursor ratio, activation temperature,
and activation time on the response surface for binary adsorption of cationic methylene
blue dye and ionic amoxicillin antibiotics.

Under optimal conditions of 900 °C, 1 h and K2COg: precursor ratio of 2:1, the Run 2
sample revealed a specific surface area of 1225 m? /g, pore volume of 0.801 cm?/g, and
an average pore width of 0.406 nm.

It was found that the pyrolysis temperature was the factor that most influenced the
properties of the resulting activated carbons (p-value=0.004<0.05= «) , which were
directly reflected in the yield and percentage of BS removal. Likewise, the interaction
of factors that most affected the response variables was temperature-time. The central
points of the experimental design demonstrate good data collection and experimental
reproducibility.

The Run 2 activated carbon realized a maximum adsorption capacity of 788.305 mg/g
under best conditions of 40 °C and neutral pH. The pseudo second order adsorp-
tion kinetic model adequately described the experimental data with RMSE, ARE and
R? in the range of 0.552-87.57, 0.008-0.082, 0.999-0.947, respectively, which indicates
chemisorption mechanism. Evaluated isotherm models revealed that Khan isotherm
used for pure substances best described the variation in the data. Thermodynamic
studies show an exothermic adsorption at low concentration experiments and endother-
mic for the ones at high concentrations.

The regeneration process with the best performance was carried out using a mixture of
ethanol and sodium hydroxide. However, the characterization studies showed a loss in
the textural properties of the activated carbon samples subjected to this regeneration
process. After 5 cycles of regeneration processes, the activated carbon sample remained
with a DFT surface area of 27.976 m?/g and a pore volume of 0.072 m?/g.
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As a future work, it is proposed to focus efforts on the search for activated carbon
production methodologies that are energetically more environmentally friendly. Like-
wise, the implementation of equipment that has the ability to monitor in real-time the
adsorption in order to obtain more accurate results and improve their analysis. Addi-
tionally, it is appropriate to continue searching for new lignocellulosic materials that
allow for the obtaining of activated carbons with good adsorbent properties.
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A. ADDITIONAL INFORMATION

Appendix A

Additional information

A.1 Calibration curves
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Figure A.1: Calibration curves to determinate the concentration of a) AMX and b) MB

contained on BS.
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ber and Morris.

Table A.1: Interparticle diffusion analysis.

Temp.(°) 30 40 50
BSconc. (mg/L) 50 100 200 400 600 800 50 100 200 400 600 800 50 100 200 400 600 800
Slope 1
kiy 26.64 53.14 124.03 176.80 147.91 153.88 26.46 54.83 105.87 194.68 235.64 214.23 26.14 49.69 125.83 164.59 168.27 188.49
Ch 4.62  9.25 23.75  34.66 28,57 21.16 4.44 9.65 20.05 29.08 32.82 24.05 4.71 11.10  23.15 25.60 24.08 33.02
R 096 097 096 096 096 098 097 097 096 098 098 099 097 095 097 097 098 097
Slope 2
ki 0.03 1.19 0.63 8.01 10.86  11.52  0.03  0.02 2.51 2.25 5.75 7.68 0.01 2.02 0.50 4.84 7.55 10.06
Cy 53.29 109.68 267.36 360.98 310.71 319.68 55.53 118.57 225.60 443.88 558.94 500.00 55.05 105.69 298.68 405.68 410.98 459.45
R? 0.88  0.81 0.97 0.99 0.98 1.00 0.96 0.93 0.94 0.91 0.97 0.99 0.96 097 0.97 0.98 0.98 0.99
Slope 3
ki3 0.18 11.95 10.68 0.49 0.01
Cs 542,42 110.42 239.46 241.11 118.31
R? 0.998  0.97 0.93 0.99 0.98
With C; as the intercept value in (mg/g), and the rate constant k; in (mg /g min'/2).
A.3 Experimental kinetic data obtained at different BS
concentrations and temperature

Table A.2: Parameters and errors obtained from the adsorption kinetics models were
adjusted to the experimental data carried out at 30 °C.
Exp e Pseudo first-order Pseudo second-order Elovich

Geal ki R2  RMSE ARE qu k, R RMSE ARE qu B a R2  RMSE ARE
E@50 54311 54311 1582 0999 0840 0011 53.763 0192 0999 0537 0008 54555 0405 1.22E+06 0.999 0.371  0.005
E@100 118.984 118.984 1267 0.998 2339 0012 117.647 0045 0999 1.255 0009 120.135 0496 1.17E+20 0.999 1.218  0.009
E@200 292.907 202.907 1.154 0.993 16.608 0.049 277.778 0019 0996 7.804 0023 290.779 0.060 T7.73E+04 0.999 2538  0.006
E@400 549.936 549.936 0584 0.942 83.722 0.151 476.190 0.003 0.947 49.983 0.096 545200 0.028 598E+03 0.992 13.999 0.024
E@600 596971 596.971 0.376 0.941 106.808 0.201 526.316 0.000 0.944 69.543 0.124 570.018 0.024 9.02E+02 0.990 18.194 0.032
E@800 658.010 658.010 0.299 0.913 140579 0.249 526.316 0.000 0.927 81796 0.138 628.160 0.021 4.43E+02 0.985 25.551 0.051
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Table A.3: Parameters and errors obtained from the adsorption kinetics models were

adjusted to the experimental data carried out at 40 °C.

Exp Qe Pseudo first-order Pseudo second-order Elovich
eal Ky R?  RMSE ARE qu ko R?> RMSE ARE qu 8 @ R?> RMSE ARE
E@50 56.416 56.416 0934 0992 1517  0.015 55.866 0.291 0.999 0.552  0.008 55.991 9.911 6.41E+236 0.998 0.632  0.009
EQ100 119.618 119.618 0.639 0974 5739  0.016 119.048 0.078 1.000 0.595 0.004 120.110 1.660 1.46E+83 0.999 0.961  0.007
EQ200 260475 260.475 0.352 0923 23.250  0.061 250.000 0.013 0.995 7.200 0.025 260.349 0.180 8.27E+17  0.999 2.014  0.005
EQ400 527.043 527.043 0.291 0916 57.064 0.097 476.190 0.003 0.984 28.578 0.047 527.046 0.050 3.70E4+09 0.994 11.078 0.013
EQ600 788.305 788.305 0.051 0.835 128.274 0.223 714.286 0.000 0.959 62.771 0.124 769.533 0.017 150E+04 0.994 13.171 0.016
EQ800 769.991 769.991 0.092 0.844 150.069 0.168 666.667 0.001 0.947 85.571 0.082 765.532 0.021 3.04E+05 0.997 18.924 0.028
Table A.4: Parameters and errors obtained from the adsorption kinetics models were
adjusted to the experimental data carried out at 50 °C.
Exp Qe Pseudo first-order Pseudo second-order Elovich
Geal ky R? RMSE ARE  quu ko R? RMSE ARE  qeq B a R? RMSE ARE
E@50 55713 55713 1918 0998 1.146  0.017 46.296 1.104 0.999 0.591  0.009 54.335 0.405 1.22E+06 0.999 0.538  0.008
EQ100 119.853 119.853 1.337 0.989 4.367  0.023 103.093 0.011 0.979 5197 0.015 120.368 0.496 1.17E+20 0.994 2.621  0.017
EQ200 291.387 291.387 1.184 0.992 12.845 0.037 232.558 0.022 0.995 6.897  0.018 290.073 0.060 7.73E+04 0.9998 1.283  0.004
EQ400 534.862 534.862 0.198 0.820 101.229 0.208 357.143 0.003 0.879 54.312 0.099 520.296 0.028 5.98E+03 0.988 16.763 0.034
EQ600 628.621 628.621 0.039 0.816 128.786 0.246 333.333 0.001 0.852 73.817 0.129 604.133 0.024 9.02E4+02 0.987 22.293 0.041
E@800 758.391 758.391 0.021 0.803 166.373 0.273 357.143 0.000 0.825 99.894 0.154 719.060 0.021 4.43E+02 0.970 40.953 0.063
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Table A.5: Data obtained from several isotherm models at different temperatures.

303 K 313 K 323 K
Langmuir
Am 625.000 833.333 714.286
Kr 0.364 0.130 0.226
Rp 0.047-0.0028  0.0453-0.0026  0.0464-0.0025
R? 0.971 0.949 0.945
Freundlich
ng 2.947 2.422 2.848
Kp 112.694 96.272 112.902
R? 0.893 0.921 0.919
Temkin
B; 93.955 132.160 85.112
Kr 4.166 1.701 45.496
R? 0.964 0.980 0.964
Sips
K 0.221 0.117 0.195
ng 0.608 1.601 1.755
Am 603.201 1016.144 848.560
R? 0.970 0.973 0.957
Dubinin-Radushkevich
B 5.00E-07 8.00E-07 2.00E-06
Am 568.272 568.272 453.820
R? 0.924 0.889 0.917
Liu
Am 505.3744 1016.388 848.9805
kg 0.00158 0.03209 0.05668
ng 13.73751 0.62426 0.56939
R? 0.27985 0.966 0.961
Redlich-Peterson
Krp 192.3549 136.2447 220.5415
aRrp 0.41113 0.38443 0.63704
npp 0.94393 0.84852 0.87145
R? 0.977 0.967 0.973
Khan
Am 467.926 386.2639 349.2194
Kg 0.39745 0.31641 0.5623
ng 0.93297 0.833114 0.85935
R? 0.978 0.967 0.975
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