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Abstract

Dyes are one of the most common pollutants in water. In particular, azo dyes are highly toxic,
have a complex structure and are particularly hard to degrade because they contain nitrogen-
nitrogen double bonds. In addition, in waste water differently charged dyes can be present.
Removing these pollutants with a single method or material is hard by using traditional
treatment techniques. In this thesis, new nanocomposites were prepared by combining
Fe304/P(NIPAM-co-MAA) polymeric microspheres and different generations of Polyamidoamine
(PAMAM) dendrimers. The prepared nanocomposites are able to remove differently charged
dyes, including the very resistant azo-dye methyl orange, and can also be recycled thanks to
their magnetic properties. Different generations (39, 4" and 5%) of PAMAM dendrimers and
Fe304/P(NIPAM-co-MAA) microspheres have been used in order to synthesize the
nanocomposites. The most promising nanocomposites were synthesized by also using a
different molar ratio of polymer/dendrimer. All the obtained nanocomposites were tested to
adsorb differently charged dyes and, in particular, the positively charged dye basic fuchsin (BF)
and the negatively charged azo-dye methyl orange (MO). According to the results, the
nanocomposite containing the 5" generation of PAMAM showed the maximum adsorption
capacity in the removal of both BF and MO. The adsorption capacity of this nanocomposite
towards MO is better than the not grafted polymeric microspheres that can adsorb perfectly BF
but cannot adsorb MO. Due to their magnetic properties, the nanocomposites can also be

removed by applying an external magnetic field.

Keywords: Methyl Orange; Basic Fuchsin; Adsorption; PAMAM Dendrimer; Fe304/P(NIPAM-co-

MAA) microspheres; Reusability
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Resumo

Os corantes sdo um dos poluentes mais comuns na agua. Em particular, os corantes azo sdo
altamente téxicos, tém uma estrutura complexa e sdo particularmente dificeis de degradar
porque contém ligacbes duplas azoto-azoto. Além disso, nas aguas residuais podem estar
presentes corantes de diferentes tipos e cargas. Remover esses poluentes com um Unico
método ou material é dificil usando as técnicas de tratamento tradicionais. Nesta tese, novos
nanocompositos foram preparados combinando microesferas poliméricas de Fe304/P(NIPAM-
co-MAA) e diferentes geracdes de dendrimeros de poliamidoamina (PAMAM). Os
nanocompdsitos preparados foram capazes de remover corantes com cargas diferentes,
incluindo o muito resistente corante azo-metilico, e também serem reciclados gragas as suas
propriedades magnéticas. Diferentes geracbes de dendrimeros PAMAM (323, 42 e 53) e
microesferas Fe304/P(NIPAM-co-MAA) foram usadas na preparagdo dos novos nhanocompasitos.
Os nanocompdsitos mais promissores foram sintetizados utilizando-se diferentes proporc¢es
molares de polimero / dendrimero. Todos os nanocompdsitos obtidos foram testados para
adsorver corantes com diferentes cargas e, em particular, o corante carregado positivamente
fucsina basica (BF) e o azo-corante alaranjado de metilo negativamente carregado (MO). De
acordo com os resultados obtidos, o nanocompdsito contendo a 52 geracdo de PAMAM
apresentou a capacidade maxima de adsorcdo na remoc¢ao de ambos os corantes, BF e MO. A
capacidade de adsor¢dao deste nanocompdsito para MO é melhor do que as microesferas
poliméricas sozinhas que adsorvem perfeitamente BF, mas ndo adsorvem o MO. Devido as suas
propriedades magnéticas, os nanocompdsitos também podem ser reciclados pela aplicagao de

um campo magnético externo.

Palavras chave: Alaranjado de metilo; Fucsina Bdésica; Adsorcdo; Dendrimero PAMAM;

Microesferas de Fe;04/P(NIPAM-co-MAA); Reciclagem
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1. Introduction

Nanotechnology is highly employed and has a strong impact in all industrial sectors, e.g. in
medicine, electronics, food packaging, textiles, cosmetics, water treatment techniques.
Nanotechnology is expected to play a significant role to solve environmental issues such as
water, air, and soil pollution®?2. For instance, low concentrations of pollutants can be detected

and/or removed with nanoscale catalysts, nano-chemical reactors,

and remote detectors®. Analysis, removal and detection technologies will be improved and

facilitated by nanoscience®.

Agricultural and urban activities together with the industrial production of plastics, dyes,
pharmaceuticals, non-biodegradable products increased enormously the quantity of waste
produced®*. This caused huge water, air and soil pollution that has changed Earth’s natural
balance®. At present, the contamination of water, soil, air with toxic substances threatens Earth,
humans, animals and plants®. Water pollution is of particular interest due to its importance for

life and to the scarcity of accessible water sources®.

Water is the most critical and significant substance to sustain lifel. The human body contains
between 60% and 80% of water!. The Earth’s surface is covered by 70% of water, but 97%
percent is saltwater®. 2.5% of all available water on Earth is freshwater that is stored as
groundwater and frozen as polar ice®. In reality, 0.5 % of the total water is easily available for
people to use on Earth®. The main sources of fresh water are rivers, lakes, snow, rainwater and
groundwater?!. These sources are susceptible to pollution because of human activities®. Water
pollution is the contamination of a body of water or water bodies (rivers, oceans, seas,
groundwater, aquifers and lakes) usually caused by human activities®>. Water pollution arises
when unwanted waste spreads in a water system and changes the water quality®. In this thesis,

water pollution and possible nanotechnology solutions are in focus.

Pollution (pollutionem is a term from the Latin and means dirt, disgrace and filth) is the
introduction in the environment of materials which cause harm to living organisms, human
health and Earth®. Pollution takes place when a substance is present in the environment in
higher concentration than the natural limit and have harmful effects®. There are many forms of
pollution®. Industrial applications, domestic sources, agricultural practices and hospitals are

some of the main sources of pollutants in the environment?.

There are three main water pollution causes: 1) natural sources such as acid effluents, toxic

gases from volcanic activity and volcanic places; 2) domestic sources which are laundry wastes



and sewage; 3) industrial wastes that are the major pollution source®. Some industrial wastes
generate high quantities of toxic chemicals such as metals, acids, heavy metals, textile wastes

(e.g. dyes), and pharmaceuticals®.

There are many kinds of pollutants, such as inorganic chemicals, radioactive substances, plant
nutrients, artificial fertilizers, disease-causing agents®. The types of pollution can be divided into
physical (big solid waste), biological (bacteria, excessive algal blooms) and chemical (dyes,
pharmaceuticals, pesticides, metal ions, oil spills)>. Each kind of pollution needs different and

specific methods for cleaning water®.

There are varied effects of pollution on aquatic environments’. In developing countries, the
pollution of drinking water by sewage causes 14,000 deaths per day®. Approximately 700 million
Indians do not have a proper toilet and almost 1000 kids die because of diarrhoea in India and
other countries®. Besides, 500 million Chinese have no safe drinking water®. Aquatic pollution
can definitely change the aquatic life”®. Thus, disease-carrying microorganisms such as bacteria

are carried into the water communities as lakes, river and ground water?.

Besides physical and biological pollution, chemical pollution is the major environmental issue.
By developing industry, the use of chemicals, mainly dyes, are increasing. The dyes from the
textile industry contaminate water and cause heavy water pollution. Figure 1 shows the water

pollution caused by dyes in Bangladesh.

Figure 1: Water pollution due to dyes in Bangladesh?®



1.1 Environmental and health impact of dyes

All over the world, 800.000 tons of dyes are produced in a year. The textile industry is the
biggest producer of dye polluted water'®!!, Synthetic dyes are used in many industries such as
paper printing, textile, food, cosmetics and pharmaceutical’®. Approximately, 10-15% of
synthetic dyes vanish and mix to nature because of the textile industry®. Textile processing
produces liquid waste, which includes inorganic and organic compounds, which will cause water
pollution®!?, The amount of wastewater depends on the sort of fabrics manufactured. Roundly,
0.08-0.15 m? of water is utilized to obtain 1 kg of textile fabrics. All of these dyes uses are one

of the main sources of environmental problems in the last decades?®.

Wastewater is full of chemicals and dyes; some of them are carcinogenic and non-biodegradable
being hazardous for human health and the environment®. With long term exposure to dyes,
there can be probably human health hazards®®. The dyes cause several health problems like skin,

eye, respiratory tract and gastrointestinal irritation®.

Dyes can stay in the environment and water for a long period because of their photostability
and high thermal properties to resist biodegradation'**>. The bigger environmental issue with
dyes is their absorption and reflection of sunlight by entering the water®. The absorption of light
reduces the photosynthetic activity of algae, moss and aquatic plants*!®. That affects the food
chain negatively®. The textile dyes in water cut-off the oxygenation capacity of the water and
stop sunlight'*'’, In this way, the photosynthesis process and biological activities stop in aquatic
life’®. Long-time presence of dyes in water causes accumulation in water bodies, aquatic life and
fishes*1°, Then, the dyes decompose in mutagenic and carcinogenic compounds, and it causes

toxicity to life#2°,

Many wastewater treatment processes as electrodialysis, trickling filters, flocculation,
sedimentation, etc. have been used for removing the pollutants from water?'. Nevertheless,
these treatment methods are not effective in removing all chemicals and dyes from wastewater.
As a matter of fact, the waste water from textile does not include just a high ratio of dyes, but
often also comprise other chemicals such as metal ions!%?2, Several kinds of trace metals such
as Zn, As, Cu and Cr cause health problems such as ulceration of the skin, irritation, nausea,
dermatitis, acute tubular necrosis, abdominal pain, vomiting, kidney failure, cancer, bone
damage and even death!®?3, Additionally, textile wastewater also contains microbial and other

organic impurities'®.



Water-soluble dyes are hazardous for organisms and especially for liver enzymes®. In particular,
azo dyes are the largest group of dyes used in the textile industry®. Azo dyes have a complex
structure and are particularly hard to degrade because they contain nitrogen-nitrogen double
bonds (-N=N-) and are highly electron deficient'®?*2>, Also, azo dyes display carcinogenic effects
due to their cleaved products such as aromatic amine groups which induce animal and human
tumors®?® These dyes can change the chemical and physical composition of soil, fauna and flora
affecting environment and agricultural activity negatively®. Even small quantities of azo dyes
(<1ppm) are highly visible in water and affect water-gas solubility, transparency and aesthetic
appearance’®. A high concentration of dyes can also cause a decrease of light penetration in
water. This can bring to a subsequent reduction of photosynthetic activity and a de-regulation

of the biological cycles of aquatic biota with connected oxygen deficiency?®.

The anionic dye Methly Orange (MO) (or Sodium 4-[(4-dimethylamino) phenyl} diazenyl}
benzene-1-sulfonate) is a well-known azo-dye. Mostly, MO is used in paper, food and textile

industry® 9,

Basic Fuchsin (BF) is a poisonous dye which has triphenylmethane group, and it is mostly used
in paper, printing, cotton, fibers and industrial production?*?®, Both BF and MO can affect human
health negatively creating issues such as respiratory irritation, nausea, vomiting, Heinz body
formation, shock, gastrointestinal irritation and diarrhoea?”?%, Both BF and MO threaten human
health because of their toxicity and carcinogenicity effects!®. Because of their poor
biodegradation, BF and MO cause significant environmental problems and their removal from
waste water is a serious topic and should be studied in depth. Figures 2 and 3 show the chemical

structure of BF and MO.
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Figure 2: Structural formula of basic fuchsin26 Figure 3: Structural formula of methyl orange?®



1.2 Water treatment methods

In general, traditional wastewater methods consist mainly of biological and mechanical
processes®. There are several methods to treat wastewater, such as sedimentation, filtration,
aeration, chlorination, and chemical oxidation, microbial and enzymatic decomposition3..
However, with most of these techniques, it is not possible to remove all pollutants (e.g. traces
of dyes or pharmaceuticals) and, therefore, the use of properly engineered nanomaterials is

significant in this sense.

Generally, water treatment involves three stages, named primary, secondary and tertiary
treatment. In the primary step, coarse solids are removed from wastewater. Then, the rest of
the wastewater is transferred to the secondary stage. 90% of the organic pollutants in water are
removed by using biological treatment methods such as biofiltration, oxidation ponds and
aeration®2. A tertiary step to remove traces of recalcitrant pollutants, to protect the environment

and to improve the effluent quality in water was introduced into the treatment process®.

In recent years, researchers are studying on removing persistent micropollutants from water,
which are not degraded during the treatment process®®. By developing nanochemistry

approaches, physicochemical treatment techniques are widely used for wastewater cleaning.

Some important methods that use nanomaterials are, for instance, adsorption and advanced
oxidation processes (e.g. photocatalysis, Fenton processes, etc.)®. Besides oxidation processes
and membranes, the adsorption method is considered a promising treatment process to remove
and recycle the micropollutants from the water®. The adsorption technology is a competitive
method for wastewater treatment34. Adsorption method is a surface phenomenon that is used
in order to remove inorganic and organic pollutants34. Also, the adsorption technique by solid
adsorbents represents a great potential to remove micropollutants in waste water treatment34.

The adsorption process offers cost-effective pollution control due to its simple design34%,

Here we will mainly focus on adsorption since this is the main topic of this thesis.

1.3 Adsorption for wastewater treatment

The most general definition of adsorption is a phase transfer operation which is used to remove

materials from liquid phase®’. Adsorption is an effective removal method in water treatment°,

The fundamental principle of adsorption theory is shown in Figure 4. The solid material (more

precisely its surface) is called adsorbent; the species that are adsorbed on the surface of the



solid material are referred to as adsorbate®’. The adsorbed materials can be released from the
surface of the adsorbent by changing the characteristics of the fluid phases (e.g. temperature,

concentration, and pH). The reverse system is named desorption°

Desorption

Liquid phase O O OO O OT O O/Adsorbate
@ . .'lﬁa's'()'rf)‘tiﬁﬁw. ...... . }Adsorbed phase
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Surface

Solid phase
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Figure 4: Fundamental terms of adsorption process3©

There are generally two types of adsorbents: 1) natural adsorbents such as minerals, oxides,
natural zeolites, clay or biopolymers; 2) engineered adsorbents such as carbonaceous

adsorbents, zeolite molecular sieves and oxides®

Table 1 shows an overview of the most used applications, objectives and treatments. The most
widely used adsorbent in wastewater cleaning is activated carbon which is produced from

carbonaceous materials3®

Table 1: Some application fields and used adsorbents in wastewater treatment3°

Application field Objective Adsorbent
Drinking water Removal of arsenic, organic Activated carbon, Iron
materials and micro hydroxide, Aluminum oxide
pollutants
Industrial wastewater Removal of specific adsorbents, activated
chemicals carbon
Urban wastewater Removal of phosphate Aluminium oxide, Iron
hydroxide

As discussed in Section 1.1, azo dyes are the most used dyes in the textile industry, and they can
have several toxic effects. Various nanomaterials were developed in order to remove from the

water azo dyes and other toxic substances such as heavy metals and to protect the environment



and human health. Zeolites and oxides have a strong hydrophilic surface which shows good
adsorption properties of charged species'®. In particular, adsorption methods with oxides
adsorbents (e.g. aluminium oxide, iron oxide and ferric hydroxide) are quite efficient in order to
remove arsenate and selenium species®. Recently, engineered nanoparticles that have a size
between 1 to 100 nanometers are used in many applications®®. Also, engineered nanomaterials

are promising for water treatment®°

. Thus, the use of engineered adsorbents is increasing for
wastewater treatment due to being cost-effective materials and, having high adsorption

capacities and large surface area®.

Amongst these nanomaterials are carbon-based, metal oxide-based nanomaterials, hybrid

(organic and inorganic) and polymer-based nanomaterials.

In recent decades, different kinds of carbon-based nanomaterials have been widely used to
remove dyes and heavy metals due to their ease of preparation, porosity, high sorption capacity,
abundance and nontoxicity*°. Especially, activated carbon (AC), carbon nanotubes (CNTs) and

graphene have been broadly used for removing dyes from wastewater?®,

AC is used mainly to remove organic solutes, pesticides, corrosion inhibitors, phenols and
pharmaceuticals from groundwater, wastewater, aquarium water, swimming-pool water®.
However, all raw waters have natural organic matter or pollutants that cannot be completely
removed from water by using activated carbon. For instance, dye or heavy metal removal at ppb
levels is difficult3®*’. Also, activated carbon is not too selective when used for adsorption of

organic substances®,

Since CNTs discovery in 1991 by lijima, CNTs have become useful nanomaterials in nanoscience,
mainly owing to their considerable thermal, electronic, and mechanical properties33°, Due to
their unique adsorption capacity and properties, CNTs can be used in many applications?®*.,
CNTs can also be functionalized with other materials to extend their adsorption capacity®’. Some
studies show that multi-walled carbon nanotubes (MWCNTSs) are more efficient than CNTs in

the removal of dyes from aqueous solutions’. However, the disadvantage of CNTs is the high

cost involved in the production®.

Graphene has excellent mechanical, electrical and thermal properties, and unique 2D
structure®. However, several studies show that graphene and functionalized graphene have a

lower adsorption capacity than AC and CNTs¥.

Metal oxide-based nanomaterials are inorganic materials broadly used for removing dyes and

heavy metal ions¥. Especially, nanosized metal oxides such as TiO,, Fes04, MnO,, CdO, ZnO and



MgO have a high surface area®, So, these materials can be used for water treatment
applications (adsorption, photocatalysis, coagulation, ultrafiltration, chemical precipitation and

ion exchange)*>*3,

Also, metal oxide nanoparticles have low solubility and cause less secondary pollution formation
than other materials®’. Amongst all oxide-based materials, iron-based materials are promising
and interesting for water treatment due to their magnetic properties**. Magnetism is an
excellent physical feature that helps in water treatment?®#4, Indeed the magnetic properties
44,46

allow removing the materials easily from the water after their use for water purification

Figure 5 shows a model of magnetic separation®’.
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Figure 5: A schematic representation of magnetic separation®*’

As known, iron is one of the most common and eco-friendly element all over the earth®. Its
abundance and the easy synthesis of iron oxides make them cost-effective for heavy metal ions
and other molecules adsorption®’. Many studies were reported in the literature regarding the
removal of heavy metal ions by using Fes04 nanoparticles®. Further studies have reported about
functionalized Fesz04 by carboxyl-, amine- and thiol- groups for removing toxic metal ions from
water3”4849  Magnetic nanoparticles are highly efficient, economical, reusable and viable for
removing the toxic metal ions from water®’. Also, ferric nanoparticles have been applied to

removing dyes (Reactive blue 19, reactive red 198, Neutral Red, Methylene Blue)®’.
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1.4 Adsorption of dyes with microspheres

Polymeric adsorbents are obtained by copolymerization of weakly polar or nonpolar monomers,

and they have higher adsorption characteristics than activated carbon, but higher costs3%°0>1,

Polymer-based nanomaterials help to achieve an effective removal of pollutants®. Polymeric
adsorbents are environmentally harmless, possess excellent skeleton strength and easily
modifiable surface groups, are relatively easy to functionalize®. Although polymer
nanocomposites have great features, they show low adsorption capacity in aqueous solution.
However, hybrid polymer/inorganic nanomaterials possess an improved adsorption capacity,

and they might present other interesting properties®.

In particular, microspheres are appropriate adsorbents for water cleaning because of their high
loading capacity®®. In this study, a hybrid nanocomposite based on magnetic microspheres was
used (Figure 6). The magnetite Fe3s04 NPs/P(NIPAM-co-MAA) microspheres used in this thesis
are made of a co-polymer of NIPAM (poly(N-isopropylacrylamide-co methacrylic acid) and
methacrylic acid (MAA)>*. After polymerization of NIPAM and MAA, the microspheres are doped
with FesOs magnetic nanoparticles®®. The advantages of these microspheres in water cleaning
are: 1) they adsorb dyes via the electrostatic interaction of chemical functional groups
(carboxylic groups) on the surface of the microspheres with the pollutant®; 2) their adsorption
capacity can be regulated intelligently due to the temperature, pH and magnetic responsive
polymer segments. Also, the presence of the FesO, magnetic nanoparticles allows the
recyclability, after adsorption of the pollutant on the surface of the microspheres by applying an
external magnetic field. The average diameter of the used microspheres is about 500 nm>*. The
microspheres bear several carboxylic groups on the surface that can attract other molecules
electrostatically or via intermolecular interactions®. Thus, this property of the microspheres
plays a significant role in the adsorption process>*. Additionally, the surface of the microspheres
can be easily modified with different groups such as chitosan, Fe;03-SiO,, Au@silica and NaYF,-

silica in order to enhance the adsorption capacity and efficiency®*°¢>7,
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Figure 6: Schematic structure of a) N-isopropylacrylamide(NIPAM)38, b) Methacrylic acid (MAA)>8 and c)
Fe304/P(NIPAM-co-MAA) microspheres

In this thesis, the magnetic microspheres will be modified with PAMAM dendrimers in order to

achieve a final nanocomposite able to adsorb different types of pollutants.

1.5 PAMAM dendrimers and their applications in waste water treatment

Dendrimers are radially symmetric, nano-sized, monodisperse, homogenous and highly
branched polymeric nanoparticles®. Generally, dendrimers are divided into three parts: a core,
branched units and surface groups. Dendrimers are an interesting class of synthetic molecules
and used in several applications due to their surface functionalization, high stability,
hydrophilicity, tunable size and structure, both chemical and mechanical®®. This class of
hyperbranched polymers can be synthesized by two main approaches: divergent and
convergent®®. In divergent method, the synthesis of the dendrimers start from the core of the
dendrimer to the arms of the dendrimer®. The arms are bind by adding building blocks step by

step. In the convergent technique, the synthesis of the dendrimers begins from the exterior™.

Dendrimers are mostly used in biomedical applications such as drug delivery, gene delivery,
targeting component, imaging agents or detecting agents®*®. In environmental applications,
dendrimers have been still scarcely used, but they show great potential in this field®. Dendritic
nanopolymers, for instance, possess physicochemical properties which make them interesting
as reaction and separation media for water treatment®®’. Dendritic hanopolymers contain

dendrigraft polymers, hyperbranched polymers, dendrimers, supramolecular assemblies such
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as dendrimer-like star polymers and core-shell tecto(dendrimers)® and they can encapsulate

different cationic and anionic solutes®®.

Polyamidoamine (PAMAM) dendrimer is a highly branched, symmetric and nano-sized molecule
with a monodisperse and homogeneous structure having an ethylenediamine (EDA) core and
cationic outer surfaces (amino groups -NHs*)%%6%69-71 PAMAM dendrimers has an excellent
relevance both scientifically and industrially®®. PAMAM dendrimers are used in many
applications, especially in biomedicine, drug delivery, gene delivery and host-guest
chemistry®72, PAMAM has unique properties such as high geometric symmetry, controllable
internal voids, external functional groups, controllable size, structure and shape’?. PAMAM
dendrimers can be synthetized in different generations (From 0 to 11 generation)®. Different
generations are used in different applications because of the number of branching points, the
number of atoms and the number of nitrogen groups. In this study, 3™, 4" and 5" generation of
PAMAM dendrimer were used. 3™ (PAMAM G3), 4" (PAMAM G4) and 5" (PAMAM G5)
generations of PAMAM dendrimer has respectively 1092, 2244 and 4548 total atoms and 32, 64
and 128 terminal nitrogen atoms®®. Figure 7 shows the chemical structure of the PAMAM
dendrimer. The generation of PAMAM dendrimer increases by an increase of branching points
and therefore of final amino groups. In this thesis, a simplified structure of PAMAM dendrimer

will be used in order to explain the reaction scheme (Figure 8).

G3 G,y

Figure 7: Schematic structure of PAMAM dendrimer’3
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Figure 8: Simplified structure of PAMAM (G3), PAMAM (G4) and PAMAM (G5) dendrimer

Although PAMAM dendrimers have been extensively used in bio-application, there are still very
few applications in the environmental field’2. The dendrimer enhanced filtration process is one
of the water treatment method 8. In this process, there are three steps: 1) treatment; 2)
dendrimer recovery; 3) and clean water recovery. As presented in Figure 9, polluted water is
mixed with a solution that has functionalized dendritic nanopolymers to perform specific
reactions of interest (e.g. anion and cation binding). Following, nanopolymer complexes with
bonded contaminants are transferred to the recovery unit of clean water where the complexes
are filtered by using ultrafiltration (UF) and microfiltration (MF) systems. In these systems, the
bonded target substance is separated from nanopolymers by changing different parameters, for
instance, pH®. Lastly, the nanopolymers are recycled by reintroducing the recovered materials

on the treatment unit®®.

Dendrimer Contaminated
solution water

a—
— J Clean water Dendrimer T
S recovery unit recovery unit |
Treatment unit — — — . =

| UF/MF system UF/MF system

T N @

! 7 = Clean | v ‘ Concentrated
— ‘ ) water ‘ B contaminant

o solution

Figure 9: Water treatment by dendrimer enhanced filtration process®®

Besides the filtration process, different studies regarding PAMAM dendrimers, different
parameters (pH, temperature) and PAMAM with different surface groups are reported in the

literature’*”>. Modified PAMAM dendrimers with different terminal groups, such as graphene
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oxide (GO), graphene sheet (GS), NH,, COO™ and OH, is increasing in environmental studies’.
One study shows the 3™ generation of PAMAM dendrimer grafted with different groups, such
as GS, GO, OH and COO" groups, to perform adsorption of heavy metal ions, such as Pb?*, from
aqueous solution”. The different modified PAMAM were compared to pure GS and GO. Figure
10 shows the Langmuir adsorption isotherm in which the variation of the total amount of Pb?*
ion adsorbed (qe) onto different materials’ surfaces is reported versus the ion concentration in
water’®. When the material used contains PAMAM, the adsorption of Pb?" ions gives better
results. From further calculations, it was determined that GO-PAMAM is the material able to

adsorb the highest quantity of Pb?* ions”.

O GS A GS-PAMAM ¥ GS-PAMAM-COO™ > GS-PAMAM-OH
B GO A GO-PAMAM % GO-PAMAM-COO™ 4 GO-PAMAM-OH
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Figure 10: Variation of the total amount of adsorbed Pb?* ions onto different surfaces versus ions concentration in

water’4

Another study about the removal of reactive blue 19 (RB19) dye using PAMAM (G3) and poly
(propylene imine) dendrimers (PPI-G3) in wastewater is reported in the literature’. Especially,
reactive anionic dyes are water-soluble and widely used in the textile industry, after azo
dyes®®’5. RB19 dye is very used in industries, has an anthraquinone chemical structure and
therefore is highly photochemically stable and lasting in natural environments’. Thus, it causes
environmental problems. In the study, the two different dendrimers were compared for the
adsorption of RB19 by changing different parameters such as pH, dye concentration and
adsorbent dosage. According to the results of this study, both dendrimers could adsorb

efficiently the RB197°. Figure 11 shows the effect of different dye concentrations on RB19
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removal efficiency by PAMAM (G3) in different pH values. As can be seen in the Figure, third
generation PAMAM dendrimer can be used at different pH (at its best at low pH) and at different

dye concentrations (also relatively high concentrations) as an eco-friendly adsorbent.
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Figure 11: Removal efficiency by PAMAM (G3) in different pH values and at different initial dye concentrations’®

The aim of this study is to combine Fe3;04/P(NIPAM-co-MAA) microspheres with PAMAM
dendrimers (Generation 3, 4 and 5). The obtained nanocomposites will be tested for the

adsorption of negatively and positively charged dyes.

1.6 Objectives

As it was discussed in the introduction, water is a very important source for all living organisms.
However, pollutants are threatening freshwater sources. Water pollution is increasing due to
the developing industry. Pollutants such as heavy metal ions and dyes, which come especially
from the textile industry, are very toxic for environmental and human health. Dyes are the most
common pollutants. In particular, azo dyes are highly toxic, have a complex structure and are
particularly hard to degrade because they contain nitrogen-nitrogen double bonds (-N=N-)%,
Also, in wastewater differently charged dyes might, often, be present. Removing these

pollutants with a single method or material is hard by using traditional treatment techniques.
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Physicochemical treatment techniques are a promising method for removing micropollutants
from water. Amongst them, adsorption is very interesting because it gives the possibility to
remove also molecules that are very difficult to degrade. The adsorbent can also be based on
nanomaterials and, in this case, it has specific surface characteristics and higher surface area. In
wastewater treatment processes, these properties provide the benefits of selectivity, increased
affinity and capacity for the pollutants. Several are the materials used for adsorption. One of the
most used is activated carbon (AC) due to its high adsorption capability’®. Although AC is a
promising adsorbent for wastewater treatment, it is not capable of removing the pollutants
completely. More recently, magnetic thermo- and pH-responsive polymeric microspheres,
namely Fe304/P(NIPAM-co-MAA), have been already used to remove dyes by adsorption. These
microspheres are made of a co-polymer of NIPAM (poly( N -isopropylacrylamide- co methacrylic
acid ) and methacrylic acid (MAA) and are doped with FesOsmagnetic nanoparticles®*. Thanks to
the presence of NIPAM, the polymeric microspheres are thermo- and pH-responsive®. The
presence of magnetite Fes04nanoparticles makes the microspheres magnetic. The advantage of
this system is that it is cheap, biocompatible, and it can be recycled thanks to its magnetic
properties. However, often, there is the limitation that the system can adsorb only specific

charged dyes.

In this study, magnetite FesO4 NPs/P(NIPAM-co-MAA) microspheres and different generations
of Polyamidoamine (PAMAM) dendrimers have been combined to overcome this issue. The
prepared nanocomposite can remove differently charged dyes and can be recycled thanks to its
magnetic properties. In particular, the PAMAM dendrimer-grafted Fes;04/P(NIPAM-co-MAA)
nanocomposite bears on the surface carboxylic groups, due to the MAA in the structure of the
polymer, and amino groups, due to the PAMAM dendrimer. In this way, positively charged and
negatively charged dyes can be adsorbed from water. Due to the magnetic properties of the
polymeric microspheres, the new nanocomposites can be recycled by applying an external
magnetic field. In addition, since both polymeric microspheres and PAMAM dendrimers are non-

toxic materials, eco-friendly nanocomposites were produced.

In this study, the adsorption of the positively charged dye basic fuchsin (BF) and the negatively
charged azo dye methyl orange (MO) by using the prepared nanocomposites will be explored.
In particular, the different nanocomposites prepared with different generations of dendrimers
or a different molar ratio of dendrimer/polymers have been tested for the adsorption of BF and
MO. The final aim is to obtain a new cost-effective and biocompatible nanomaterial able to

adsorb both positively and negatively charged dyes, including the very resistant azo-dye MO. In
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addition, the final system contains magnetic nanoparticles and, therefore, in future can be

recycled after adsorption.
The thesis will be structured as follows:

In Section 2, a description of the materials and methods used is provided. In particular, it is
explained how the nanocomposites were prepared, characterized, and how the adsorption tests
towards BF and MO were performed. This Section also contains a short explanation of the

principles of the main techniques used.

Section 3 consists of the results and discussion. In particular, after a session about the
nanocomposites characterization, the nanocomposites were tested towards the adsorption of

BF and MO.

Finally, in Section 4 the main conclusions are presented.
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2. Materials and methods

This section will be divided in four parts: 1) the synthetic pathway to prepare the PAMAM
dendrimer-grafted Fe304/P(NIPAM-co-MAA) nanocomposites; 2) the characterization
techniques; 3) the adsorption experiments performed with the nanocomposites to adsorb the

two dyes, basic fuchsin and methyl orange; 4) the working principles of the used instruments.

2.1 Preparation of the PAMAM dendrimer-grafted FesO04/P(NIPAM-co-

MAA) nanocomposites

2.1.1 Materials

Fe304/P(NIPAM-co-MAA) microspheres were synthesized by Jiao Wang et al. at TU Dresden
according to the procedure reported in a published work>*. PAMAM dendrimers were purchased
from Dendritech. Reagents; N,N'-Dicyclohexylcarbodiimide (DCC) and Dimethylformamide
(DMF) were purchased from Sigma-Aldrich (Dresden, Germany). 4-Dimethylaminopyridine
(DMAP) was purchased from Merck (Dresden, Germany). Water was purified by an Astacus

membraPure system and was used in all experiments (0.055 puS/cm).

2.1.2 Synthetic route for the preparation of the nanocomposites

The production of the PAMAM dendrimer-grafted Fe;04/P(NIPAM-co-MAA) nanocomposites
was performed by modifying a reported method for the coupling between amino and carboxylic
groups’’ (for the detailed reaction scheme see section 3.1.1). In particular, the carboxylic groups
of the Fe;04/P(NIPAM-co-MAA) microspheres were coupled to the amine groups of the PAMAM
(G3), PAMAM(G4) and PAMAM(G5) dendrimer to form new amide bonds’. The general
pathway was performed through the following steps. PAMAM dendrimer was dissolved in DMF
by using a magnetic stirrer. Then, Fe304/P(NIPAM-co-MAA) microspheres and DMAP were added
to the dissolved PAMAM solution”. In this way, DMAP partially activated carboxylic groups of
Fe304/P(NIPAM-co-MAA). After that, DCC was dissolved by using DMF in 15-mL flask. The
dissolved DCC was added dropwise to the main solution to continue the activation of carboxylic
groups of Fe;04/P(NIPAM-co-MAA) and start the reaction. To keep the speed of the reaction low
and avoid polymerization, the temperature was kept at 0 °C. Firstly, the solution was stirred for

2 hours at 0 °C and then, for 6 hours at room temperature. After the synthesis, the sample was
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dialyzed (MWCO: 20 kD, Biotech RC Tubing) against dH,O for 3 days. Freeze dryer (Christ-Alpha

1-4) was used in order to dry the samples.

Table 2 describes the used amounts of dendrimer, microspheres, DMAP, DCC and DMF, the
calculated molar ratio between dendrimer’s amino groups and polymer’s carboxylic groups for

each reaction performed and the different samples’ name.

Table 2: The amounts of used chemicals, molar ratio between dendrimer’s amino groups and polymer’s carboxylic
groups for each reaction and the different samples’ name (DMF was used as solvent; 0.009 g of DMAP were used for

all the syntheses of nanocomposites except for the synthesis of G3,P; where 0.018 g of DMAP were used)

Sample’s PAMAM Molar ratio of amino to Fes0s/P(NIPAM-
name generations carboxylic groups PAMAM (g) co-MAA) (g) DCC (g)
G31P1 G3 1:1 0.016 0.048 0.03914
G41P1 G4 1:1 0.008 0.024 0.01957
G51P: G5 1:1 0.008 0.024 0.01957
G51Pos G5 1:0.5 0.016 0.024 0.03914
G51Pos G5 1:0.8 0.016 0.038 0.03914

G31P;, G4,P1and G5:P1nanocomposites were synthesized by using the molar ratio (1:1) of amino
groups in the dendrimer to carboxylic groups in the microspheres. The reactions which have the
molar ratio (1:1) of amino groups in the dendrimer to carboxylic groups in the microspheres
were repeated; G3:P; and G4,P; were synthesised twice and G5;P; three times. From the
adsorption experiments, G5:P; nanocomposite gave the best results when compared to the
other two nanocomposites (for better details, see section 3.3.3). Therefore, a different molar
ratio, which are (1:0.5 and 1:0.8) of amino groups and carboxylic groups were used to synthesize

the new nanocomposites (see Table 2).

2.2 Characterization of the PAMAM dendrimer-grafted Fes;04/P(NIPAM-

co-MAA) nanocomposites

2.2.1 Instruments used

UV-Vis spectra were recorded with a Cary 100 Bio UV-Visible spectrophotometer. UV-Vis spectra

were acquired in water using quartz cuvettes and water as a reference.
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ATR-FTIR spectra were recorded with an IRaffinity-1S-ATR-FTIR from Shimadzu. The spectra
were acquired by depositing the solid sample on the diamond crystal sample holder. The
samples were measured by using the measurement mode transmittance (T%), number of runs

32 and resolution 2. After the spectra were obtained, the data are converted to ATR-FTIR data.

DLS spectra were recorded with a ZetaSizer Nano. The DLS spectra were acquired by using low-
volume cuvettes in water and by 10 runs, 3 measurements, temperature 22°C, water as the

solvent, angle 90°)
The samples were dried with Christ-Alpha 1-4 freeze dryer for 72 hours.

HR-TEM images were obtained using a 200 kV TEM microscope FEI Talos F200X, which combines
high-resolution S/TEM with energy dispersive x-ray spectroscopy (EDS) signal detection, and 3D
chemical characterization with compositional mapping. The specimen support used for TEM
investigations was a microscopic copper grid covered by a thin transparent carbon film. A 3 ul of
sample solution was dropped on grid and evaporated at room temperature. A 3 ul

of phosphotungstic acid (5% suspension) was used for contrasting of the sample at grid.

2.3 Adsorption experiments procedure

2.3.1 Materials and methodologies
Basic fuchsin was purchased from Sigma-Aldrich and methyl orange (MO) from Merck.

For the adsorption experiments, the samples were collected in the dark at specific time points
into 1.5 mL Eppendorf’s tubes and centrifuged for 10 minutes at 14000 rpm. The absorption
spectra of the samples were recorded in water in quartz cuvettes by UV-Vis spectroscopy (Varian

Cary 100 Bio UV-Vis spectrophotometer).

2.3.2 Experimental pathway for the adsorption experiments

The obtained nanocomposites G31P1, G41P; and G5,P; were tested to evaluate their adsorption
ability against BF and MO in water. In order to perform the adsorption experiments, in advance,
an aqueous solution of BF and MO was prepared at 0.015 mol/L concentration. All adsorption
experiments were performed in the dark. Reference measurements were performed by using
only the non-grafted Fe304/P(NIPAM-co-MAA) microspheres. Then, measurements were

performed with each kind of composites, namely G3,P;, G4,P; and G5;P;. For the
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nanocomposites containing the PAMAM (G5), also the different nanocomposites prepared with
different ratios of amino to carboxylic groups were tested for adsorption. For each experiment,
4 mg of the nanocomposite were added to 10 ml of an aqueous solution of BF and MO. While
the aqueous solution was stirring (500 rpm) in the dark for 160 minutes, at different time points
(5, 10, 20, 30, 40, 60, 80, 100, 130 and 160 min), 1 ml of solution was taken and centrifuged for
10 minutes (14000 rpm) to separate the nanocomposites from the dyes. Then, the supernatants
were measured by UV-Vis spectroscopy to evaluate the discoloration of the solution during the

adsorption experiment.

The kinetic adsorption experiments were performed in order to determine the adsorption rate
of BF and MO by synthesized nanocomposites. The experimental data were analysed and
evaluated by employing the Lagergren pseudo-first-order [1] and pseudo-second-order [2]

models>*”°. The kinetic constants and curves will be discussed in section 3.3.3.

In(qe — q¢) = Inq, — kqt (1]

t 1 t
—+ — 2]
qt kaqe de

In the given formula, g, and q; are the adsorption capacities (mg g™) of the nanocomposites at
the adsorption equilibrium and at the time t (min), the adsorption rate constants are k; (min)

and k, (g mgt mint).

2.4 Working Principles of the instruments used

2.4.1 UV-Vis spectroscopy

Ultraviolet-Visible spectroscopy is a kind of absorption spectroscopy in ultraviolet and visible
spectral regions®. It is used to measure the absorbance of the species in solution and can also
be used for quantitative studies. For the UV-Vis technique, a light source and a spectrometer
are needed. The energy range in which UV-Vis spectroscopy works is ultraviolet (200-400 nm)

and visible (400-780 nm)&.

A schematic representation of a dual beam UV-Vis spectrophotometer can be seen in Figure 12.
The spectrophotometer is composed of a light source, a beam splitter, a sample and reference
holders and a detector. Usually, in UV-Visible spectrophotometers, there are two light sources,
one for the UV and one for the visible light emission. The beam is directed first to a filter® and

then is split in two beams thanks to the beam splitter®. Monochromatic light crosses two
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cuvettes, one of them has the reference solution (distilled water), the other cuvette is the
sample which is used in the experiment (in the case of this study the solution are composed of
BF or MO)®. The light that was not absorbed by the samples is collected and amplified thanks
to a photomultiplier and the data are transferred to a computer. After that, the data are shown
as a graph of absorbance versus wavelengths and the peaks represent the maximum

absorbance®®. For MO the maximum absorbance peak is at 463 nm; at 542 nm for BF.
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Figure 12: A schematic diagram of a UV-Visible setup8®

The absorbance of the species in the sample is directly connected to the concentration of that
species in the solution. The equation [1] which is named the Lambert-Beer Law is the
mathematical-physical representation of light-absorption measurements®8l, The absorbance

(Abs) is measured as described below:
log™ = &(A).x.c = Abs(2) [1]

where lp is the intensity of the incident light and / is the intensity of the transmitted light; x is the
path length of the cuvette, c is the molar concentration of the absorbing molecule, £(1) is the
extinction coefficient and Abs is the absorbance at the wavelength(1)%. This law shows that
inside the limits of its validity, the concentration of the absorbing species is proportional to its

absorbance.
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2.4.2 FTIR (Fourier Transform Infrared) spectroscopy

Fourier transform-Infrared (FT-IR) spectroscopy is used in order to identify the structures of the
samples and the kind of molecular bonds in the molecules®®®?, Figure 13 shows the schematic
of an FT-IR setup. As the primary excitation source, infrared radiation (IR) is used in FT-IR
spectroscopy®. The spectrum is obtained from the absorption of IR radiation by the sample®°.
With IR radiation, it is possible to excite the vibrational states of molecules. In this way, the IR
absorption peaks in the spectra represent certain molecular bonds and make molecular
identification possible®®. The IR sensor records transmitted radiation intensity signals as a
wavelength function in the form of an interferogram®. Computer algorithms play a role in order
to convert the interferogram to an IR absorbance spectrum by using Fourier transformation®. A
classical FTIR spectrum is represented/plotted by the intensity of transmitted IR spectra versus
wavenumber (cm™)®%82, The obtained peaks in the spectrum correspond to different molecular
bonds and, therefore, different functional groups can be identified®®®2, The Lambert-Beer Law
equation is used to explain the linear relationship between absorbance (A) and concentration(c).

In equation [2] absorbance is A, molar absorptivity is &, and path length is b”®2,
A=¢.c.b (2]

Some special kinds of FTIR spectrometers have a unit called Attenuated Total Reflectance
(ATR)®. These spectrometers contain a sample holder made of a crystal (for this thesis it is a
diamond crystal) able to reflect light several times. This amplifies the signal coming from
functional groups placed at the surface of the samples. However, to compare the ATR-FTIR
spectra to normal IR spectra, a correction for the light attenuation in the diamond crystal is
needed. In this study, the data obtained are used to identify the molecular structure of the

samples®.
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Figure 13: A schematic diagram of an FTIR setup8°®
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2.4.3 DLS (Dynamic Light Scattering)

Dynamic Light Scattering (DLS) is a technique which is used to measure the size of particles and
polymers in solution; in this study, Malvern ZetaSizer Nano ZS Series was used. The technique
allows measuring the hydrodynamic size of the samples®®. In a solution, all the particles move
randomly in any direction. That random movement is called Brownian motion®. Smaller
dimension particles move through much longer distances than bigger particles®. Also, bigger
particles scatter more light than small dimension particles. The setup of the DLS is shown in

Figure 14,

Laser Source Stit

Computer

Figure 14: A schematic diagram of a DLS setup?8

In order to calculate the hydrodynamic diameter of the particles, the Stokes-Einstein equation
[3] is used®’. d(H) is the hydrodynamic diameter, k is the Boltzmann Constant, T is the absolute

temperature, n is the solvent viscosity, and D is translational diffusion coefficient®”.

kT
3ntnD

d(H) = 3]

The DLS graphs are number (%), intensity (%) and volume (%) distributions plotted versus size.
The graph of number (%) versus size shows a number of nanoparticles with a certain size in the
solution. The intensity (%) versus size gives information about the intensity of scattered light.
The volume (%) versus size graphs can be obtained, converting the intensity (%) distribution
graphs. The volume distribution graphs describe the components in the sample based on their

volume.
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2.4.4 HR-TEM (High-Resolution Transmission Electron Microscopy)

Transmission Electron Microscopy is a technique in which an electron beam is used in order to
form an image of the sample®®. This electron beam is emitted using a lanthanum hexaboride or
tungsten filament®®, Firstly, the electron beam passes through a condenser lens then, it passes
through the specimen by an objective lens. The electron beam provides a higher resolution than
the visible light in optical microscopy®. In general, high energy primary electrons pass through
the specimen then, the electrons deflect from the samples in order to create an image in
electron microscopy® . In TEM, the electron beams are transmitted through the ultrathin
specimen then, it is transformed into a non-uniform electron intensity after scattering or
transmission by the specimen®. An ultra-high vacuum which prevents electron scattering is used
in order to analyse the sample in TEM®,. So, electrons can move easily from the gun to the
specimen and then to the detector®. Figure 15 shows the schematic diagram of a TEM

microscope.

High-Resolution Transmission Electron Microscopy (HR-TEM) is a mode of imaging which uses
both the scattered and transmitted beams in order to create interference image®. HR-TEM is a
powerful technique to study features of materials on the atomic scale, for instance,
nanoparticles, semiconductors and metals. HR-TEM is used in order to obtain high-resolution

scanning TEM®,

Incident beam

W

_ Specimen

( ) Objective

\ 7 lens
) § & P
vy vy
—  ODbjective
aperture

Image plane

Figure 15: A schematic diagram of a TEM setup®®
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3. Results and discussion

This Section will be divided into two main parts: 1) the preparation, calculations and
characterization of the PAMAM dendrimer-grafted Fes04/P(NIPAM-co-MAA) nanocomposites;
2) the adsorption experiments to test the different samples for the adsorption of the two

differently charged dyes, BF and MO.

3.1 Preparation and Characterization of the PAMAM dendrimer-grafted
Fe304/P(NIPAM-co-MAA) nanocomposites

3.1.1 Synthesis of the nanocomposites

Several samples were prepared by combining the Fe304/P(NIPAM-co-MAA) microspheres with
PAMAM dendrimers of different generations. The samples were prepared as described in detail
in section 3.1.2. A schematic representation of the reaction is reported in Figure 16. In
particular, the carboxylic groups of the Fe304/P(NIPAM-co-MAA) microspheres were coupled to
the amino groups of the PAMAM (G3), PAMAM(G4) and PAMAM(G5) dendrimer to form amide

bonds modifying a coupling reported method”’.

(2 hours, 0°C)
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Figure 16: A schematic representation of the reaction of preparation of the PAMAM dendrimer-grafted magnetic

Fe304/P(NIPAM-co-MAA) nanocomposites
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Several reactions were performed by changing the dendrimer generation or by keeping the same
generation but changing the ratio between the dendrimer and the polymer. The samples that

will be studied in this thesis are reported in Table 3.

Table 3: Correspondence between sample’s name and the initial molar ratio between dendrimer’s amino and

polymer’s carboxylic groups to prepare the nanocomposites

Sample’s name PAMAM generations | Molar ratio of amino to carboxylic groups
G3:P; G3 1:1
G41P1 G4 1:1
G5:P; G5 1:1
G51Pos G5 1:0.5
G51Pos G5 1:0.8

The samples were then characterized by different techniques (FTIR, DLS, UV-Vis and HR-TEM)

and then used in the adsorption experiments.

3.1.2 ATR-FTIR spectra of the PAMAM dendrimer-grafted Fes04/P(NIPAM-co-MAA)

nanocomposites

ATR- FTIR spectra of PAMAM (G3), PAMAM (G4), PAMAM (G5), Fes04/P(NIPAM-co-MAA)
microspheres and the PAMAM dendrimer-grafted Fe;04/P(NIPAM-co-MAA) nanocomposites
were recorded, and the graphs were corrected by using ATR correction to be directly compared
with conventional infrared spectra. Figure 17, 18 and 19 show the ATR-FTIR spectra (after ATR
correction) of G3:P;, G4,P;, G5:P1 nanocomposites compared to the Fe304/P(NIPAM-co-MAA)
microspheres and the PAMAM dendrimers. As can be seen in these Figures, all the new
nanocomposites present the typical peaks of both the PAMAM dendrimer and the
Fe304/P(NIPAM-co-MAA) microspheres meaning that the nanocomposites contain both
components. Indeed, the spectra of PAMAM dendrimers show the following characteristic
peaks, the N-H peaks at around 3280 cm™ and 1556 cm™?, the C=0 peak at around 1645 cm™ 7%,
Also, the Fe3;04/P(NIPAM-co-MAA) microspheres have their own characteristic peaks which are

the N-H peaks at around 3220 cm, the C=0 peaks at around 1620 cm™ and the -CH, peaks at
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around 1540 cm™ (See Figure 17, 18 and 19)>*%4, Nevertheless, it has to be noted that the ATR-

FTIR spectra for the PAMAM dendrimer and the Fe304/P(NIPAM-co-MAA) microspheres show

very similar peaks.

In the spectra of the nanocomposites, the peaks of the amide bonds formed between the
polymeric microspheres and the PAMAM dendrimer are hard to see since they fall at 1650 cm™
(C=0 of amide) and at 1530 cm™ (N-H of amide)”’. This is a region where both the polymeric

microspheres and the PAMAM dendrimer present several peaks, so it is hard to distinguish

eventual new peaks.
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Figure 17: ATR- FTIR spectra of PAMAM (G3), Fe304/P(NIPAM-co-MAA) microspheres and G3;P; nanocomposite
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Figure 18: ATR- FTIR spectra of A) PAMAM (G4), Fe304/P(NIPAM-co-MAA) microspheres and G41P; nanocomposite
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Figure 19: ATR- FTIR spectra of PAMAM (G5), Fe304/P(NIPAM-co-MAA) microspheres and G5:P; nanocomposite

3.1.3 DLS spectra of the PAMAM dendrimer-grafted Fes;0s/P(NIPAM-co-MAA)

nanocomposites

The polymeric microspheres and the nanocomposites were characterized by DLS to assess their
hydrodynamic diameter. Each sample was prepared in 1 mg/ml concentration. As it can be seen
in Figure 20, the hydrodynamic diameters of the polymeric microspheres is roughly 750 nm. A
similar size of around 500-700 nm is found in the nanocomposites (See Figure 20). This is by the
fact that dendrimers are only a few nanometers in size%°%, In addition, objects bigger than 1 um
are very close to the detection limit of the instrument and. Therefore, the presence of eventual

bigger nanocomposites cannot be evaluated with these measurements.
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Figure 20: DLS of a) Fe304/P(NIPAM-co-MAA) microspheres, b) G31P1, ¢) G41P1 and d) G5,P; nanocomposites

3.1.4 UV-Vis spectra of the PAMAM dendrimer, Fes;04/P(NIPAM-co-MAA)
microspheres and the PAMAM dendrimer-grafted Fes;0s/P(NIPAM-co-MAA)

nanocomposites

To perform the UV-Vis measurements, samples were prepared in 0.05 mg/ml concentration. As
it is shown in Figure 21, the PAMAM dendrimers, the Fe;04/P(NIPAM-co-MAA) microspheres
and the nanocomposites do not have any characteristic peak in the range of 200 nm-800 nm.
However, they all absorb in the region below 250 nm for the dendrimers and below 400 nm for

the polymer. The nanocomposites show absorbance in the same region.
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Figure 21: UV-Vis spectra of a) PAMAM dendrimers, b) Fe304/P(NIPAM-co-MAA) microspheres, c) G31P1, G4;P; and

G51P1 nanocomposites

3.1.5 HR-TEM images of the Fe304/P(NIPAM-co-MAA) microspheres and the PAMAM
dendrimer-grafted Fes04/P(NIPAM-co-MAA) nanocomposites

HR-TEM was used in order to determine the size and shape of the PAMAM dendrimer-grafted
Fe304/P(NIPAM-co-MAA) nanocomposites. Figure 22 a) shows that Fes04/P(NIPAM-co-MAA)
microspheres have a size of around 400 and 500 nm, as reported in the literature. In Figure 23
a) the HR-TEM image of the nanocomposite G4:P; is reported (images for the other
nanocomposites were similar). After the coupling of the PAMAM dendrimers and
Fes04/P(NIPAM-co-MAA) microspheres in the nanocomposite (Figure 23), the structure of the
microspheres is retained and the size is similar to that of the Fe304/P(NIPAM-co-MAA)
microspheres. In Figure 22 b) and 23 b), HAADF maps for the Fe304/P(NIPAM-co-MAA)
microspheres and for the nanocomposite G4:P; are reported. In particular, in Figure 22 b) only
iron signal is mapped, while in Figure 23 b) both iron and oxygen signals are mapped. From these

maps, it is possible to prove the presence of Fe;0,4 nanoparticles both in the Fe304/P(NIPAM-co-
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MAA) microspheres and in the G4:P; nanocomposite. In addition, although it is difficult to
visualize dendrimers in HR-TEM, bigger aggregates of dendrimers might be present around the

microspheres in the nanocomposite G41P;. Indeed, in Figure 23 b) it is evident that dendrimers

aggregates, that do not contain oxygen, result colourless in the map.

Figure 22: a) HR-TEM image for Fes04/P(NIPAM-co-MAA) microspheres, b) HR-TEM mapping image of
Fe304/P(NIPAM-co-MAA) microspheres

G ’
o

Figure 23: a) HR-TEM image for G4,P;, b) HR-TEM mapping image of G4,P;
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3.2 Calculation of amino and carboxylic groups for the nanocomposite

preparation

The calculations are reported in Appendix.

3.3 Application: Adsorption of dyes with the PAMAM dendrimer-grafted
Fe304/P(NIPAM-co-MAA) nanocomposites

3.3.1 Adsorption of basic fuchsin

The adsorption ability of the obtained PAMAM dendrimer-grafted Fe;04/P(NIPAM-co-MAA)
nanocomposites were tested both with basic fuchsin, a cationic dye, and methyl orange, an
anionic dye. The same experiments were performed with the Fes04/P(NIPAM-co-MAA)
microspheres for comparison (For experimental details see Materials and Methods section).
Figure 24 shows the absorption spectra for BF (initial concentration for all the experiments is
0.015 mol/L) in water at different times after adsorption on respectively Fes04/P(NIPAM-co-

MAA) microspheres, G3:P1, G4,P1and G5,P1 nanocomposites.

As can be seen in Figure 24a, Fes04/P(NIPAM-co-MAA) microspheres adsorb BF in water quickly
and effectively. Already 82.71% of BF is adsorbed after 20 minutes. However, after 20 minutes,

there is a continuous adsorption/desorption of the dye from the surface.

In Figure 24b, the absorption spectra of BF at different times of adsorption on G3:P;
nanocomposite are presented. The absorbance of BF is decreasing with time, and after 30
minutes, 37.53% of BF is adsorbed. However, also in this case, for longer times here is a
continuous adsorption/desorption process. Figure 24c shows the absorption spectra for BF in
water at different times of adsorption with G4,P; nanocomposite. G4,P; does not adsorb the
dye as quickly as the polymer alone, but it adsorbs the dye continuously till 160 minutes and
much more effectively than G3:P1. The percentage of adsorption is 63.54% after 160 minutes
and no adsorption/desorption is observed. In figure 24d, the graph shows the absorption spectra
for BF in water at different times of adsorption with G5:P; nanocomposite. The nanocomposite
adsorbs BF efficiently and quickly. There is a continuous adsorption, and after 160 minutes, the
adsorption of BF is 88.92%. This result is comparable with what obtained for the adsorption of
BF with the polymeric microspheres. The kinetics of adsorption with the G5;P; nanocomposite

seems to be slower, but on the other hand the adsorption is continuous and no
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adsorption/desorption is observed. According to these results, G5:P; is the most promising

nanocomposite.

To summarize, the nanocomposites show the following trend towards adsorption of BF:

G51P; 2 Fe304/P(NIPAM-co-MAA) microspheres > G4,P; > G31P;

This means that the presence of increasing generations of dendrimer increases the adsorption

capability of the nanocomposite towards BF, reaching a comparable result to the polymeric

microspheres in the absence of dendrimer.
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Figure 24: UV-Vis spectra of BF in the water at different times of the adsorption experiment with a) Fe304/P(NIPAM-

co-MAA) microspheres, b) G31P1, c) G41P; and d) G51P1 nanocomposites
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3.3.2 Adsorption of methyl orange

Figure 25 shows the absorption spectra for MO (initial concentration for all the experiments is
0.015 mol/L) in the water at different times after adsorption on respectively Fes04/P(NIPAM-co-
MAA) microspheres, G3,P1, G4:P; and G5:P1 nanocomposites. As can be seen in figure 25a,
Fe304/P(NIPAM-co-MAA) microspheres do not adsorb MO. The percentage of adsorption is close
to zero even after 160 minutes of adsorption. This is the reason why only spectra at t = 0 minutes
and t = 160 minutes are shown. Figure 25b shows the absorption spectra of MO at different
times of adsorption on G3;P; nanocomposite. 9.73% of MO was adsorbed by G3;P; after 20
minutes. After that, there is a continuous adsorption/desorption process. Figure 25c shows the
absorption spectra for MO in water at different times of adsorption of MO with G4,P;
nanocomposite. G4;P; shows similar behaviour to G3;P; nanocomposite. The nanocomposite
G4,P; could only adsorb 8.49% of MO at 40 minutes. After that, there is again a continuous
adsorption/desorption process. In figure 25d, the graph shows the absorption spectra for MO in
water at different times of adsorption on G5;P; nanocomposite. G5,P; could adsorb MO
continuously until 160 minutes and, after this time, 17.75% of MO was adsorbed. These results
are very interesting because all nanocomposites adsorb more MO than the only polymeric
microspheres that cannot adsorb MO. In particular, G5:P; is very promising because the

adsorption of MO is continuous and reaches 17.75% after 160 minutes.

To summarize, the nanocomposites show the following trend towards adsorption of MO:

G51P1 > G44P1 = G31P1> Fe304/P(NIPAM-co-MAA) microspheres
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Figure 25: UV-Vis spectra of MO in the water at different times of the adsorption experiment testing by a)

Fe304/P(NIPAM-co-MAA) microspheres, b) G3:P1, ¢) G4,P; ,and d) G5;P; nanocomposites

3.3.3 Adsorption of basic fuchsin and methyl orange with the PAMAM (G5) grafted-

magnetic Fe304/P(NIPAM-co-MAA) nanocomposite and comparison between all

nanocomposites

From the previous paragraphs, it can be concluded that G51P1 nanocomposite adsorbs both
dyes (BF and MO) more efficiently than the other synthesized nanocomposites. In order to find
the optimum nanocomposite structure to have the best adsorption properties, other
nanocomposites were synthesized by using the PAMAM (G5) and changing the molar ratio of
amino (dendrimer) to carboxylic (polymeric microspheres) groups during the synthesis. In
particular, two kinds of nanocomposites (G51P05 and G51P08) were prepared by using a molar
ratio respectively of 1:0.5 and 1:0.8 of amino to carboxylic groups. Once the nanocomposites
were prepared, the adsorption experiments towards MO and BF were performed in aqueous

solution. The initial concentration for both dyes is 0.015 mol/L, as in the previous experiments.
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Figure 26 shows the UV-Vis spectra of BF at the different times of the adsorption experiment
with the G51P05 and G51P08 nanocomposite. According to the experimental results, G51P05
nanocomposite does not adsorb BF efficiently; it could adsorb only 15% of BF at 30 minutes.
However, G51P08 nanocomposite adsorbs BF much more efficiently than G51P05. The
percentage of adsorption is 33.28% for BF at 20 minutes. This shows that when decreasing by
half the quantity of polymeric microspheres in the nanocomposite, the adsorption properties
against BF decrease drastically. Even a small decrease on the quantity of polymer in the
nanocomposite, brings to a decrease of adsorption of BF in respect to the 1:1 nanocomposite.
A trend can be observed showing that when increasing slightly the polymer content in the
nanocomposites, the adsorption properties improve. Figure 26 shows the UV-Vis spectra of MO
at the different times of the adsorption experiment with the G51P05 and G51P08
nanocomposite. The adsorption capacity of G51P05 is 25.25% and G51P08 is 23.14% for MO. So,
the experimental results show that both nanocomposites adsorb MO slightly more than in the

nanocomposites with a 1:1 molar ratio of amino to carboxylic groups.
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Figure 26: UV-Vis spectra of BF in water at different times of the adsorption experiment testing by a) G51Pgs, b) G51Pos

nanocomposites
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Figure 27: UV-Vis spectra of MO in water at different times of the adsorption experiment testing by a) G51Pgs, b)

G51Pgg nanocomposites
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In conclusion, the most promising nanocomposite is the G5,P; where the PAMAM (G5) is used
and a 1:1 molar ratio of amino to carboxylic groups during the synthesis. To more deeply
interpret the data for G5;P; nhanocomposite, the normalized concentration [Ci/Co] of BF and MO
was calculated by using a calibration curve (For calibration curves of BF and MO see Appendix).
Figure 28 shows the normalized concentration of BF and MO versus time (min) when using the

G51P1inanocomposite.
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Figure 28: Adsorption vs time for a) BF and b) MO when using the nanocomposite G5:P;

To better compare the adsorption capacity of all nanocomposites prepared, the percentage of
adsorbed dyes was calculated according to the given formula [6]. The same equation was used
for each dye, and each nanomaterial used. By absorbance is intended the value of absorbance
at the wavelength where the dye presents the maximum absorbance nm (the absorbance of BF

at 542 nm; MO at 463 nm).

AdSOT'ptiOTl(%) _ (First Absorbance—Last Absorbance) +100 [6]

First Absorbance

In Table 4, all the adsorption capacities of the different nanocomposites and the Fe304/P(NIPAM-
co-MAA) are compared. As discussed in the previous Sections, a trend is observed. For BF, the
Fe304/P(NIPAM-co-MAA) and the G5:P; are the materials that possess the best adsorption
capacity. For MO, the three nanocomposites containing the PAMAM (G5) are the best
performing materials. When the higher generation of PAMAM dendrimer is used, the number
of amino groups in the nanocomposite is increasing. So, the nanocomposites should adsorb
more negatively charged dyes from water. This is exactly what was observed in this work, but
unexpectedly the G5:P, adsorb very well also BF. Therefore, the novel nanocomposite is very

promising for adsorption in wastewater treatment methods. Indeed, the adsorption towards BF
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is not decreased and the one towards MO is considerably increased in respect to the polymeric
microspheres. In addition, since the nanocomposite contains magnetic particles, in future its

reusability could be investigated.

Table 4: Adsorption percentages of BF and MO when using Fe304/P(NIPAM-co-MAA) microspheres and the PAMAM
dendrimer-grafted Fe304/P(NIPAM-co-MAA) nanocomposites

Samples Adsorption (%) Adsorption (%)
of BF of MO
Fes04/P(NIPAM-co-MAA) 82.71 0
G31P; 37.53 9.73
G41P1 63.54 8.49
G51P1 88.92 17.75
G51Pos 15.68 25.23
G51Pos 33.28 23.14

The adsorption kinetics were calculated in order to determine the adsorption rate of BF and MO
by the synthesized nanocomposites and the polymeric microspheres. The experimental data
were analysed and evaluated by using Lagergren pseudo-first-order and pseudo-second-order
models (For the equation see section 2.3.2). Table 5 shows the kinetic constants and parameters

of the most promising nanocomposite G5;P1.

Figure 29 and 30 show respectively; pseudo-first and second-order models fitting for the
adsorption of BF by the nanocomposite G51P;. Figure 31 and 32 show respectively; the pseudo-

first and second order models for the adsorption of MO by the nanocomposite G51P;.
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Figure 29: Pseudo-first-order model fitting for the adsorption of BF by the nanocomposite G5:P;
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Figure 30: Pseudo-second-order model fitting for the adsorption of BF by the nanocomposite G51P;
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Figure 31: Pseudo-first-order model fitting for the adsorption of MO by the nanocomposite G5;P;
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Figure 32: Pseudo-second-order model fitting for the adsorption of MO by the nanocomposite G5:P;

Table 5: Pseudo-first-order and Pseudo-second-order model parameters of adsorption kinetics of BF and MO

Pseudo-first-order model Pseudo-second-order model
Dyes | Samples Qesexp Qe ka Qe k2
R? R?
[mgg'l | [mgg'] | [mim™] [mgg'] | [mim™]

BF G5:P; | 1.208625 | 1.2273 | 0.01134 | 0.89815 | 1.0713 | 0.01798 | 0.91161

MO G5:P; | 4.102312 | 4.03231 | 0.00003 | 0.90174 | 0.2888 | 0.00015 | 0.95126

The adsorption kinetic curve of G5:P; shows a better fitting with the pseudo-second-order

model than the pseudo-first-order model.
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4. Conclusions

Nowadays, industrial activities, such as textile, produce big amounts of dyes that are released in
water. Dyes create huge environmental problems and threat animal and human health. In
particular, azo dyes are highly toxic, resistant and particularly hard to degrade because they
contain nitrogen-nitrogen double bonds. In addition, in wastewater differently charged dyes can
be present. Removing these pollutants with a single method or material is hard by using

traditional treatment techniques.

In this study, novel nanocomposites able to remove differently charged dyes have been
prepared. In particular, polymeric magnetic microspheres, namely Fez04/P(NIPAM-co-MAA),
and different generations of Polyamidoamine (PAMAM) dendrimers were combined to obtain
these nanocomposites. The prepared nanocomposites can adsorb differently charged dyes and
can also be removed thanks to their magnetic properties. The nanocomposites were tested for
the adsorption of the positively charged dye basic fuchsin (BF) and the negatively charged azo
dye methyl orange (MO). The nanocomposites that showed the best performance in the
adsorption experiments were also prepared by changing the molar ratio of polymer/dendrimer

to explore more in-depth their adsorption properties.

Section 1 a comprehensive introduction on the state-of-the-art about water pollution, water
treatment methods, adsorption, polymeric microspheres and dendrimers for wastewater

treatment is presented.

Section 2 consists of a description of the materials and methods used. In particular, it is
explained how the nanocomposites were prepared, characterized, and how the adsorption tests
towards BF and MO were performed. This Section also contains a short explanation of the
principles of the main techniques used. The nanocomposites were prepared by forming a
chemical bond between the carboxylic groups of the magnetic Fe304/P(NIPAM-co-MAA)
microspheres and the amino groups of the PAMAM dendrimers. Different nanocomposites were
prepared by changing the generation of the dendrimer used or by changing the molar ratio
between the polymer and the dendrimer. In particular, 5 different kinds of nanocomposites
were prepared. Three nanocomposites were prepared, respectively, by coupling the 3, 4" and
5% generations of PAMAM dendrimers to the Fes04/P(NIPAM-co-MAA) microspheres in a 1:1
molar ratio of amino groups to carboxylic groups. These nanocomposites were called G3:P;,
G41P; and G5:P; (See the details in the 2.1.2 section) depending if the generation of the
dendrimer used was, respectively, the 3™, 4" or 5. The two other nanocomposites were

prepared by using a different molar ratio of amino groups (in the dendrimer) to carboxylic
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groups (in the microspheres), but keeping the same dendrimer generation, PAMAM (G5). The
molar ratio 1:05 and 1:08 of amino groups to carboxylic groups were used for the synthesis of

G51Pos and G51Pog nanocomposites.

In Section 3, the results and discussion are reported. In particular, after a session about the
nanocomposites characterization, the adsorption tests of the nanocomposites towards BF and
MO are discussed. The nanocomposites were characterized by ATR-FTIR spectroscopy, UV-Vis
spectroscopy, DLS measurements and HR-TEM measurements. The characterization shows that
both the dendrimer and the polymeric microspheres are present in the nanocomposite and that
the size of the nanocomposite does not seem to change dramatically in comparison to the size

of the microspheres.

The nanocomposites were then used for the adsorption experiments of BF and MO in
comparison to the non-modified polymeric microspheres. The adsorption experiments were
performed for 160 minutes in the dark and at room temperature. Aliquots of the dye solution
were collected at different times of the adsorption experiment and measured by UV-Vis
spectroscopy to evaluate the decrease of the absorbance intensity in time. The results showed
that there is a relationship between the generations of PAMAM dendrimer used in the
nanocomposite and the adsorption rate and efficiency. When higher generations of PAMAM
dendrimer are used for the synthesis of the nanocomposites, the adsorption of both BF and MO
is better than with the nanocomposites synthesized using lower generations of PAMAM

dendrimers.

According to the obtained results, the ideal nanocomposite was determined to be G5;Pi. In
order to find the optimum molar ratio of polymeric microspheres/dendrimers in the
nanocomposite, other two syntheses were performed by changing the molar ratio between the
amino groups of the dendrimer and the carboxylic groups of the polymeric microspheres during
the synthesis (as explained above). The adsorption capacity of BF by the obtained
nanocomposites G5:Pgs and G51Pgs drops drastically in respect to G5:P1 nanocomposite.

However, G51Pgs and G51Pggsadsorb MO slightly better than G5:P1 nanocomposite.

MO is a negatively charged dye and BF is a positively charged dye. When the higher generation
of PAMAM dendrimer is used, the number of available amino groups in the nanocomposites is
increasing. This means that G5:P; contains more amino groups than G4,P; that contains more
amino groups than G3:P; nanocomposites. Therefore, the adsorption of MO is expected to
increase by increasing the dendrimer generation. This is, indeed, in perfect line with what has

been found in this work. When the dendrimer generation increases, theoretically the adsorption
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capacity towards BF should decrease as well, in respect of when using the only polymeric
microspheres. This has been observed for the nanocomposites G3:P; and G4,P;. When using
G51P;, the adsorption of BF is equally good as with the only polymeric microsphere. Further
studies and investigations are required to understand why, but the G51P; is a very promising
nanocomposite since it can adsorb very well both MO and BF and can also be recycled thanks to

the magnetic properties.

In conclusion, G5:;P;1 nanocomposite is a promising novel material able to adsorb oppositely
charged dyes such as MO and BF from water. Indeed, in respect to the polymeric microspheres,
the adsorption towards BF is not decreased and the one towards MO is considerably increased.
Because of the magnetic properties of the new nanocomposite, in future, its removal from water

and its reusability could be investigated.
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APPENDIX
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Figure Al: Absorbance versus time (min) graph of BF during the adsorption experiment with the nanocomposite G5:P;
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Figure A2: Absorbance versus time (min) graph of MO during the adsorption experiment with the nanocomposite
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Figure A4: Calibration curve of MO
Preparation of Nanocomposites

The amount of chemicals used is reported in the section of synthesis of nanocomposites (Table
2). In order to synthesize G3:P1, 0,016 g of PAMAM(G3) containing 7.42x10> mol of -NH, groups
and 0.048 g of Fe304/P(NIPAM-co-MAA) microspheres which contains 7.07x10° mol of -COOH
groups were reacted in the system. This means that if -NH, and -COOH groups reacted totally,
there are no free -NH, and -COOH groups in the nanocomposite (See the following calculations

for PAMAM (G3)).
For NH; estimation in PAMAM (G3):

m  0.016 gof PAMAM(G3)

=2.31%10"° PAMAM
MW 6909 g/mol 31+ 1072 molof €3

n =

2.32%107%x32 = 7.424 x 107> mol of —NH,
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For the -COOH groups estimation in the Fe;04/P(NIPAM-co-MAA) microspheres, it has to be
considered that in each microspheres synthesis, 0.2 g of microspheres are obtained. In order to
prepare this quantity, 0.025 g of MAA are used; for the nanocomposite synthesis, 0.048 g of
microspheres are used. Therefore, we can estimate the —COOH groups in the Fe304/P(NIPAM-

co-MAA) polymer as following:

n 0025375 g of MAA

nCOOH = nMAA = MW = 8606 g/mol = 2974 * 10_4 mOl

_0.048 g of polymeric microspheres

2,947 * 107* = 7.07 * 10~> mol of — COOH
0.2 g of polymeric microspheres i i i mol of

For the synthesis of G4:P1, 0.008 g of the 4" generation of PAMAM which containing 3.60 x 10
mol of -NH; group and 0.024 g of microspheres having 3.53 x 10> mol of -COOH group were
reacted in the experiment (See following calculations).

m _ 0.008 g of PAMAM(G4)

=562 107 mol of PAMAM (G4
MW 14215 g/mol * 107" molof ()

n=

5.62 % 1077x64 = 3.60 * 10~° mol of —NH,

_0.024 g of polymeric microspheres
"~ 0.2 g of polymeric microspheres

* 2,947 x 10™* = 3.53 * 10~> mol of — COOH

In order to synthesize G5:P;, 0.008 of PAMAM (G5) possessing 3.53*10°° mol of -NH, group and
0.024 g of polymer including 3.53 x 10° mol of -COOH group were reacted in the system (See

following calculations).

m _ 0.008 g of PAMAM(GS)

= 2.76 x 10~7 mol of PAMAM(G5
MW 28954 g/mol * 107" mol of (5)

n=

2.76 x 1077x128 = 3.53 * 10~> mol of —NH,

0.024 g of polymeric microspheres 4 s
n= — * 2,947 x 10™* = 3.53 * 107> mol of — COOH
0.2 g of polymeric microspheres

Because PAMAM (G5) gave the most promising results in the adsorption of MO and BF dyes,
different couplings with the Fe304/P(NIPAM-co-MAA) microspheres were performed by
changing the molar ratio of the amino group in PAMAM dendrimer to carboxylic group in the

Fe304/P(NIPAM-co-MAA) nanocomposites. Firstly, a molar ratio of amino groups: carboxylic

65



groups of 1:0.5 was used to synthesize the G51Pos nanocomposite. For the synthesis of G51Pgs,
0.016 g of PAMAM(G5), containing 7.07x10° mol of -NH, group and 0.024 g of microspheres

having 3.53*10° mol of -COOH were used to synthesize the nanocomposites (See following

calculations).

m _ 0.016 g of PAMAM(GS)

Mw 28954 -9
mol

n=

= 5.52 %1077 mol of PAMAM(G5)

5.52%1077x128 = 7.07 * 107> mol of —NH,

_0.024 g of polymeric microspheres
" 0.2 g of polymeric microspheres

* 2,947 x 10™* = 3.53 * 10~> mol of — COOH

Then, a molar ratio of amino groups: carboxylic groups of 1:0.8 was used to synthesize the G5,Pos
nanocomposite. In order to perform this coupling, 0.016 g of PAMAM(G5) containing 7.07 x10®
mol of -NH, group and 0.0384 mg of microspheres having 5.70 x 10° of —COOH were used to

synthesize the nanocomposites (See following calculations).

m  0.016 g of PAMAM(GS)

Mw 28954 -9
mol

n =

= 5.52 %1077 mol of PAMAM(G5)

5.52%1077x128 = 7.07 * 107> mol of —NH,

_0.0384 g of polymeric microspheres
"~ 0.2 g of polymeric microspheres

*2.947 x 10™* = 5.70 * 10~> mol of — COOH
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