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Chapter One



1. General Introduction

1.1. Mesoporous Alumina

Aluminium oxide, commonly called alumina, is a compound of aluminium and
oxygen with chemical formula Al203. Nowadays more than 90 million tons of
alumina are produced per year for several purposes (1). Mesoporous alumina has
attracted scientific interest since the 1940s. Aluminum metal naturally develops a
passivating layer of aluminum oxide approximately 3-4 nm thick under ambient

conditions (1)(2).

Mesoporous y-alumina (MA) with pore diameters between 2 and 50 nm is a
common catalyst support in heterogeneous reactions. The main advantages of

mesoporous aluminas are as follows (3):

1) High surface area leads to increased density of active sites and high loadings of

organic moieties while maintaining a high dispersion of the active phase.

2) MA contains a relatively high density of basic sites compared to conventional
non-porous aluminas. Basic sites, increasing the interaction between opposite
charged compounds and alumina supports, typically enhance catalytic activity of

catalysts.

3) Surface area and pore properties of MA are tunable.

4) MA is thermally stable.

Pore size, surface area, thermal stability, and site acidity can be optimized by

varying the preparation conditions. Therefore, the synthesis and characterization



of MA are required to determine structures and properties, which lead to find

appropriate applications in various fields (1).

MAs have various applications, for instance for producing ceramic membranes, for
paint and cosmetic formulations, for pollution control, for refinery and chemical

catalysis in particular as support (4)(5).

The oxides of aluminium are widely used in ceramics, refractories and abrasives due to
their hardness, chemical inertness, high melting point, non-volatility and resistance to
oxidation and corrosion. The transparency of alumina film extend its application in

optics as well. Al203 is an electrical insulator having high thermal conductivity.

Aluminas are generally synthesized in nano size(6). Among the seven polymorphs
of transition alumina identified so far, namely y, 1, §, 6, x and p phases, the y form is
one of the most extensively used in industrial catalysis owing to its comparatively
large surface area, unique surface characteristics, and exceptional structural
stability. Conventional y-alumina can form through the thermal dehydration of a
crystalline aluminum oxyhydroxide (boehmite) at a temperature above 450 °C. The
property of such alumina particles depends on size, morphology, surface and phase
homogeneity and these properties can be controlled by selecting a proper synthetic
route. y-alumina with high surface area and mesoporous properties is commonly

used as a well-known support.

Alumina is the protagonist of this work, focused at the development of different
hybrid materials for the treatment of polluted water. To this aim alumina
precursors as boehmite and ammonium dawsonite were considered. Ammonium

dawsonite was prepared by the conventional hydrothermal route. Both precursors



yield, after a thermal treatment in the range 500-1000 °C, gamma delta and theta
phases of alumina which are applied as supports for immobilization of different
molecules such as bio-based substances, soybean peroxidase as a representative

protein and arachidic acid as an example of lipid.

Zeta potential measurements allow to define the surface charge of the supports in
order to choose the best conditions to achieve an efficient interaction between
alumina surface and immobilized molecules and also to reach the optimal
conditions for achieving an efficient adsorption of different substrates, i.e.

pollutants or model pollutants.

In the following, I provide an overview of aluminas including gamma and delta-
theta phases, together with their synthesis procedures, presentation of their

structures and properties.

Aluminas are mainly prepared by calcination of precursors, which can be both

crystalline or amorphous. (4).

Aluminium monohydroxide, also known as aluminium oxyhydroxide (boehmite -
AlO[OH]), is water insoluble but crystallizes into micro or nanocrystals of various
shapes. In general, boehmite represents one of the most important raw material for
the production of aluminium oxide. Thermal treatment of AIO(OH) leads to phase
transitions and loss of hydroxide groups. Thermal treatment of AIO(OH) results in
transformation of AIO(OH) into different crystalline structures of aluminas (y, 1, X,
5, 0) dependently on the treatment temperature. Also, the sequence of transition

aluminas achievable by thermal treatment depends strongly on the starting



materials and the obtained phase definitively affects the resulting properties

(particle size, surface area, pore size distribution and so on) (7).

The other precursor considered in this thesis is the ammonium dawsonite.
Ammonium Aluminum Carbonate Hydroxide (AACH with formula NH4AI(OH)2C0s3)
can be a promising alternative precursor for preparation of y-Al203 with high purity,
high specific surface area and new textural properties. The remarkable difference
between these two precursors and the resulting gamma-alumina is their shape
which can become really important for choosing the applications: alumina from
boehmite is almost spherically shaped whereas alumina from dawsonite is acicular
(8)(9)(10)(11). The question, therefore, is: why is necessary to know the shape of
the particles or precursor uses of a material? The answer is given by Allen “Particle
shape is a fundamental powder property, affecting powder packing and thus bulk
density, porosity, permeability, cohesion, flowability, caking behavior, attrition,
interaction with fluids and the covering power of pigments”. Thus, one of the
purposes of this dissertation is to investigate the behaviors of each precursor, when

they are involved in the preparation of hybrid materials.

1.1.2. Synthesis

Powders of MA can be synthesized by several well-established synthesis methods,

such as Bayer, sol-gel, precipitation and hydrothermal processes (3).

Among others, hydrothermal synthesis is an attractive environmental friendly
alternative to the above mentioned approaches (12), with the advantage of being a

single-step, low energy consumption process with no need of subsequent high-



temperature calcination and/or extensive milling. Further advantages include the
quality of the product, which presents high chemical and phase purity, low
aggregation level and narrow crystallite size distribution, in addition to an excellent
control of the particle morphology. It is possible to produce a wide range of particle
shapes, both equiaxed, such as cubes, spheres, diamonds and bipyramids, and
elongated morphologies, such as fibers, whiskers, nanorods, nanotubes and also
platelets, nanoribbons, nanobelts, etc. The particle size can also range from a few

nanometers to large crystals.

Although various synthesis method are possible for AACH, including gas-liquid,
gas-solid, solid-solid, and liquid-liquid reactions, AACH is mostly produced by
liquid phase. Typically an aluminum salt, ammonium (bi)carbonate, (AI(NO3)s3,
(NH4)AI(SO4)2, or AlCl3) is solved in water in the presence of a precipitating agents

such as (NH4)2CO3 or NH4HCO3 (13)(14).

Xu et al. have reported the preparation of gamma-alumina obtained from AACH
with a specific surface area of 1029 m2/g, for water purification application. They
obtained an adsorption capacity up to 52.1 mg/g for Cr(VI) removal, demonstrating
AACH is a very promising adsorbent for water purification due to its high surface

area, thermal stability and presence of surface functional groups (15).

1.2. Surface charge and functionalization

The knowledge of the surface charge and its measurement is fundamental in all the
applications dealing with surface properties of materials. As a consequence, a

modification of the surface charge of a material becomes important to optimize the



applicability of the material in a specific process. Several methods for the
modification and control of surface charges have been developed to date. Control
over charges can be achieved by binding different functional groups to the material
surface, for instance. In the case of alumina, several studies suggest that most of the
applications are due to the presence of charged functional groups such as hydroxyl,
carboxyl, amino, and nitro present at the surface of materials. These studies have
laid the basis for researches aimed at altering the properties of alumina surfaces by

adding proper functional groups through different methods (16).

Sergio Bertazzo and his colleagues have studied the surface charge of alumina
functionalized with carboxylic acid with different carbon chain length. They could
successfully control the surface charge as well as the Isoelectric Point (IEP) of
alumina using different concentration of carboxylic acids or changing the size of the
carbon chain of the acid without changing the hydrophobicity of alumina surface.
They defined that the IEP correlates with the number of carbons in the chain of the

functionalizing acid (17)(18).

In conclusion, particle surface functionalization is a tool influencing adsorption
phenomena. Charged functional groups exposed at the particle surface drive the
adsorption of oppositely charged components, and hydrophilic/hydrophobic
groups guide the adsorption by interacting with water molecules. Therefore, the
surface functionalization can definitely change the adsorption of any substrate onto
alumina surface. Subsequently, it is possible to employ a specific surface
modification with different functional groups through which it is possible to
establish specific interaction with the substrates. The nature of functionalizing

groups can also affect the hydrophobicity of a surface that can be modified from



hydrophilic to hydrophobic leading to hybrid materials with application in

adsorption of non-polar contaminants.

Nanoalumina (Al203) is an excellent material to investigate how surface chemistry
can change the adsorption properties. In fact, it can be easily surface-functionalized

without being structurally modified given its high stability and inertness(18).

In this work soybean peroxidase protein was supported on alumina in order to
obtain a heterogeneous biocatalyst, and in similar way, through electrostatic
interactions, the same aluminas were functionalized with bio-based substances. In
both cases the procedures take advantage from the presence of OH surface groups
of alumina establishing good interaction with carbonylic (-CO)/carboxylic (~COOH)

or, in general, polar groups (19).

On the other hand, hydrophobicity of solid surfaces is a term related to the behavior
of solid surfaces when placed in contact with liquid water. Most hydrophobic
surfaces, even those that are strongly hydrophobic, contain surface sites that are
hydrophilic, but it is not known to what extent such sites influence the water
wetting behavior of the surfaces, or what concentrations or disposition of these
polar sites is required to render a surface macroscopically hydrophobic rather than
hydrophilic. Powders of hydrophobic solids tend to have surfaces that are even
more heterogeneous than those of flat solid surfaces, as exemplified by the surfaces

of coal, carbon blacks, active carbons and graphites (20).

Literature studies (21)(22)(23)(24)(25)(26)(27) showed that the surface of oxide
powders can be efficiently hydrophobized. The objective of the functionalization

was to change the native hydrophilic character of the support. As it is mentioned



above, alumina possesses an intrinsic hydrophilic character, as a result of the
presence of hydroxyl groups on the surface. The surface modification process can
be used to increase the hydrophobicity of the surface by introducing a hydrophobic
chain on the surface. Hydrophobization of alumina surface can be done using
various methods, however always compounds with a reactive grouping should be

used (e.g. methoxy, ethoxy or active chlorine) (27).

Joanna Kujawa successfully modified the surface of alumina particles using two
types of perfluoroalkylsilane (PFAS) molecules chemically grafted to have the

surface of alumina more hydrophobic for drug delivery application (28).

In another study the functionalization of alumina surface was carried out using
carboxylic acids having highly branched hydrocarbon chains. Shirin Alexander is
one of the scientists preparing superhydrophobic mesoporous nanoalumina by
functionalization with short highly branched hydrocarbon chains through chemical
interaction established between hydrocarbon carboxylic groups and OH groups of

alumina (22).

In all cases, the surface of alumina was functionalized considering the assumption
that strong interactions can establish between polar group of substrates or

surfactants and the alumina surface.

1.3. Adsorption

Global warming and climate change cause environmental pollution that poses
severe health risks to people all around the world (30). Adsorption using hybrid

materials has been demonstrated to be an effective technique to remove hazardous
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materials from water due to its easy operation, low cost, and high efficiency. In
general, adsorption is defined as the enrichment of molecules, atoms or ions in the
vicinity of an interface. Adsorption can be classified into two categories: physical
(physisorption) and chemical (chemisorption) Both are efficient methods to uptake

pollutants from decontaminated air and water (31)(32)(33)(15)(20)(34).

In general terms, pollution should be considered as a global concern, and so the
adoption of environmental friendly measures to achieve the efficient use of natural
resources and the management of industrial waste is becoming one of the main

strategies for a sustainable development all over the world (35).

Pollution of water bodies due to discharge of effluents from different industries is
of major concern worldwide. Tanneries, refineries, textile manufacturing units, and
chemical manufacturing plants are the major culprits in this respect. Apart from
these, one of the major actor to such water pollution is the industry directly dealing
with dyes. Units involved in paper manufacturing, cloth dyeing, treatment of
leather, and printing produce effluents containing dyes. These dyes are either non-
biodegradable and can produce toxic degradation products. When the dyes are
discharged with no control, their removal from effluents is of outmost importance
from the point of view of environmental pollution. The decontamination of toxic
dyes via reliable and environmental friendly techniques has attracted huge interest
recently. Currently, among various treatment procedures of wastewater containing
dyes, the adsorption process has become one of the most useful techniques

(36)(37)(38).

Several efforts have been dedicated to the development of advanced technologies

for water remediation, particularly for the removal of contaminants of emerging

10



concern (CECs) including pharmaceuticals and personal care products (PPCPs),
pesticides, pesticide metabolites, endocrine disrupting compounds (EDCs), and
algal toxins. Most of those organic contaminants are neither biodegradable nor easy
to remove completely from water through conventional water treatment plants
because of their physical or chemical properties (e.g., high polarity and solubility in
water). An array of methods, such as ultrasonic irradiation, electrochemical
degradation, solid-phase extraction, photodegradation, ozonation and advanced
oxidation processes (AOPs) have been developed and applied to trap or degrade
those organics from water. Considering the drawbacks of the mentioned methods
(for example, toxic byproducts can be left behind after AOP or ozonation processes),
adsorption might be a suitable alternative because of its simplicity, reliability, and
cost effectiveness in trapping efficiently CECs including PPCPs from water.
Therefore, adsorption technology has come into the focus of researchers,
environmentalists, as well as industrialists over the last decade. Adsorbents, upon
proper functionalization, can efficiently handle trace levels of CECs with high
selectivity, and fixed beds made of these adsorbents can be used sequentially

coupled to other advanced treatment processes (39)(35)(40)(41)(42).

Despite these advantages and the progress reported in the literature for the
development of new adsorbents, there is a tremendous need for more studies based
on CEC adsorption to help identifying variables or information that could bridge the

gap between lab scale testing and large-scale implementation (43).

Development of new and/or highly efficient adsorbents is still the most demanding
factor for effective removal of organics from water via adsorption. Several types of

adsorbents, especially porous ones, have already been developed and shown their
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efficiency in water purification. Various adsorbents like mesoporous materials,
silica, alumina and activated carbons have been used for such treatment. Alumina
is widely used as adsorbent owing large specific surface area, open porosity,

surface acidity/basicity and high thermal stability (44)(45).

In the last decade, the application of biowaste, as green and low-cost reactant, has
received great attention. Bio-based substances (BBS) have attractive properties,
which make them valuable materials to be used in a wide range of fields, especially
in separation and purification technologies. In recent years, it was shown that solid
supports functionalized with BBS are efficient adsorbents for depollution
processes. They can effectively enhance the adsorption capacity of more traditional

sorbents for treating both organic and inorganic pollutants (43).

In 2015, Yunhui Wang discovered that the surface modification of alumina particles
enhanced the adsorption performance of alumina surface toward alkaline methyl
orange. His results demonstrated that the surface acidity-alkalinity of alumina

determined its adsorption performance and selectivity for organic compounds (44).

1.4. Development of alumina monolith

Many researchers begin to pay attention to the fabrication of new type of adsorbent
materials that can be easily recovered by simple separation processes after
adsorption of organic pollutants without wasting money and time
(46)(47)(48)(49)(50). In fact, powdery adsorbents face many difficulties in
recovery and reusability, in particular working in a big scale whereas massive

adsorbent materials can be used more easily (51)(52).
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To be effective, these massive materials need to expose high surface area and
therefore to be porous (53). In 2012, Prof. G. Magnacca and her colleagues
discovered a new method to prepare siliceous monoliths. The same method was
applied to the preparation of alumina monoliths. The description of the results

obtained is reported in the third chapter of this dissertation (55).

1.5. Overview of dissertation

I prepared several hybrid materials by modifying the surface of alumina with
different molecules like Bio Based Substances (BBS), a protein and a lipid. Alumina
shows numerous advantages like presence of defective active surface sites, positive
surface charge to achieve effective functionalization of the surface also following
green chemistry procedures for capturing polar molecules (organic dyes and CECs)
as well as non-polar substrates (for the treatment of oil field produced-water). The
behavior of the materials was tested with proper substrates in order to assess the

adsorption capacity and the reversibility of the adsorption.

The first hybrid materials presented in the second chapter of this dissertation deal
with the surface functionalization of alumina with BBS. These materials were tested
in the presence of an organic dye and emerging contaminants in aqueous media

demonstrating to be very fast in the adsorption.

Chapter three describes the method for fabricating alumina porous monoliths. They
were characterized and tested before and after the functionalization with BBS and
compared with the parent powders. The characterization was done by means of X-
Ray Diffraction (XRD) to evidence the crystal structure, Fourier Transform Infrared
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spectroscopy (FT-IR) for evaluating the presence of BBS on the monoliths,
thermogravimetric analysis (TGA) to measure the thermal stability of the monoliths
and quantify of the BBS amount immobilized on them, N2 adsorption at 77K for the
investigation on the surface area and porosity of the systems, zeta potential
measurements to carry out the effect of BBS immobilization on the surface charge
of the particles. The tests were done using the positively charged crystal violet (CV)

as well as the negatively charged methylene blue (MB) dyes.

In chapter four, different phases of alumina were applied as supports for
immobilization of Soybean Peroxidase (SBP) for biocatalytic applications and the
resulting materials were compared with a previously examined heterogeneous
biocatalyst containing SBP covalently immobilized on silica monoliths. The hybrid
systems were investigated to obtain structural information regarding their activity.
The amount of SBP immobilized, the stability and activity of the hybrid systems
were tested. The joint use of infrared and fluorescence spectroscopy, using the
adsorption of NO as a probe molecule, provided insights into the structure-activity
relationship of free and supported SBP and to define a general strategy to predict

the activity of supported enzymes.

Chapter five explains the functionalization of alumina and silica surface by arachidic
acid. The lipid immobilization allows decreasing the intrinsic hydrophilicity of
alumina producing hydrophobic materials able in capturing apolar pyrene
molecules and, in principle, similar apolar substrates. The preparation methods
considered were very simple to apply, as they base on the formation of electrostatic
interactions between the oxide surface and the polar head of the functionalizing

agent allowing to expose the hydrophobic tails able in establishing dispersive
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interactions with apolar molecules. The lipid was prepared in form of film using
chloroform but also simply dispersed as powder avoiding the use of organic
solvents in order to test a green preparation method. The pyrene adsorption occurs
very fast on all the samples, in particular in the presence of the highest amount of
lipid, indicating that the hybrid materials could conveniently apply to the treatment

of real PW samples.

In conclusions, a summary of the obtained results and some future perspectives are

presented in chapter 6 and 7.
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An easy synthesis for preparing bio-based hybrid adsorbent useful for

fast adsorption of polar pollutants

Abstract

For the first time, y-Al203 and Bio-Based Substances (BBS) hybrids (A-BBS) were prepared
through a simple electrostatic interaction occurring between alumina, used as a support, and
BBS (Bio-Based Substance from composted biowastes) carrying positive and negative
charges, respectively. We evaluated the optimal amount of BBS to be immobilized on the
support and the stability of the resulting A-BBS in order to use this novel hybrid material as
an adsorbent for the removal of polar pollutants. Characterization was carried out by X-Ray
Diffraction (XRD) for evaluating the crystal structure of the support, Fourier transform
infrared spectroscopy (FT-IR) to evidence the presence of BBS on the hybrid material,
thermogravimetric analysis (TGA) to measure the thermal stability of the hybrid materials
and quantify the BBS amount immobilized on the support, N2 adsorption at 77K for the
evaluation of the surface area and porosity of the systems, Zeta potential measurements to
evaluate the effect of BBS immobilization on the surface charge of the particles and chose the
substrates possibly interacting with them. Firstly, we tested the adsorption capability of
three samples differently coated with BBS toward cationic species considering various
adsorbate/adsorbent ratio. Crystal Violet (CV) was chosen as model pollutant to compare
the performance of the hybrid materials with those of other materials described in the
literature. The adsorption data were modeled by Langmuir and Freundlich adsorption
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isotherms. Then, we studied the adsorption capability of the developed material towards
molecules with different structures; for such purpose, two contaminants of emerging
concerns (carbamazepine and atenolol) were tested. The results indicate that A-BBS could
be applied in wastewater treatment for the removal of significant amount of polar species.
In addition, a comparison with literature data concerning CV adsorption was carried out in
order to evaluate the environmental impact of synthetic routes used to prepare different

adsorbents.

Keywords: adsorption; crystal violet; hybrid materials; electrostatic interaction; alumina

support; Contaminant of Emerging Concern removal
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2.1. Introduction

The removal of pollutants from urban and industrial wastewaters is one of the most
important issues to be solved by modern research. In fact, water pollution has increased in
the last decades by the virtue of the disposal of industrial effluents enriched with toxic
species (1) which has hazardous effects on flora, fauna and humans. Moreover, the growth
of the world population results in a limitation of water supplies and scarcity of water

resources, therefore the necessity of clean water has become fundamental for our society

(W(2).

In the last decades, new chemicals were detected in wastewaters as a result of new industrial

processes and increased consumption of pharmaceuticals and personal care products (3,4).

Among other pollutants, synthetic dyes (5) can be found in the effluent of many industries,
including textile, plastic, printing and dye manufacturing companies. In this group of
contaminants, the cationic organic aromatic dyes are ones of the most present pollutants,
released from industries, causing various harmful influences on aquatic bodies as well as

organisms. Therefore their removal has been deeply studied in recent years (6)-(8).

Crystal violet (CV) belongs to this group of contaminants. It has been widely used as a
dermatological agent and biological stain as well as a coloring agent for dyeing leather, silk,

wool, paper, and cotton (6)-(9).

Several techniques have been used to remove organic pollutants and synthetic dyes from
urban and industrial wastewaters such as membrane separation (2), biological (10) and

electrochemical treatments (11), flocculation, liquid-liquid extraction (12), advanced
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oxidation processes (AOP) (13) and coagulation. Out of methods listed above, the adsorption
technique(14) has attracted considerable attention because of the simple procedures
needed, because no toxic substances are produced, because of ability to treat concentrated
forms of the pollutants, and to reuse the spent adsorbent via regeneration. Moreover, it plays

a central role in drinking water purification and wastewater treatment (3),(7),(15),(16).

Mesoporous material, thanks to their large and tunable porosity find potential applications
as catalysis, encapsulation of proteins, filtration and separation of large molecules,
membrane technology, drug delivery, dosing, sensing, among many others (17),(18)
Furthermore, their large specific surface area and huge number of adsorbing active sites

suggest their possible application as adsorption materials (19).

In particular, alumina found various technological applications, i.e. as electrical insulator,
presenting exceptional high resistance to chemical agents, as well as giving an excellent

performance as catalyst or support for many applications(20),(21).

Mesoporous y-Al203 has been not only widely applied in all the field mentioned above
(17),(22) but in the recent years the chance to synthesize hybrid materials to enhance the
useful properties of an oxide opens the way to very interesting opportunities. The literature
reports that many oxides have been modified using organic moieties able in enhancing the
adsorption capacity of the original material. Among others, bio-based substances (BBS),
extracted from composted green wastes, are very interesting macromolecules with a
complex lignin-derived structure and characterized by several functional groups (they
contain long aliphatic chains, aromatic rings and several acid and basic functional groups

such as carboxyl, primary and substituted amine and amide, carbonyl, hydroxyl, phenol,
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ether or ester (23),(24), appealing for their importance in the valorization of the organic
refuses. BBS have been found to exhibit typical properties of anionic surfactants and
polyelectrolytes (25),(26) and have been used in the formulation of detergents, textile
dyeing baths, emulsifiers, auxiliaries for soil/water remediation, flocculants, and
dispersants, as binding agents and templates for ceramics manufacture, as well as for
application in agriculture and animal husbandry (27). BBS have been reported to bear
chemical similarities with humic substances, and to exhibit enhanced adsorption capacity
towards polar pollutants given the presence of several carboxylate and phenolic groups
carrying negative charges at neutral pH, as well as photosensitizing properties (27)

promoting significant mineralization of the organic carbon (24).

Hence, the aim of this study is to prepare new hybrid materials by surface immobilization of
negatively charged BBS molecules on the positively charged surface of y-Al203 taking
advantage of electrostatic interactions occurring between them. After characterization and
stability test, the materials were used as adsorbents and compared with other systems cited
in the literature (reported in Table 2.1) to evaluate their adsorption capacity towards the
cationic dye Crystal Violet (CV). Once identified the best adsorbing material for CV removal,
two Contaminants of Emerging Concern (CECs) (28), namely Atenolol and Carbamazepine,

were tested.
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Table2. 1. Removal of CV from aqueous solutions by several adsorbents reported in the literature.

adsorbents

Zeolite from fly ash

Acid treated zeolite

Magnetic nanocomposite

Soil silver nanocomposite

Jute fiber carbon

Semi-IPN hydrogels

Coniferous pinus bark

powder (CPBP)

Chitosan hydrogels beads

Phosphoric acid activation

carbon (PAAC)

Sulphuric acid activated

carbon (SAAC)

Magnetically modified

activated carbon

Nanomagnetic iron oxide

gm (max
capacity)

(mg/g)

19.6

17.7

158.73

1.923

27.99

35.09

32.78

76.9

60.42

85.84

67.1

16.5

Ref.

(29)

(29)

(6)

(30)

(31)

(7)

(32)

(33)

(34)

(34)

(35)

(35)

30

Temperature °C

25

25

50

30

30

25

30

30

28

28

20

20-40

pH

6.5

4.68

7.4

6.04



Magnetic nanocomposite

Unye bentonite

MCM-41

Saw dust

Modified sphagnum peat

moss

Polyacrylic Acid-bound

magnetic nano particles

Acid-treated

montmorillonite

Treated ginger waste

Carboxylate-functionalized

cellulose nanocrystals

Mango stone biocomposite

Multi-walled carbon

nanotubes

Carbon nanotubes

supported nanocables

Polyacrylamide-bentonite

composite

y-zirconium phosphate

81.7

131

236.64

341

121.95

116

400.0

277.7

243.9

352.79

90.52

228.30

144.60

320.20*

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

31

(10-50)

22

25

(15-50)

20

25

30

(30-50)

30

33

25

(25-45)

30

25

8.5

6.5

neutral pH

6.5

5.9

6.2

6-8



Modified Cellulose 169.9-218.8 | (50) 50 9

Surfactant-modified nano- 254.3 (51) 25 4
alumina
CaCO3-LTN 6.34* (52) 25 6
Hybrids
CaCO3 bare 3.35 (52) 25 6
De-oiled soya 5 (16) 30 8

* The related amounts are not qm but refer to the following experimental conditions: In Ref. 49: 500 mg of
adsorbent in 523.3 ml of 1.5x10-2 M dye in water for a contact time of 48 h, Ref. 52: 30 mg of adsorbent was

poured in 5 ml of 0.1mM of dye under stirring for 420 min.

2.2. Experimental

2.2.1. Materials

y- alumina was kindly supplied by Centro Ricerche FIAT, the X-ray diffraction pattern
confirms the expected crystalline structure of the material consistent with the reference card
01-075-0921 related to y-Al203. As a simple electrostatic interaction of the support with the
BBS molecules is not expected to modify the crystalline structure of the support, the hybrid

sample diffractograms are not shown.

BBS were extracted from composted organic refuses (from urban public park trimming and
home gardening residues) aged for more than 180 days supplied by ACEA Pinerolese

Industriale (23). The extraction procedure was described elsewhere(53).
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Crystal violet (CV) was purchased from Merck and used without any further treatment to

prepare solution in ultrapure MilliQ water for adsorption tests.

Carbamazepine and Atenolol were provided by Sigma-Aldrich (Steinheim, Germany) in

analytical purity = 99.0% and used in adsorption experiments.

All aqueous solutions for HPLC analysis were prepared using ultrapure water Millipore Milli-

QTM (resistivity > 18 MQ). All chemicals were used without further purification.

2.2.2. Preparation of hybrid materials

The y-Al203 particles were used as support for different amounts of BBS immobilized at their
surface by simple electrostatic interaction occurring between the two components carrying

opposite surface charges.

Hybrid materials were prepared by mixing 1 g of y-Al203 in 20 ml of distilled water
containing 0.1, 0.2 and 0.4 g of BBS under stirring for 24 h at 25°C. The pH of solution was
about 6.5 during the preparation. The samples were washed with 10 mL of distilled water
for 10 minutes and every time centrifuged at 4000 rpm for 10 min. The washing solution was
tested using UV-Vis spectrophotometer to evidence the presence of leached BBS molecules.
The procedure was carried out several times, till the washing solution did not evidence the
presence of BBS in the UV-Vis spectra. Drying process was performed in the oven at 40 °C for
24 h. Hybrid samples were named A-BBS0.1, A-BBS0.2 and A-BBS0.4, the reference pure

alumina sample was indicated as A.
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2.2.3. Characterization methods

X-ray diffraction (XRD) analyses of alumina support was obtained using a X’Pert PRO MPD
diffractometer from PANalytical, equipped with Cu anode and working at 45 kV and 40 mA

in a Bragg-Brentano geometry. In this study, the flat sample-holder configuration was used.

Fourier transform infrared (FTIR) spectra were recorded in transmission mode by means of
a Bruker Vector 22 spectrophotometer equipped with Globar source, DTGS detector, and
working with 128 scans at 4 cm'! resolution in the 4000-400 cm range. Samples were

dispersed in KBr (approximatively, sample : KBr weight ratio was 0.045).

Nitrogen adsorption-desorption experiments were carried out using an ASAP 2010
Micromeritics volumetric apparatus. Before the measurements, the samples were outgassed
at 40 °C for 24 h. Specific surface areas (SSA) were calculated using the Brunauer, Emmett
and Teller (BET) method. Pore volumes (PV) and Pore Size Distribution (PSD) were
determined by the Barrett, Joyner and Halenda method (54) applied to the isotherm

desorption branch.

Zeta potential measurements were performed on the instrument Zetasizer by Malvern. 10
mg of BBS and hybrid materials were suspended in 20 ml of deionized water under constant
stirring (400 rpm) for 15 min. The zeta potential measurements were performed starting
from the natural pH of the suspension then decreasing it point by point by addition of 0.1 M
HCl and successively increasing it with 0.1 M NaOH. A digital pH meter (Metrohm, model 827

pH lab, swiss mode) was used to measure the pH of the solution.
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Thermo-gravimetric analysis (TGA) was carried out using a TA Q600 (TA Instruments).
Thermal analyses were performed with a heating ramp of 10 °C/min from RT to 600°C under

air in order to quantify the amount of BBS immobilized on y-Al203 particles.

2.2.4. Adsorption procedures

2.2.4.1. Analytical instruments

UV-Vis spectrophotometer (Varian Cary 300 Scans) was used to determine the adsorption of

CV (maximum absorbance at 584 nm).

A Merck-Hitachi liquid chromatographer equipped with Rheodyne injector L-6200 and L-
6200A pumps for high-pressure gradients, L-4200 UV-Vis detector and a LiChrocart RP-C18
column (Merck, 12.5 cm x 0.4 cm) was used to determine the concentration of atenolol and
carbamazepine during the experiments. The detection wavelength was set at 224 nm for
atenolol and 284 nm for carbamazepine). Isocratic elution (1 mL min-! flow rate) was carried
out with 60% of phosphate buffer 1x10-2 M at pH 2.8 and 40% acetonitrile and retention

times were 5 min.

2.2.4.2. Kinetic of CV adsorption

The kinetic of the adsorption was followed contacting 10 ppm of CV with 20 mg of adsorbing
hybrid materials (total volume 10 mL) at pH 6.5 (therefore, a CV : adsorbent ratio of 1:2 wt.
was applied to all the preliminary measurements). The mixture was stirred vigorously under

isolated orbital mixing plate (rotation at 1000 rpm) keeping the temperature at 15°C. The
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adsorption phenomenon was followed measuring every 10 minutes the absorbance of the

dye in the supernatant after centrifugation (at 4000 rpm for 10 min) by means of a UV-Vis

spectrophotometer. Although an equilibrium time of less than or equal to 10 minutes was
evidenced, all the experiments were carried out leaving adsorbent and adsorptive in contact

for 30 minutes. All the measurements (data not showed) were carried out in duplicate.

2.2.4.3. CV adsorption study and model application

The adsorption experiments performed on the hybrid absorbents were carried out at 15°C
and pH=6.5 (natural value of the suspensions in CV) modifying the relative amount of CV and
adsorbent in order to explore a wide Ce range (10 to 100 mg of dye were mixed with 20 mg

of adsorbents in 10 mL).

Adsorption studies were carried out using 20 mg of adsorbents in contact with 10 batches
containing 10 mL of different concentration of CV aquatic solution (from 10 to 100 ppm).
The batches were sealed and placed in a shaker for 30 minutes at 15°C and pH=6.5 to obtain
the measurement of the adsorption capacity. The experiments were performed in duplicate

and average values were reported.

The adsorption capacity was calculated by using Eq. (1):

(Co— Co)XV
qQe = = (1)

Where Co (mg/L) is the initial dye concentration and Ce (mg/L) is the concentration of dye

at equilibrium, V (L) is the volume of dye concentration, W (g) is the mass of the adsorbent
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and ge (mg/g) is the amount of dye CV adsorbed. The percentage removal of CV was

calculated from the formulae given below:

Co— C
R%=(OC—8)><100 (2)
0

Freundlich and Langmuir models were applied to the experimental data.

2.2.4.3.a. Freundlich model

The Freundlich model considers an adsorption taking place on a heterogeneous surface. The

isotherm model can be represented by the following equation:

1
Inq, =InKr + (E) InC, (3)

where Ce is the adsorbate equilibrium concentration expressed in mg/L, ge is the amount of
adsorbate in the adsorbent at equilibrium expressed in mg/g, KF is the Freundlich constant
representing the affinity of the adsorptive towards the adsorbing material, 1/n is the
Freundlich constant, representing the degree of affinity adsorptive/adsorbing material and
indicating how much the adsorption process is favored (n<1 indicates a poor adsorption and
the desorption as the favored process, 1<n<2 indicates a good equilibrium between
adsorption/desorption, 2<n<10 represents a very good adsorption going towards an

irreversible phenomenon (55)).
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KF and n can be determined from the linearized plot In ge vs. Ce (not reported for the sake
of brevity).
2.2.4.3.b. Langmuir model

The Langmuir model assumes the adsorption reaches a monolayer of coverage. (56)
The general equation is:

__ QqobCe
Qe = 1+bC,’ (4)
where C, is the adsorbate equilibrium concentration expressed in mg/L, C, is the adsorbate
initial concentration expressed in mg/L, q. is the amount of adsorbate in the adsorbent at
equilibrium expressed in mg/g, q, is the monolayer coverage capacities expressed in mg/g,

K| is the Langmuir constant indicating the ratio of reagents and products at the equilibrium.

In the linearized form Eq. (4) becomes:

Ce 1 Ce

de K190 do

)

or:

1 1 1

qe 4o Kqu Ce’

The plot reporting qi VS ci allows to obtain qo and K.
e e
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The value:

1
R, = KLy (5)

indicates if the adsorption is unfavored (if R;, > 1), if shows a linear trend (if R, = 1) or if

the adsorption is favored (if 0 < Ry, < 1). R}, = 0 indicates that the reaction is irreversible.

2.2.4.4. Contaminants of Emerging Concern (CECs) adsorption study

Kinetic studies were performed using 10 ppm of Atenolol and Carbamazepine in contact with
20 mg of A-BBS0.4 in a volume of 10 mL, at 20°C and pH 6.5. Adsorption studies were
performed using different amounts of Atenolol and Carbamazepine in contact with 20 mg of
A-BBSO0.4 in duplicate. The mixtures were kept under stirring at 20°C, pH 6.5 and the residual
amount of contaminants was measured at 30 minute-contact time in order to obtain the

adsorption isotherms.

2.3. Results and discussion
2.3.1. Materials characterization

2.3.1.1. FTIR spectroscopy

The IR spectra of alumina before and after BBS immobilization were collected in order to
assure BBS presence on hybrid alumina systems. The recorded spectra, together with the
reference BBS spectrum, are reported in Figure 2.1. The pure alumina sample shows the

presence of atmospheric water molecules interacting with the surface and producing a signal
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at 1630 cm (8uon vibration) and a large absorption around 3500 cm-! (vou vibrations),
whereas the intense signal at low wavenumbers (< 1000 cm1) is due to alumina framework
vibrations. Pure BBS shows again an intense signal at around 3500 cm-1 due to OH groups
and atmospheric moisture interacting with the surface (voun vibrations), a large signal at 1600
cm1 due to both carbonyl (C=0) stretching and vibration of water molecules adsorbed at the
surface (6non signal), and other two signals at 1400 and 1000 cm-! due to carboxylic acid/ C-
H bending and OCO vibrations, respectively. Another very weak signals can be observed at

around 3000 cm-! due to vcn stretching vibrations.

Specific signals due to BBS (evidenced in the Figure by vertical lines) are visible in the
spectra of the hybrid materials at around 1600, 1400 and 1000 cm-1, whereas the less intense
signals at around 3000 are not visible due to the small amount of BBS immobilized on the
support. In any case, the presence of these absorptions confirms that alumina
functionalization was carried out and, moreover, their increasing intensity suggests an
increase of the amount of the functionalizing phase on the A support increasing the amount
of BBS used during the material preparation. No modification of the signal positions was
observed with respect to pure BBS (see curve A in the figure), as expected for a simple
electrostatic interaction occurring between alumina surface and BBS molecules. Moreover,
it is possible to evidence an important contribute of the hydration layer on the hybrid
samples surface, as witnessed by the growth of the signal at 1600 (6non vibration) and 3500
cm1 (von), given the polar nature of BBS molecules leading to a stronger interaction with

atmospheric moisture.
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Figure 2. 1. FTIR spectra of BBS (curve A) pure gamma alumina (B), A-BBSO0.1 (C), A-BBS0.2 (D) and A-BBSO0.4 (E).

The spectra were shifted for the sake of clarity, the vertical lines represent the most intense signals due to BBS.

2.3.1.2. Gas-volumetric N2 adsorption at 77K

The adsorption/desorption isotherms of all hybrid materials and reference non-modified
sample are of the IV type (IUPAC classification) indicating that all materials are mesoporous

(Figure 2.2. A).

As it can be seen, the hysteresis loops of all the samples are very similar, although the height

of the step decreases by increasing the amount of BBS indicating a minor amount of
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mesopores after functionalization of the support. Nevertheless, the amount of BBS
immobilized seems to be not enough to modify the featuring morphology of the material. The
value of BET specific surface area of the materials are reported in Table 2.2 together with
the total amount of mesopores, evaluated by BJH model on the desorption branch of the
isotherms, whereas the pore size distribution curves are reported in Figure 2.2. B. The
specific surface area of the samples decreases increasing the amount of BBS, although to a
very limited extent. This suggests that BBS is not immobilized at the external surface of the
particles, since they do not act as aggregating agent between the single alumina particles, as
the loss of specific surface area of the material after functionalization should be much higher.
This indicates that BBS are allocated essentially into the mesopore empty space, probably
because in that space the electrostatic interaction of the support with the molecule can be
stronger. The pore size distribution curves allow to obtain other important details
concerning the interaction BBS-solid. All samples show two families of mesopores, the first
one quite narrow centered at 37 A of width and another one very wide covering the values
20-180 A of width. Both families of pores are affected by support functionalization because
the large mesopores decrease in amount and width, the relative maximum shifting from 80
to 60 A of width, whereas the smaller ones increases in intensity after functionalization. This
feature suggests that the smallest pores are not involved in the functionalization, probably
because of the limited dimensions, whereas BBS are placed into the largest pores, which are
those decreasing in amount and size after functionalization causing the increase of the
amount of the smallest ones. Also the fact that the hystheresis loops of the isotherms do not

change shape after functionalization confirms again that BBS molecules enter into the pores
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sticking at the internal walls of the solid (causing a decrease of their size) rather than fixing

at their entrance (causing the modification of the pore shape which is not observed indeed).

A A

—e— A-BBSO0.1
—A— A-BBS0.2
250 —e— A-BBS0.4

Quantity adsorbed (cm®g)

0.0 0.2 04 0.6 0.8 1.0
Relative pressure (p/p°)

0.006

—~ 0.005

©

o

o

=
1

0.003 1

0.002

Pore volume (cm’/g.A

0.001

0.000 - . - . : : - . . .
0 50 100 150 200 250 300
Pore width (A)

Figure 2. 2. Nitrogen adsorption-desorption isotherms (section A) and BJH desorption pore size distribution
(section B) of reference alumina (squares) and hybrid materials: A-BBS0.1 (circles), A-BBS0.2 (triangles) and A-

BBS0.4 (diamond). In section A the curves were shifted for the sake of clarity.
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Table2. 2 Texture features for reference and hybrid materials.

Materials

A-BBS0.1

A-BBS0.2

A-BBS0.4

2.3.1.3. TGA

Figure 2.3, upper section, shows the results of TGA analysis on sample A before and after
immobilization of BBS in the temperature range 40-650°C under air, Figure 2.3, lower
section, reports the curve related to BBS weight loss registered in the same conditions. BBS
evidences two main regions of weight loss, the first in the range 40-220°C related to
physisorbed and chemisorbed water elimination, the second, occurring in two steps, in the
range 220-650°C related to the oxidation of BBS. Analogously, all the curves of A and hybrid
materials present two important weight losses. The foster falls in the range 40-220°C and is
due to the removal of adsorbed water molecules: this contribution increases increasing the

amount of BBS on the hybrid samples as a consequence of the increased interaction with

BET Specific

surface area

(m2/g)

186

181

172

165

44

BJH Pore

volume

(cm3/g)

0.42

0.33

0.30

0.29



atmospheric moisture given by the increased polarity of the materials. The latter falls in the
range 220-650°C and deserves some comments. Alumina sample possesses surface OH
groups that can be partially eliminated via condensation reaction in form of water molecules
at high temperature: the weight loss observed in the range 220-650°C (1.1 %) can be
assigned to this phenomenon. Otherwise, the hybrid materials treated at high temperature
can experience both the OH elimination via condensation reaction and the elimination of
organic moieties through an oxidation reaction which forms CO2 and H20. From the
comparison of the four curves, it is possible to quantify the amount of the three
contributions, namely adsorbed water molecules, amount of OH eliminated via condensation

reaction and organic content, for the four samples as reported in Table 2.3.

100

)
&

Weight loss (%

851

100 200 300 400 500 600
Temperature (°C)
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Figure 2. 3. TGA curves obtained in air. Upper section: A (curve A), A-BBSO0.1 (B), A-BBS0.2 (C) and A-BBS0.4 (D);
lower section: the weight loss (solid line) and derivative weight loss (dotted line) of BBS. The values indicated in
the upper picture indicate the total weight loss measured for the materials, the vertical dotted lines indicate the

temperature of 220°C used for the quantification of water and organics loss.

Table2. 3. Weight losses observed for reference and hybrid materials.

Materials 40-220°C 220-650°C OH groups Measured
(Adsorbed eliminated (%) @ organic
(Organic content
water %) content (%)
and OH groups +0.1

eliminated %)

A-BBS0.1 4.4 2.7 1.1 1.6
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A-BBS0.2 4.9 5.4 1.1 4.3

A-BBS0.4 6.5 8.2 1.1 7.1

The amount of BBS actually loaded onto the support is obtained by calculating the
percentage of weight loss for A-BBS0.1, A-BBS0.2 and A-BBS0.4 in the range of 220 to 650
°C and subtracting that observed for A support in the same range. The amount of organic
matter actually immobilized on hybrid samples depends on the concentration of the BBS
solution used for the functionalization: in these experiments the maximum loading has been

reached by A-BBS0.4 with 7.2 % of organic matter immobilized.

2.3.1.4. Zeta potential

The zeta potential measurements have been used in order to evaluate the surface charge of
the support and its modification after BBS functionalization. This is a very important
indication, dealing with adsorption, in order to forecast the type of substrate that can be

subjected to efficient interaction with the materials.

Figure 2.4 shows the trend of zeta potential in the pH range 3-11. From the measured trends
it is possible to conclude the reference A material possesses a positive surface charge in the
range 4-7.9 and this makes easy an interaction of the solid with negatively charged
substrates. At neutral pH, in particular, BBS molecules bring a negative charge given
essentially by dissociated COOH and phenolic Ph-OH groups, therefore the interaction with
the alumina positive solid surface occurs very easily. Consequently, the isoelectric point
(IEP) of hybrid materials shifts to lower pH increasing the BBS loading.
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Figure 2. 4. Zeta potential trends of A (squares), A-BBS0.1 (circles), A-BBS0.2 (triangles) and A-BBS0.4 (diamonds)

as a function of pH.

2.3.2 Removal of crystal violet

2.3.2.1. Effect of CV concentration

The chemical structure of CV is reported in Scheme 2.1.
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CHs

Scheme 2. 1. Structure of Crystal Violet

Different concentrations of dye from 10 to 100 ppm have been used for adsorption
experiment keeping constant the amount of hybrid absorbents. Results reported in Figure
2.5 indicate that an increase of the dye concentration leads to a decrease in the amount of
dye adsorbed from 43% to 17% for A-BBS0.1, from 80% to 37% for A-BBS0.2 and from 91%
to 67% for A-BBS0.4. Although the removal decreases increasing CV concentration because
of the adsorbing materials saturation, the amount of dye removed by A-BBS0.4 remains at
the value of about 70%, indicating a very good performance. On this material the adsorption

of atenolol and carbamazepine was performed.
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Figure 2. 5. Adsorption % of dye CV by different hybrid adsorbents A-BBS0.4, A-BBS0.2 and A-BBS0.1, versus

initial dye concentration at 15 °C.

2.3.2.2. Adsorption isotherms and model application

In Figure 2.6 the removal of CV by the hybrid adsorbents was reported in form of adsorption
isotherms. Clearly A-BBS0.1 reached the saturation in our experimental conditions, whereas

A-BBS0.2 and, even more, A-BBS0.4 are still far from the saturation.

Langmuir and Freundlich models were applied to the experimental data and the most
significant results are reported in Table 2.4. A very good fitting was obtained applying
Langmuir model, as indicated by very high values of r2. qm obtained by this model defines the

amount of CV saturating the samples (monolayer amount): the value obtained for the best
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adsorbent A-BBS0.4 corresponds to a maximum adsorption of about 35 mg/g. The RL values
(always 0<RL<1) obtained for all the samples indicate a favored adsorption, as also suggested

by Freundlich n values always higher than 2.
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Figure 2. 6. Equilibrium isotherms for the adsorption of CV by different hybrid adsorbents in MilliQ water at 15

°C.

Table2. 4. Langmuir and Freundlich model parameters calculated by linear fitting of the adsorption data.

Model A-BBS0.1 A-BBS0.2 A-BBS0.4
Value S.E. Value S.E. Value SE
Langmuir gm (mg/g) 8.92 0.59 21.38 2.50 35.09 0.61
KL (mg/L) 0.065 0.020 0.087 0.048 0.09 0.090
r? 0.975 - 0.977 - 0.992 -
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RL 0.898
Freundlich KF 14.08

(mg/g)(L/mg)

n 2.52

r2 0.995

2.4. Removal of CECs

0.861
5.58 28.547
0.65 2.170
- 0.94

6.75

0.203

0.763

67.54 8.455
2.084 0.164
0.978

Figure 2.7 reports the kinetic of adsorption relative to two different CECs, Carbamazepine

and Atenolol, whose structures are shown in Scheme 2.2. These CECs were chosen on the

basis of their chemical structure: both molecules show positively charged structure at pH 6.5

(57), but while Atenolol possessed a branched aliphatic chain, Carbamazepine is a

polyaromatic and more compact molecule.

L

A

0% “NH,

pKa=13.9

Scheme 2. 2. Structure of Carbamazepine (left side) and Atenolol (right side) and related pKa (58)-(59).

The efficiency of the material remained acceptable with the larger polar molecule atenolol

which is more easily adsorbed with 51% of removal in 30 minutes thanks to its polar
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structure and consequently stronger interaction with adsorbent, whereas in the case of
carbamazepine only 32% of removal was reached in 30 min suggesting a worse affinity

between the material and the polyaromatic substrate.

Langmuir and Freundlich models were also applied to CEC adsorption and the most
significant results are reported in Table 2.5. Good fittings were observed applying both
Langmuir and Freundlich models as indicated by very good values of r2. qm obtained by these
models defines the amount of Carbamazepine and Atenolol saturating the samples
(monolayer amount): the values obtained for the Carbamazepine and Atenolol correspond
to maximum adsorption of about 3.06 and 3.26 mg/g respectively. A comparison study of
capacity of adsorption for different adsorbents was performed and the results are reported
in Table 2.6. Considering the literature we have reached promising results in particular in

the adsorption of Carbamazepine.
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Figure 2. 7. Kinetic of removal of 10 ppm of Carbamazepine and Atenolol at 20°C by 20 mg of A-BBS0.4 in 10 mL

of solution expressed in removal percentage.
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Model

Langmuir

Freundlich

adsorbents

A-BBS0.4

Table2. 5. gm of adsorption of CECs by A-BBS0.4

Carbamazepine Atenolol
Value S.E. Value
gm (mg/g) 3.0628 0.06 3.26
KL (mg/L) 0.119 0.057 0.11
r2 0.917 - 0.904
KF (mg/g)(L/mg) 0.405 0.07 4.43
n 1.526 0.35 0.77
r? 0.905 - 0.906

Table2. 6. Removal of organic pollutants from wastewater

gm (mg/g)  Ref. CEC Temperature
QA
20

3.26 This study = Atenolol

3.06 Carbamazepine
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S.E.

0.145

0.008

0.13

0.006

pH

6.5



Agricultural soils 0.01 (60) Carbamazepine 25 9.2

Functionalized silica 0.04 (61) Carbamazepine 25 7
Granulated cork 1.84 (62) Carbamazepine 2042 4.6
Activated carbon 18.8 (63) Atenolol 25 6
Graphene oxide 95 (64) Atenolol 25 2

2.5. Conclusions

New hybrid absorbents were prepared following a very easy procedure and characterized
via TGA, XRD, Zeta potential, FTIR spectroscopy and nitrogen adsorption then, they were
tested towards the removal of selected pollutants. BBS can functionalize the alumina surface
given the electrostatic attraction of opposite charges carried by the two components. In this
way, cationic pollutants can be captured by the negatively charged surface of the adsorbent.
The electrostatic interaction is, therefore, the major driving force for the adsorption process,
but the polarity of the pollutant molecules affects both kinetics and adsorbed amounts as

less polar molecules interact at lower extent and in longer time.

The strength of these new hybrid materials is not so much in photocatalytic efficiency, (the
comparison in CV removal is reported in Figure 2.8), as in the simplicity of preparation and

in its definitely "green" way. In fact not only the efficiency of the materials should be taken
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in account but also other aspects deserve to be considered, i.e. the easiness and the green
aspects related to the materials preparation procedure and the energy and economic
savings. In fact, several materials with very good performances reported in Table 2.1 are
prepared following complex procedures and use of non-green processes. In order to perform
this comparison, we considered only the materials with better performance in CV adsorption
with respect to the A-BBS hybrid system and we classified them on the basis of the following
aspects: energy consumption (calcination and/or thermal treatment at temperature higher
than 200°C), multistep/complex synthesis, use of non-green compounds (acids, bases,
solvents and so on). In the classification we assigned a color code from green to orange to
red considering the absence of these negative aspects or their simultaneous presence during
the preparation. As evidenced in Figure 2.8, several materials possessing much better
adsorption capacity with respect to the A-BBS system show orange or red color, whereas

only few, as A-BBS0.4, show the green color.

From this perspective, the A-BBS materials can be developed further and their performance

optimized in view of their use in in-field applications.
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Figure 2. 8. Removal of CV from aqueous solution by A-BBS and adsorbents materials reported in the literature
and listed in this work (Table 2.1). The colors have been assigned on the base of aspects related to possible
upscaling of the processes involving the materials: energy consumption, multistep/complex synthesis, use of
non-green compounds, as described in the text.
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Easy recoverable hybrid alumina-based adsorbents for selective capture

of cationic pollutants from wastewater

Abstract

Alumina porous monoliths were successfully fabricated using a simple and reproducible synthesis
dispersing gamma alumina phase from commercial boehmite (GAB) in water containing water
soluble Bio-Based Substances (BBS) obtained from composted biowaste. The wet mixture
obtained was shaped in form of small spheres, then dried and calcined at 500°C in order to burn
the organic matter and obtain mesoporous monoliths. They were successively functionalized
with BBS in order to introduce BBS functional groups and obtain an efficient adsorbing system.
Therefore, in this work, BBS acted as template/binder for the production of monoliths and as
functionalizing agent of the produced monoliths. The reference powders, whose behaviors were
described in a published paper (1), and the monoliths of GAB before and after functionalization
were characterized by means of X-Ray Diffraction (XRD) to evidence their crystal structure,
Fourier transform infrared spectroscopy (FT-IR) for evaluating the presence of BBS on the
functionalized monoliths, thermogravimetric analysis (TGA) to measure the thermal stability of
the supports and quantify the functionalizing BBS amount immobilized on them, N, adsorption
at 77K for the investigation of the surface area and porosity of the systems, zeta potential

measurements to analyze the effect of BBS immobilization on the surface charge of the supports
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and to predict the type of interaction which can be established with substrates. Finally, the
systems were applied in removal of pollutants with different charge, polarity and molecular
structure, such as dyes (Crystal Violet and Acid Orange 7) and Contaminants of Emerging Concern

(Carbamazepine and Atenolol).

Keywords: alumina, monolith, porous materials, functionalized monolith, electrostatic

interaction, removal of pollutant, cationic molecules

71



3.1. Introduction

Water contamination has become a serious worldwide concern that can cause many health
problems, particularly in industrial countries. The water pollution is going to be a big challenge
because of the complex environmental conditions and enormous scale. Therefore, the scientists
should develop simple, fast and more friendly methods for the determination, decomposition or

removal, in general, of the organic pollutants (2),(3),(4),(5).

Among the possible techniques for wastewater treatment, the adsorption process by solid
adsorbents demonstrates a high potential as one of the most efficient method for capturing
organic contaminants from wastewaters avoiding the risk of secondary pollution brought by
decomposition methods. Several adsorbents, like activated carbon (6), silica gel (7), organic clay
(8), alumina (9),(10), iron powders (11),(12) and mesoporous silica (13),(14) have been
successfully applied for the removal of dyes from water, but the development of new materials,
more easily recoverable for a possible upscaling of the processes, is still needed. Many
researchers have begun, therefore, to pay attention to the shape of the adsorbing materials as
handleable forms can operate much more easily, in particular in terms of recovery and
reusability. As the open-framework nature and large pore size (2-50 nm) are the key factors for
a good diffusion of the molecules inside the adsorbing materials and a consequent fast
adsorption process (15),(16), the research focuses on the production of massive materials
possessing these features, for instance, in 2012, a new method to prepare mesoporous silica
monoliths by employing Bio based substances (BBS) isolated from composted urban wastes has
proposed (17). In addition to this aspect, the adsorption capacity of materials can be enhanced

introducing functional groups with high affinity for different substrates by manes of
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functionalization processes. The choice of the functional groups allows defining a specific activity
of the adsorbing material towards a specific substrate. Oxides carrying OH groups at the surface
are very good candidates for being surface modified as they can be easily functionalized
exploiting several strategies reported in the literature, some of them basing on physical methods,
others basing on chemical ones (18),(19),(1),(20). As in a previous paper we reported the
performances of BBS-functionalized alumina powders(1), in this work, we are considering the
upscaling of the previous study producing mesoporous gamma alumina-based monoliths (GAB-

M) functionalized with BBS (GAB-M-BBS).

Summarizing, the current research comprehends the following points: (1) the fabrication of new
alumina monoliths, (2) their functionalization with BBS, (3) their physico-chemical

characterization compared with the parent alumina powder, and (4) the adsorption study.

3.2. Experimental

3.2.1. Materials for synthesis
Commercial boehmite (CB) was kindly supplied by Centro Ricerche FIAT and used to prepare

gamma-Al;03 (GAB) after calcination in a furnace at 500°C for 3 h, as reported in the literature(1).

Bio Based Substance (BBS) were extracted from composted organic refuses aged for more than
180 days supplied by ACEA Pinerolese Industriale. The extraction procedure was described by E.

Montoneri, et al(21),(22),(23).
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OVCOOH OH COOH COCH

Scheme 3. 1. Virtual molecular fragments of BBS.

3.2.2 Materials and methods for characterization study

X-ray diffraction (XRD) analysis was used to investigate the morphology and crystal structure of
powders and monoliths. The measurements were performed by using a X'’Pert PRO MPD
diffractometer from PANalytical, equipped with Cu anode worked at 45 kV and 40 mA in a Bragg-

Brentano geometry. In this work, the flat sample-holder configuration was employed.

Fourier transform infrared (FTIR) spectroscopy was applied in a transmission mode by using
Bruker Vector 22 spectrophotometer equipped with Globar source, DTGS detector and working
in the transmission mode in the range of 4000 to 400 cm™ at 4 cm™ resolution. Before
investigation all the samples were mixed with KBr powder (1:20 ratio) and pressed to form

pellets.
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Nitrogen adsorption-desorption measurements at 77 K were carried out by means of ASAP 2020
Micromeritics gas-volumetric apparatus. Prior to the experiments, the samples before and after
functionalization were activated at 300 °C and 40 °C respectively for 24 h. Specific surface areas
(SSA) were calculated by applying the Brunauer, Emmett and Teller (BET) method(24). Pore
volumes and Pore Size Distribution were determined by using the Barrett, Joyner and Halenda

method (24) applied to the isotherm adsorption branch.

Thermo-gravimetric analysis (TGA) was performed by means of TA Q600 (TA Instruments).
Materials before and after functionalization were heated at a rate of 10 °C/min from 40 to 650°C

under air.

Zeta potential measurements have been used in order to determine the surface charge of the
particles in water at different pH and the point of zero charge of the dispersions (1). They have
performed using the instrument Zetasizer by Malvern (model ZS90). The suspensions were
prepared by mixing 10 mg of sample (after finely crushing in an agate mortar in the case of
monoliths) in 20 ml of deionized water under constant stirring (400 rpm) for 15 min. The pH of
the suspensions was adjusted in different pH in the range of 3-11 by addition of 0.1M HCl and 0.1
M NaOH solutions. The suspensions were shaken at 25 °C temperature for 15 min until the pH
had stabilized. A digital pH meter (Metrohm, model 827 pH lab, swiss mode) was used to measure

the pH. In all batch experiments the refractive index value of alumina was selected.

3.2.3. Materials and methods for adsorption study

UV-Vis spectrophotometer (Varian Cary 300 Scans) was applied to study the adsorption of the

dyes Crystal Violet (CV, positively charged, maximum absorbance at 584 nm) and Acid Orange 7
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(AO, negatively charged, maximum absorbance at 480 nm) and of the contaminants Atenolol
(polar, maximum absorbance at 224 nm) and Carbamazepine (apolar, maximum absorbance at

284 nm).

The kinetics of the adsorption was carried out following the experimental procedure described
in(1), i.e. contacting 20 mg of adsorbents materials with 10 ppm of contaminant solutions in the
total volume of 10 ml at pH 6.5 and keeping under shaking at the temperature of 22+2 °C. The
removal was evaluated considering the residual contaminant concentrations after separation of

the supernatant and measurement of contaminant absorption using a calibration curve.

3.3. Results and discussion

3.3.1. Preparation of materials

3.3.1.1. Preparation of monoliths as support

Following the procedure previously applied for preparation of silica monolith(17), 0.5 g of BBS
were stored under stirring in 7.5 mL water at room temperature for 2 h. GAB (2 g) was added to
the BBS solution. 5 ml water was then added and the mixture was stirred for 2h. The mixture was
left at ambient condition for relaxing and dried at ambient temperature for the time needed to
obtain a mud in order to model small spheres of about 0.5 cm of diameter. These spheres were
dried overnight at Room Temperature (RT) and then calcined in furnace at 500°C for 4 h in order
to remove all organics and yield a mechanically stable, porous monolith named GAB-M. The

image of the spheres after calcination is presented in the inset of Figure 3.1.

76



3.3.1.2. BBS-Functionalization of monoliths

As alumina powders were successfully BBS-functionalized thanks to a simple electrostatic
interaction occurring in water at circumneutral pH (1), we tried the same procedure to
functionalize the surface of GAB-M. The functionalized monoliths were prepared using 1 g of
GAB-M dispersed in water at natural pH (about 6.5) containing 20 g/I of water soluble BBS and

two different procedures:

The mixture container was sealed and gently shaken (in order to avoid the monolith breakage)

using an orbital mixing plate with rotation at 1000 rpm for 24h at 25+2°C.

The mixture contained was sealed and, after shaking at RT, was placed in an oven at 60°C

overnight, then cooled down and again placed in an oven at 80°C overnight.

At the end of both procedures, the samples were washed with 10 ml of water several times till
no signal of leached BBS molecules from GAB-M-BBS samples was evidenced in the UV-Vis
spectra of the washing medium. The following drying process was carried out in the oven at 40

°C for 24h.

The first procedure did not allow a complete functionalization of the monolith as the BBS brown
color was present only in the outermost layer of the spheres, whereas the second treatment
allowed a complete functionalization. The image of the functionalized porous monoliths, named

GAB-M-BBS, is reported in Figure 3.1. These samples were used for the subsequent
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characterization and the powders obtaining in the previous work (1), GAB and GAB-BBS, were

used as reference materials for comparison.

GAB-M-BBS

Figure 3. 1. GAB-M before (in the inset) and after functionalization with BBS.

The preparation route of the non-functionalized monoliths and the following functionalization
methods were carried out several times in order to define the reproducibility of the procedures.

In all the attempts the samples presented very similar behaviors, as witnessed by FTIR spectra,

XRD, TGA and N; adsorption/desorption analyses.
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3.3.2 Material characterization.

3.3.2.1. XRD measurements

X-Ray diffraction analysis was performed to investigate the effect of monolith fabrication process
on the crystal structure of GAB powder. Figure 3.2 shows the diffraction patterns for both GAB
and GAB-M samples. As it can be seen, the crystallographic patterns of the monoliths GAB-M are
not different from GAB one. The typical reflections of gamma-Al,Os (reference pattern 01-075-

0921) can be evidenced in both diffractograms.

100

Intensity (counts)

20 40 60 80
26 (°)

Figure 3. 2. XRD patterns of GAB (A) and GAB-M (B).

3.3.2.2. FTIR spectroscopy

The IR spectra of GAB powder before and after functionalization were reported in Figure 3.3. The

presence of BBS is clearly visible in the GAB-BBS spectrum. In fact, as for pure BBS sample, it
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shows the presence of OH groups and atmospheric moisture interacting with the surface and
producing a signal at around 3500 cm™ (vow vibrations), a large signal at 1600 cm™ due to both
carbonylic stretching (vc-0) and vibration of water molecules adsorbed at the surface (&won
signal), and other two signals at 1400 and 1000 cm™ due to carboxylic acid/ C—H bending and
OCO vibrations, respectively. Another weak signals due to vcn stretching vibrations is visible at
around 3000 cm™. In addition to these bands, the alumina samples are characterized by a very

intense absorption below 1000 cm™ due to the bulk vibrations of the solid framework.

The IR spectra of GAB-M before and after functionalization were collected in the same figure.
The spectrum of GAB-M before functionalization is dominated by a very large signal at about
3400 cm™ and by a couple of bands at about 1650 and 1300 cm*. All of them derive from the
interaction of the solid samples with the molecules present in the atmosphere, H,0 and CO,. In
fact, the burning off of BBS, in the process of monolith formation, leaves in the material some
inorganic residues naturally present in the BBS (namely, cationic and anionic species such as
Mg?*, K*, Ca%*, NO?*, CI') and these species interact very easily with moisture and CO; leading to
the formation of intense von signals at high frequency and to the formation of symmetric and
antisymmetric vibrations of surface carbonate-like groups at low frequency, respectively. In
addition to these absorptions, the BBS-functionalization causes the formation of BBS typical

bands, as mentioned for GAB-BBS sample.
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Figure 3. 3. FTIR spectra of sample powders and monoliths before and after functionalization with BBS. BBS IR

spectrum was reported for the sake of comparison. The curves were shifted for the sake of clarity.

3.3.2.3. Gas-volumetric N2 adsorption at 77K

Gas-volumetric analysis of N2 adsorbed at 77K was carried out for all samples including reference
powders. According to IUPAC classification, the adsorption/desorption isotherms of all samples,
reported in Figure 3.4A, are of the IV type, with hysteresis loops at relative pressures higher than
0.4, confirming that all materials are meso or even macroporous. The formation of monolith from
alumina powder does not affect significantly the specific surface area (198 vs 186 m?/g), but
changes significantly the porosity which appears higher and made up of larger mesopores and
macropores of width up to 600 A with respect to the pure powder (see Table 3.1 and Figure 3.4B).
This effect was already evidenced in the previous work dealing with silica monolith formation
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from powder(17) and it is due to the templating effect brought by BBS molecules during alumina

particle aggregation.

In the case of monolith and reference powder, the functionalization process affects the specific
surface area and the mesoporosity of all systems, as BBS occupy part of the pores (the largest
ones) leading to a decrease of the total mesoporosity and consequently to the material surface
area. This result confirms the BBS functionalization reaches also the core of the monolith pores,

as also suggested by the visual examination of the internal part of the monoliths after

functionalization.

Quantity adsorbed (cm3/g)

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/po)
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Figure 3. 4. Nitrogen adsorption/desorption isotherms (section A) and BJH adsorption pore size distribution
(section B) of GAB (solid line), GAB-BBS (broken line), GAB-M (squares) and GAB-M-BBS (triangles). In the figure

the curves were shifted for the sake of clarity.

Table 3. 1. Textural features of the samples.

Materials BET Specific = BJH Pore volume
surface area
(cm*/g)
(m*/g)
GAB 186 0.42
GAB-BBS 165 0.29
GAB-M 198 0.32
GAB-M-BBS 141 0.19
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3.3.24.TGA

The results of TGA analysis on GAB and GAB-M before and after immobilization of BBS are shown
in Figure 3.5, upper section. Figure 3.5, lower section, shows the curve due to BBS weight loss
measured in the same conditions and reports two main regions of weight loss for pure BBS
materials, the first one in the range of 40-200 °C due to water molecules elimination, and the
second one is in the range of 200-650 °C due to the oxidation of BBS. In order to interpret the
TGA curve of GAB-BBS and GAB-M-BBS we do need the BBS, GAB and GAB-M curves as
references. As it can be seen in Figure 3.5 upper section, all the curves report the two important
weight losses described in the case of BBS sample, but while the foster occurs in the range of 40-
200 °C and is related to the removal of physisorbed and chemisorbed water molecules, the latter
one, falling in the range of 200-650°C, is due to a couple of contributions, namely: i) loss of water
obtained from OH groups condensation and ii) loss of organic matter by oxidation with formation
of CO2 and H0 (1). To calculate the amount of organic matter present in the functionalized
samples, it is needed to eliminate the contribution due to the condensation of OH groups. The
results of this comparison are reported in Table 3.2. The amount of BBS loaded onto GAB-BBS is
higher than that observed in the case of GAB-M-BBS, indicating that a small amount of BBS
molecules can be hosted in the mesoporous structure of the monoliths with respect to the parent

powder.

The amount of water physisorbed and chemisorbed present on the samples, and determined by

the weight loss in the range 40-200°C, confirms that the presence of inorganic residues present
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on the plain monoliths GAB-M, and the additional presence of BBS present in the functionalized
monolith GAB-M-BBS, make the materials much more hydrophilic than the relative powdery

ones.
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Figure 3. 5. TGA curves obtained in air for GAB, GAB-BBS, GAB-M and GAB-M-BBS in upper section; weight (solid
line) and derivate weight (dotted line) curves of BBS in lower section. The values indicated in the figure indicate
the residual weight measured for the materials at 650°C, the vertical broken lines indicate the temperature of

200°C used for the quantification of water and organics loss.
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Table 3. 2. Weight losses observed for references and hybrid materials.

Materials 40-200°C 200-650°C OH groups % Measured

Adsorbed organic
Organic content

water % content % +
and OH groups
0.1
%

GAB 2.5 1.3 1.3 -
GAB-BBS 5.4 9.4 1.3 8.1

GAB-M 4.3 2.6 2.6 -
GAB-M-BBS 7.2 8.2 2.6 5.6

3.3.2.5. Zeta potential

Zeta potential (ZP) measurements were obtained in order to evaluate the surface charge of the
materials before and after immobilization of BBS, as this is a very useful indication dealing with
adsorption process in order to predict the type of substrate suitable for an efficient interaction
with the adsorbent. The variations of the ZP values of the samples in the range of pH 3.0-11.0 are
reported in Figure 3.6. GAB possesses a positive surface charge in the range of pH 4-7.9, then it
becomes negative. Water soluble BBS molecules bring a negative charge at circumneutral pH
caused by the presence of dissociated COOH and OH groups (21), therefore they can interact
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quite easily with GAB support. After functionalization, the point of zero charge (PZC) of GAB-BBS
shifts from 7.9 to 5.2 leading to a hybrid material with negatively charged surface at
circumneutral pH, prone to the interaction with positive or even partially positive (i.e. polar)
substrates (1). On the contrary, GAB-M and GAB-M-BBS show a negative charge in the entire pH
range examined, with no substantial modifications brought by BBS functionalization. This feature

suggests that only positively charged substrates should interact with these materials.
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Figure 3. 6. ZP values of GAB, GAB-BBS, GAB-M and GAB-M-BBS as a function of pH.

3.3.3 Application of materials in contaminant removal.

3.3.3.1. Removal of dyes

Positively charged CV and negatively charged AO (whose molecular structures are shown in

Scheme 3.2) were selected as model adsorptives to evaluate the mechanism at the base of the
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interaction substrate-monoliths. For the sake of comparison, CV adsorption on the reference

powdery materials GAB and GAB-BBS was taken into consideration.

CHs CH3

N+ /
N

Scheme 3. 2. Molecular structure of Crystal Violet (CV) and Acid Orange 7 (AO).

Figure 3.7 shows the adsorption kinetics of CV on the monoliths GAB-M and GAB-M-BBS (section
A) and on the reference powdery GAB and GAB-BBS (section B). No adsorption was evidenced

contacting the negatively charged AO with the monolith systems.

As reported in (1), the adsorption of CV on the powdery GAB-BBS occurs very quickly and to a
large extent, favored by the opposite charges carried by material and substrate. As already
evidenced in (1) and as expected considering the positive charge carried by both material and

substrate, the plain GAB powder does not give a good interaction.
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The adsorption kinetic curves of CV on GAB-M and GAB-M-BBS are reported in Fig. 3.7B. In these
cases the interaction occurs in longer time (the experiments took up to 8 days), as the large but
flexible CV molecules need to diffuse into the mesopores of monoliths to be adsorbed. Indeed,
no significant differences are evidenced for the plain and the functionalized systems in terms of
maximum removal, as expected considering the ZP curves discussed in the previous paragraph:
both systems are slightly negative, therefore they can interact almost the same way with the

positive substrate.
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Figure 3. 7. Removal of CV by GAB-M and GAB-M-BBS (section A) and by GAB and GAB-BBS (section B)
No AO adsorption was revealed by GAB-M and GAB-M-BBS, neither for prolonged time of

contact, as expected given the negative charge of the dye.

3.3.3.2. Removal of Contaminants of Emerging Concern

The molecular structure of the contaminants analyzed is reported in Scheme 3.3.
OH

O O

CH;
A

NH2

Scheme 3. 3. Molecular structure of Carbamazepine (left side) and Atenolol (right side).
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Contrary to what happened with reference powders and reported in (1), Atenolol (polar non-
charged substrate) and Carbamazepine (essentially apolar substrate) did not give valuable
adsorption on monoliths, even if the large pores of these systems should favor the diffusion and
consequent adsorption of the substrates. Probably the simple Van der Waals forces that could
establish between the poorly charged monoliths and the non-charged substrates are not enough

to produce a stable interaction.

3.4. Conclusions

Gamma-Alumina-based monoliths were prepared following a previously developed procedure
(17). It results that they can be prepared in a reproducible way, with good mechanical property,
large meso/macroporosity and a surface area similar to the parent powdery system. With respect
to the pure powder, the monoliths contain some inorganic residues deriving from the BBS used
as template/binder that remain in the alumina framework after the calcination performed to
remove the organic matter and obtain the monoliths. The inorganic residues are responsible of
the interaction with atmospheric moisture and CO,, the last forming carbonate-like species on

the monolith surface, and of the slightly negative surface charge of the material.

BBS molecules were also used to functionalize the alumina monolith in order to reproduce the
results obtained with parent alumina powder and obtain a good adsorbent for polar pollutants,
handleable and therefore useful for upscaling the material to real application. The interaction of
the functionalized monoliths with positive, negative, polar non-charged and apolar molecules

(chosen in the family of dyes and Contaminants of Emerging Concern) evidenced a good
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interaction with positively charged species, opening the way to the use of the BBS-containing

monoliths for the selective capture of pollutants based on their charge.
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Characterization methodology to evaluate the activity of supported

Soybean Peroxidase

Abstract

In this work the facile preparation of alumina-based hybrid systems supporting Soybean
Peroxidase (SBP) for biocatalytic applications was tested and the resulting materials were
compared with a previously examined heterogeneous biocatalyst containing SBP covalently
immobilized on silica monoliths. The hybrid systems were investigated to obtain structural
information regarding their activity. The amount of SBP immobilized, the stability and activity of
the hybrid systems were tested. The joint use of infrared and fluorescence spectroscopy, using
the adsorption of NO as a probe molecule, provided insights into the structure-activity
relationship of free and supported SBP and to define a general strategy to predict the activity of

supported enzymes.

Keywords: biocatalysis, Fe-heme accessibility, fluorescence spectroscopy, IR spectroscopy,

Soybean Peroxidase
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4.1. Introduction

Nowadays, the development of stable and efficient immobilized biocatalysts has become a major

research avenue as the interest in enzymatic technology is increasing.

In fact, enzymes have been commonly used as versatile tools in different scientific and technical
areas. For instance, they have wide applications in the fields of chemistry, biochemistry, biodiesel
production (1),(2),(3),(4),(5), medicine (6), pharmaceutical science (7), water treatment and
degumming of oil (8), food and textile. The main reason of this wide application is due to their

high catalytic activity, high selectivity, low toxicity and water-solubility.

On the other hand, the issues underlying the practical applicability of enzymes in many processes
are derived especially from economic burdens due to high production costs, storage and difficulty
in recycling (9). For these reasons, the immobilization of enzymes on solid supports has become
a very important challenge for overcoming these difficulties. As compared with the solubilized
free form, immobilized enzymes usually show a lower activity yet higher stability (10), easy
handling, and easy recycling (11),(12),(13),(14),(15),(16). Conventional immobilization methods

are generally divided into four main categories: adsorption (17), covalent binding (11),
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entrapment (18) and cross-linking (19), and different kinds of polymers and inorganic materials
were used as support. Among them, porous materials like alumina and silica have been
extensively explored for both physical entrapment and covalent immobilization due to their
stable and rigid structures protecting the immobilized enzyme, accessible porosity, large surface

area and presence of reactive surface sites useful for conjugation.

Unfortunately, occasionally the immobilization process is not innocuous for enzymes that can
experience misfolding, or in general the lack of their active conformations, upon support
interaction. As a result, it is important to test the supported enzyme activity studying its relation

with enzyme features in order to design active heterogeneous biocatalysts.

In this study, two different precursors of alumina, ammonium aluminum carbonate hydroxide
(NHAI(OH),C0s3) and aluminium oxyhydroxide or boehmite (AIOOH) were calcined to obtain
defective alumina supports characterized by similar crystallographic structures and very different
morphologic features. Ammonium dawsonite (AACH in the following) is a material isostructural
with the mineral dawsonite (NaAl(OH),CO:s), it can be prepared via hydrothermal method and
leads to finely dispersed and high-surface area Al,O3 with orthorhombic-dipyramidal structure
(space group Imam)(20),(21),(22). Aluminium monohydroxide (AIOOH in the following)
crystallizes into microcrystals of various shapes. Both precursors were transformed into defective
aluminas after a thermal treatment in air in the range 500-1000°C, to produce crystalline
materials with specific surface areas ranging from 300 to 100 m?/g. The surface functionalization
of these materials with organic molecules (as well as polymers and surfactants) can be carried

out following several methods (23),(24),(25). The present work describes a very straightforward

99



method for immobilizing Soybean Peroxidase (SBP) enzyme on alumina, capitalizing on the strong
electrostatic interactions between the positively charged surface of alumina and the negatively
charged enzyme. However, the presence of these strong electrostatic interactions can affect the

SBP conformation and consequently its activity, necessitating this investigation.

Thus, the present study aims to characterize the properties of different phases of alumina
(obtained from dawsonite and boehmite) used as supports by means of X-ray diffraction (XRD),
N, adsorption at 77K, scanning and transmission electron microscopies (SEM and TEM) and Zeta
potential measurements, and to investigate the features of SBP immobilized onto alumina
particles by means of UV-visible (UV-Vis), fluorescence and Fourier transform infrared (FTIR)
spectroscopies. Further, the adsorption test of NO gas onto the solid samples was performed in
order to clarify the accessibility of the enzyme active site (Fe-heme group). Moreover, these
results were compared with those obtained in a previously studied silica-based heterogeneous

biocatalyst (HBC) where the same enzyme was covalently bound to the support (26).

4.2. Materials and methods

Commercial boehmite (AIOOH) was kindly supplied by Centro Ricerche FIAT (Torino, Italy); SBP
was purchased from Bio-Research Products Inc. (USA), hydrogen peroxide (30% aqueous
solution), 3-(dimethylamino)benzoic acid (DMAB), 3-methyl-2-benzothiazolinone hydrazone

(MBTH), aluminum nitrate and urea were purchased from Sigma-Aldrich (ltaly).
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FK320 from Evonik and Bio-Based Substances (BBS) extracted from compost were used for the
production of the monolith support, whereas 3-aminopropyltriethoxysilane and glutaraldehyde

were used for the enzyme immobilization as described in (26).

4.2.1. Supports preparation

Ammonium dawsonite (AACH) was synthesized optimizing the hydrothermal method reported in
(27). Aluminum nitrate and urea were mixed with 45 mL of deionized water. The mixture was
stirred for 1 h, and then poured into a 250-mL PTFE autoclave. The autoclave has kept at 120°C
for 24h. The product was washed with distilled water and then dried at room temperature for
24h. The dried sample was then calcined in air at 500°C and 1000°C for 1h in order to obtain the
decomposition of the precursor and the formation of alumina, as reported in (28). Herein, these

samples will be denoted AACH500 and AACH1000, respectively.

The AIOOH precursor was calcined at 500 °C and 1000°C for 1h to obtain two different alumina
phases as reported in (28). These samples will be denoted AIOOH500 and AIOOH1000,

respectively.

For the sake of comparison, a monolith siliceous support was used to covalently immobilize SBP.

The procedure for producing this support is reported in (26).
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4.2.2. Immobilization of SBP on aluminas

2 mg of SBP was dissolved in 7 mL of distilled water/acetate buffer (pH=5.5) and stirred for 1 h.
Then 3.5 mL of solution was withdrawn and mixed with 30 mg of alumina supports at room
temperature (22°C). The suspensions were stirred at room temperature and the immobilization
of SBP onto alumina supports was measured by means of UV-Vis spectroscopy measuring the
absorbance of the supernatant at 403 nm (for SBP, €403 = 96400 M cm™) (9) in order to follow
the support coverage and observe the completion of the process. The amount of SBP immobilized
was calculated as the difference between the initial amount of enzyme (3 x 10°® M) and that

recovered in the solution after interaction with the powders.

After SBP immobilization, all the samples were then washed sequentially with several water
solutions for different times as reported in Table 4.1 to check the stability of the prepared hybrid
materials. To do so, the activity test described in section 2.4 was carried out separately on the

supernatant and on the powder (separated by centrifugation) after each washing step.

Table 4. 1. Washing process of hybrid materials

Washing solvents Time of washing (h)
Distilled Water pH 7 1
Distilled Water pH 7 3
Distilled Water pH 7 20
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Distilled Water pH 9 2
Distilled Water pH 11 96
Acetate Buffer pH 5.5 1
Acetate Buffer pH 5.5 15
0.5 M NaCl and 50 °C 3

2 M NaCl and 50 °C 22

After the stability test, the solids were dried at room temperature for 24h and stored at 4°C

before characterization.

4.2.3. Sample characterization

X-ray diffraction (XRD) pattern of materials were obtained with a X’Pert PRO MPD diffractometer
from PANalytical, equipped with Cu anode (at 45 kV and 40 mA) by using a Bragg-Brentano

geometry in flat sample-holder configuration.

N gas volumetric adsorption at 77K were carried out by means of ASAP 2010 Micromeritics in
order to determine the specific surface area (SSA) by BET method and the pore volume and the
pore size distribution by BJH method (29). The samples were activated at 60 °C under vacuum

(residual pressure 102 mbar) prior to the analysis.
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Zeta potential measurements were undertaken with the instrument Zetasizer by Malvern. The
particle suspensions of aluminas were prepared prior to the experiments by mixing 20 mg of
sample in 20 mL of milliQ water under constant stirring at 400 rpm for 15 min. The pH of alumina
suspensions was adjusted in the range of 3-11 by addition of 0.1 M HCl and 0.1 M NaOH solutions.
A digital pH-meter (Metrohm, model 827 pH lab, swiss mode) was employed to measure the pH
of the suspensions. The suspensions were then incubated at 22 °C for 15 min until the pH
stabilized. In all batch experiments the refractive index value of alumina was chosen. The

experiments were performed in duplicate.

To determine the structure of the SBP enzyme after its adsorption onto alumina, fluorescence
and FTIR spectroscopies were applied. Fluorescence spectra were obtained at constant
temperature (i.e., 21.0 £ 0.1 °C) with a PTI QuantaMaster spectrofluorometer, and the excitation
and emission slits were set such that the bandwidths were 2. The data interval and integration
time were 0.5 nm and 0.5 s, respectively. For the protein studies, emission scans were recorded
between 340 and 670 nm with the excitation wavelength of 330 nm. For this purpose, the solid
samples were suspended in the same quantity of water (4 mL) and stirred for about 10 min prior

the measurements.

The SiO2/SBP sample used for the sake of comparison was characterized in (26).

FTIR measurements were carried out in transmission mode with a Bruker Vector 22
spectrophotometer equipped with Global source, DTGS detector in the range of 4000-400 cm?
(4 cm™ resolution). Thin pellets (approximate density 10 mg cm™) were prepared using a press
and protected in a holed gold envelop for adsorption and spectroscopic studies. The samples
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were placed in a home-made quartz cell allowing to outgas the samples under vacuum (residual
pressure 104 mbar) at various temperatures (up to 800°C). The spectrum of SBP was obtained

dispersing a small amount of SBP powder in KBr and analyzing the pressed powdery mixture.

4.2.4. Kinetic measurements

The kinetic measurements were carried out in a quartz cuvette by using a UNICAM UV300
Thermospectronic double beam UV-Visible spectrometer equipped with magnetic stirrer at

constant temperature.

The stability test on the prepared alumina-based hybrid materials was carried out evaluating the
release of SBP from the solid after washing directly with the washing solution using UV-Vis
spectroscopy (supernatant test). Namely, 1.5 mL of the washing solution, 1.5 mL of DMAB (5x10°
4 M), 30 uL of MBTH (2.1x10> M) and 15 pL of H,0, (6.4x10> M; prepared daily from a
concentrated stock solution of 1.3 x 102 M) were stirred for 5 minutes. The absorption at
Amax=590 nm with an extinction coefficient of £590=47600 M cm™ was used to determine the

concentration of SBP (30),(9). These experiments were carried out in duplicate.

Similarly, the efficiency of the hybrid materials was investigated using the same reagents directly
in contact with the solid (3 mg, separated by centrifugation from the washing solutions) for 5 min
and then measuring the absorption at Amax=590 nm (biocatalytic activity test). These experiments
were performed in duplicate. The specific activity was obtained from the slope of the regression
equation obtained between initial rates and time, dividing the result by the weight of the

analyzed samples.

105



After the reaction, the powder was briefly washed to remove the reagents, centrifuged and dried

for testing the activity in another cycle.

4.3. Results and discussions

4.3.1. Characterization of the supports

4.3.1.1. XRD measurements

X-ray powder diffraction analysis was carried out to determine the crystal structure of the
materials after decomposition of AACH and AIOOH precursors (Figure 4.1). In all cases the
crystallographic patterns of the precursors are not visible anymore, whereas the typical
reflections of low-temperature transition alumina gamma (after calcination at 500°C) and delta
(after calcination at 1000°C) phases of alumina are clearly visible for AIOOH500, AIOOH1000 and
AACH1000, respectively. The only exception is related to AACH500 which shows the principal
reflections of the gamma phase of alumina with a short-range order, probably due to a crystal

habit not completely formed.
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Figure 4. 1. Powder X-ray diffractograms of AACH500 (A) AIOOH500 (B), AACH1000 (C) and AIOOH1000 (D). The

curves were shifted for the sake of clarity. The arrows indicate the principal reflections of the y-Al203 phase.

4.3.1.2. Gas-volumetric N2 adsorption at 77K

The adsorption-desorption isotherms and BJH distribution of pores are presented in Figure 4. 2A
and 2B respectively, whereas Table 4.2 reports the values observed for BET specific surface areas
and BJH total porosity as derived from the adsorption branch of the isotherms. All materials
exhibited a type IV isotherm (IUPAC classification) indicating the presence of mesopores whose
size distribution curve covers different dimension: smaller for samples calcined at 500°C, and
larger for samples calcined at 1000°C. Increasing the calcination temperature, the area of
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materials decreases and the mesopore size increases. The largest area and porosity (both volume

and pore size) was exhibited by AACH500 sample.

It is worth noting that the TEM images of AIOOH samples (reported in the next section) provide
support for particle sizes on the order of tens of nm, very similar to the pore size evidenced by
BJH model, suggesting that the porosity shown by AIOOH samples forms between aggregated
particles. The images of AACH samples, on the other hand, indicate much larger particle sizes
whose porosity are due to void spaces in the particles. The high porosity observed should also be

responsible of the high surface area shown by the AACH500 support.
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Figure 4. 2. Nitrogen adsorption-desorption isotherms (section A) and BJH pore size distribution (section B) of
AACH500 (white squares), AACH1000 (black squares), AIOOH500 (white circles) and AIOOH1000 (black circles).

In section A the curves were shifted for the sake of clarity.

Table 4. 2. Texture features of the different supports.

BET Specific BJH Pore
Crystalline
Supports surface area volume
Phase
(m2/g) (cm3/g)
Incipient  y- 311 0.73
AACH500
Al>,O3
AACH1000 6- Al203 88 0.37
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AlOOH500

y - Al203

186

0.43

AlOOH1000

6- Al203

102

0.40

4.3.1.3. Electron microscopies

The morphology of the materials was studied using electron microscopy. SEM and TEM images
of the samples are presented in Figure 4.3 and show evidence for completely different particle
shapes for AIOOH and AACH precursors: acicular particles of several hundreds of nm in length
and of about 50 nm in thickness derives from the decomposition of AACH, whereas more

roundish particles, of tens of nm of diameter, presenting high aggregation, derives from AIOOH

precursor.
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Figure 4. 3. SEM images of AACH500 (A), TEM images of AIOOH500 (B), AACH1000 (C) and AIOOH1000 (D).

4.3.1.4. Zeta potential measurements

Figure 4.4 shows the surface charge of the materials over a pH range of 3-11. All alumina samples
exhibit positive zeta potential values at low pH and negative values at high pH with an isoelectric
point at a pH values higher than 7. Given the isoelectric point of SBP is about 4.1(31), and in order
to facilitate the interactions between the enzyme and the supports, all the functionalization
procedures were performed at pH 5.5 in acetate buffer in order to have the enzyme in its

negative form and a positive charge at the supports surface.
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Figure 4. 4. Zeta potential measurement results in the pH range 3-11 for AACH500 and AIOOH500 (upper
session), AACH1000 and AIOOH1000 (bottom session). The broken vertical lines represent the pH used for the

functionalization procedures.

112



4.3.2 Immobilization and stability studies

As reported in Figure 4.5 the immobilization of SBP onto alumina from AACH occurred with high
efficiency, reaching 100% of removal from the solution in less than 30 minutes. Otherwise, the
interaction with alumina from AIOOH occurred more slowly and to a more limited extent (only

90% of SBP results blocked at the AIOOH surface after 13 h of contact).

Actually, none of the physico-chemical features observed for the plain supports could explain a
similar behavior, as the crystalline structure, even still in formation for AACH500 sample, the
specific surface area and porosity and the surface charge change in all samples with no
correlation with the observed SBP immobilization trend. The only aspect we can consider
explaining the different behaviors is the morphology of the particles, such as a larger extension
of the particle surface (like in the case of AACH precursor) may favor the interaction with large

enzymatic molecules.
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Figure 4. 5. Immobilization % of SBP onto AIOOH500, AIOOH1000, AACH500 and AACH1000.
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To verify this hypothesis, and to test the stability of the HBC prepared on the different supports,
several washing procedures were carried out, starting from water at different pH values (namely
from 7 to 11), with acetate buffer at pH=5.5, and NaCl (0.5-2 M), as reported in Table 4.1. The
release of SBP was evaluated testing the enzymatic activity in the washing solution (supernatant

test) and in the presence of the powders (biocatalytic activity test).

Considering the supernatant test, only the washing procedure carried out with water at pH =7
for up to 20 h (Figure 4.6) reveals a SBP release, and in particular the highest amount of SBP
released belongs to AIOOH samples, i.e. the materials showing the slower and more limited
interaction with the enzyme. On the other hand, activity tests seem to indicate a presence of a
limited amount of SBP in the supernatant. If compared with the initial concentration of SBP
solution used for the immobilization of the enzyme on the supports, corresponding to 3 x 10°¢ M,

the release never overcomes the value of 4 x 108 and therefore it results almost negligible.

These data suggest that the enzyme is stably immobilized on the supports and consequently, at

least in principle, the hybrid materials prepared could be used for biocatalytic applications.
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Figure 4. 6. Supernatant tests. Release of SBP by washing process in water at pH=7 from AACH500, AIOOH500,

AACH1000 and AIOOH1000.

To confirm the goodness of the alumina-based hybrid materials as HBC, the powders were tested
in three reaction cycles. Specifically, the hybrid systems were dispersed in a reaction mixture,
allowed to react for 5 min, recovered by filtration, briefly washed with water to remove the
residues of reagents and products and used again for another reaction cycle in the presence of
fresh reagents. Unexpectedly, the activity decreases very fast and becomes negligible after only

three reaction cycles (Figure 4.7).

As a conclusion of these tests, and as the presence of the enzyme on the supports was proven,
given the limited release, the structure of the enzyme immobilized on the supports needs to be
studied carefully in order to explain the observed lack of activity. The phenomenon could be
probably explained considering two aspects: i) the Fe-heme active sites of SBP are not available

anymore for catalyzing the H,0;-based reaction, or ii) the strong interaction of the enzyme with
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Al,03 supports causes the unfolding of the protein secondary structure which causes, in turn, the
lack of activity. In order to explain the results observed, a characterization study based on FTIR
and fluorescence spectroscopies was performed on SBP supported on AIOOH500 and, for the

sake of comparison, on the active silica-based HBC.
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Figure 4. 7. Biocatalytic activity test. Specific activity of SBP immobilized on alumina powders in three reaction

cycles.
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4.3.3 Characterization of supported SBP

4.3.3.1 Accessibility of SBP active sites — FTIR spectroscopy using NO as probe molecule

SBP activity is based on the presence of accessible Fe-heme groups that can form intermediates
useful for H,0, activation (32). Fe-heme availability can be easily checked taking advantage of
the high affinity between iron and NO molecules, therefore gaseous NO has been put in contact
with dried SBP-containing systems in form of thin pellet, in order to check the NO adsorption via

FTIR spectroscopy.

FTIR spectroscopy of NO adsorbed onto solid samples has been studied by many authors in order
to explore iron availability at the surface of oxides, catalysts and so on. Based on the literature
data, the Fe-NO bond is highly specific, can be monitored looking at the stretching signal of NO
molecule (around 1800 cm™) and the consequent observable absorption in the IR range is highly
sensitive, guaranteeing that also a low amount of Fe can be detected by this method

(33),(34),(35).

To carry out this experiment, thin pellets of the powdery AIOOH500-based hybrid system and of
the crushed silica-based biocatalyst were outgassed in vacuum at room temperature and put in
contact with 40 mbar of NO using a home-made cell useful for studying the adsorption of the
molecule and for allowing the contemporary registration of IR spectra in transmission mode.
Figure 4.8 shows the infrared spectra obtained subtracting the spectrum of the bare adsorbent
(AIOOH500 and silica, respectively) to that obtained after NO contact and removing the
contribution of NO gas. A complex signal related to the adsorbed NO is present in both samples

in the range 1950-1800 cm™, with the most important signal at 1905 cm™. As reported in the
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literature, iron in heme group is typically six-coordinated and presents a band due to NO
interaction at 1917 cm™ (36). In addition, it is also possible to observe the interaction of NO with

a five-coordinated Fe center at around 1850 cm™™.

Based on these results, the Fe-heme groups are accessible to reactants in both samples

supporting SBP, the active SiO,-based HBC and AIOOH500.
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Figure 4. 8. Differential FT-IR spectra of NO adsorbed at room temperature onto AIOOH500+SBP and SiO2+SBP.
The spectra were obtained after subtraction of the contribution of the bare support and NO gas. The broken line

indicates the main contribution from Fe(lll)-heme groups.
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4.3.3.2 Protein backbone structure - FTIR spectroscopy

4.3.3.2.a — Amide vibrational signals

FTIR spectroscopy can also be very useful to monitor the structure of a protein based on the
characteristic signals of the amide group. Amide | and amide Il produce two main bands visible
in the infrared spectra of proteins. The amide | band (IR signal present in the range 1600-1700
cm) is mainly associated with the C=0 stretching vibration (70-85%) and is directly related to
the backbone conformation. The amide Il band is in the range 1500-1580 cm™ and results from
the N-H bending vibration (40-60%) and from the C-N stretching vibration (18-40%). All these

bands are sensitive to the protein conformation (37).

Figure 4.9 reports the differential FTIR spectra, calculated with respect to the bare supports,
relative to AIOOH500+SBP before and after washing and after thermal treatment at 300 °C (used
to denature the protein). In addition, the spectra of silica monolith supporting SBP after a simple
outgassing at 30°C and after a thermal treatment at 120 and 210 °C (sufficient to obtain the
deactivation of the enzyme) are reported. All the samples were prepared as thin pellets, analyzed
in transmission mode and treated in vacuum before spectroscopic analysis in order to remove
water physisorbed at the support surface and its spectral contributions. For the sake of
comparison, also the spectrum of free SBP in its native conformation dispersed in KBr pellet was

reported.

FTIR spectrum of native SBP is characterized by two bands at 1650 and 1535 cm™* (section c). This
pattern changes as a result of interaction with the solid support, both in the AIOOH500+SBP and

SiO2+SBP samples. In the case of AIOOH500+SBP, the amide | band is visible both before and, in
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minor extent, after washing (black and grey curves in section b, respectively). This is not
surprising, as we already determined that SBP is partially released from the alumina support
during the washing procedure. On the other hand, when the alumina-based material is treated
at 300°C, evident modifications of the spectrum occur: both the signals decrease in intensity, a
new band at about 1580 cm™ and a shoulder at about 1735 cm™ appear (dotted line curve in
section b). Similar modifications are also observed as a consequence of thermal treatment of the
SiO? based materials, but, in this case, shift, intensity and shape of the amide | band are less
affected by the treatment at high temperatures (grey and dotted line curves in section a),

indicating a lower perturbation of the native protein conformation.

The presence of the signal at about 1650 cm™ in the washed AIOOH500+SBP (grey curve in section
b) seems to indicate that the enzyme immobilized at the Al,03 surface shows a conformation
similar to the native one, in apparent contrast with the results of enzymatic activity, therefore
further studies are needed and the use of a more sensitive technique is necessary. In the next

section the results obtained by using fluorescence spectroscopy will be discussed.
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Figure 4. 9. Differential FTIR spectra, calculated with respect to the bare supports, relative to silica-based HBC
(section a) and AIOOH500-based sample (section b). The spectrum of free SBP dispersed in KBr is reported in
section c. Section a: Si02+SBP outgassed at 30°C (black line), heated at 120°C (grey line) and 210°C (dotted line);
section b: AIOOH500+SBP non-washed (black line), washed (grey line) and heated at 300°C (dotted line). The

broken vertical lines indicate the signals expected for the unfolded enzyme.

4.3.3.3 Fluorescence spectroscopy study

Fluorescence spectroscopy is one of the most common methods used to determine the presence
and the conformation of an enzyme in a sample. In particular, the observed fluorescence in the
case of SBP is due to an electron transfer from the heme group (a typical active site of
peroxidases) to tryptophan (Trp) residues, which have an emission band at around 350 nm(38).

Further, fluorescence spectroscopy can be used to reveal the secondary structure of proteins as
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fluorescence quenching is greater when the alpha-helix of a protein unfolds into a beta-sheet or

random coil conformation (39).

Figure 4.10. illustrates the fluorescence spectra of SBP before and after immobilization on silica
and AIOOH500 supports. As described earlier, both materials and relative supports were
suspended in water and analyzed. The supports do not fluoresce resulting in a relatively flat
spectrum, whereas the two hybrid systems based on non-washed AIOOH500 and silica show
signals very similar to those of the free enzyme. Specifically, in the presence of silica support
(Figure 4.10A), for which the enzyme was covalently bonded to the silica surface, the broad
emission band of the supported enzyme is blue-shifted with respect to the free enzyme and no
modification of the spectrum is observed after washing (data not shown). This indicates that a
stable and strong interaction, due to the covalent immobilization of the enzyme on silica, has
been established. The situation is completely different in the AIOOH500+SBP samples (Figure
4.10B). The main bands observed for the non-washed AIOOH500+SBP system are very similar to
those of the free enzyme, whereas no emission is observed for the washed AIOOH500. As the
guantitative tests based on SBP release described above indicate, a significant amount of SBP is
still present at the surface of the AIOOH500 support after washing. Thus, we can conclude that
some regions of SBP interact with the Al,O3 support through a very weak (physical) interaction
while other regions of SBP interact strongly. The weakly bound SBP appears to have been
released from the support during the analysis of the aqueous suspension as its emission spectrum
is similar to free SBP, while the strongly bound SBP remains on the alumina support. Notably, it
interacts so strongly with the support that its secondary structure is modified and its emission is

guenched.
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Figure 4. 10. Normalized fluorescence intensity of immobilized SBP. Section A: SiO2 support, Si0O2+SBP and free

SBP; section B: AIOOH500, AIOOH500+SBP and AIOOH500+SBP after washing process (indicated by *).
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4.4. Conclusions

The electrostatic interaction at the base of the functionalization procedure used to obtain the
hybrid alumina-based systems produces very stable materials where SBP is strongly bonded to
the surface of the aluminas. Unfortunately, the interaction is so strong that it causes the
unfolding of the enzyme and the consequent lack of activity, as suggested by fluorescence data.
A partial loss of catalytic activity attributable to the same phenomenon was previously observed
for SBP in the presence of a poorly shielded magnetic field in magnetic hybrid magnetite-based
heterogeneous biocatalysts (40), but in our case the effect of enzyme-support interactions seems
to be so strong as to completely remove the catalytic potential. In conclusion, a methodological
approach has been developed to understand the underlying mechanism of the biocatalytic action
of a heterogeneous biocatalyst. Notably, strong interactions with supports can affect the activity

of supported enzymes.
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Removal of pyrene, as model of crude oil, from produced-water by

lipophilic hybrid materials

Abstract

Inorganic-lipid hybrid particles, whereby arachidic acid is immobilized on alumina and silica
particle surface by electrostatic interaction between a negative polar head group of lipid and
positively charged support, were prepared. The apolar tails of lipid are available to establish
strong interactions with apolar substrates in order to apply the materials to purify the oilfield-

produced water.

Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) were used
to characterize the hybrid materials and evaluate the hydrophilicity/hydrophobicity of their
surface. Pyrene solution in water was chosen as a model for simulating the presence of oil in
produced water and fluorescence spectroscopy was chosen to demonstrate the efficiency of the

materials towards pyrene removal from aqueous media.

The hydrophobic adsorbents prepared in a very easy and reproducible way, result rapid, low-cost
and efficient towards the removal of apolar substrates as demonstrated by the tests carried out

in the presence of pyrene.

Keywords: removal of oil; pyrene adsorption; produced water treatment; surface-functionalized
oxides; hydrophobic interaction; lipid hydrophobic monolayer; hydrophobic surface.
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5.1. Introduction

Water preservation and treatment have been widely considered in last decades because the
increase of the population and the human consumption make urgent an appropriate water
management, in particular considering the large amount of wastewater produced in industrial
processes.

134



Water co-produced with oil and gas is commonly indicated as “produced water” (PW) (1). PW is
the water returned from the bitumen or heavy oil reservoir which regularly generates when
saline water and hydrocarbons are mixed during the extraction of natural gas and crude oil (2).
The normal operation related to this extraction involves huge quantity of injected water to
facilitate the petroleum recovery. This water is then pumped to the surface with hydrocarbons,
salts and other solutes (3),(4),(5) and needs to be purified before reintroduction in the
environment. PW is generated with a global estimation three times larger than the production of
oil and gas (6),(7),(8), consequently, PW treatment is a topic of extreme interest especially for
oil-producing-countries with water scarcity (9), as they must develop more efficient methods for

its treatment, recycle, and reuse.

Conventionally PW is treated by a combination of different physical, chemical and biological
processes (7) such as flocculation (9), electro-chemical coagulation (4), flotation (10),
photocatalytic processes (2), hydrocyclones, Fenton and ozonation (11), membrane and Mixed
Matrix Membrane (MMMs) processes (3),(6),(12) as well as biological method (1). There are
some drawbacks related to the chemical and biological methods as they can produce hazardous
sludge and the cost of chemicals is typically high (1), whereas physical methods have no impact
on the environment and are reasonably economical. According to S. Jimenez (7), adsorption is
one of the possible treatments to achieve higher water quality. Adsorption can be actualized
through electrostatic interaction (13), hydrophobic interaction (14) or by means of encapsulation

method (15) on inorganic or polymer support (16).
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On the other hand, oxides typically possess very good behaviors to act as adsorbing materials, as
they usually possess high specific surface area and open porosity. Unfortunately, they also show
a typical hydrophilic character, as a result of the presence of hydroxyl groups on the surface.
Nevertheless, the hydroxyl groups can be exploited to functionalize the surface with chosen
hydrophobic molecules, for instance molecules carrying hydrophobic chains well interacting with

apolar substrates (17),(12),(18).

Here, we investigate the possibility to establish electrostatic interactions between polar head
groups of amphiphilic molecules and oxide surfaces with opposite charge, namely using gamma
and delta-theta transition aluminas from boehmite (AIOOH) and ammonium dawsonite (AACH)
precursors, which were proved to efficiently interact with negatively charged substrates in a wide
range of pHs (19),(20),(21). Together with alumina supports, we consider the possibility to
produce a material with enhanced hydrophobic behaviors exploiting the surface
functionalization of commercial Aerosil 200 fumed silica [produced by Evonik, Essen Germany],
which is known to be a material hydrophobic in nature for the high temperature method used
for its synthesis. Also silica, similarly to alumina, possesses surface hydroxyl groups, but the more
covalent character of the Si-O bonds makes this system much more hydrophobic than aluminas,

so prone to interact with hydrophobic functionalizing molecules via dispersion forces.

The amphiphilic molecule chosen to functionalize the above mentioned oxide supports is the
arachidic (or icosanoic) acid. It is a saturated fatty acid almost insoluble in water. The polarity of
the carboxylic head groups makes possible the interaction with hydrophilic surfaces, while the

alkyl chain tail causes the hydrophilicity decrease (22) and in principle it confers to the material
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the hydrophobicity necessary to interact with apolar substrates (23). The
hydrophilicity/hydrophobicity behavior, predicting in general the efficiency of material in
interacting prevalently with water or oil (18), can be determine by means of: Dynamic Contact
Angle measurements (24), infrared spectroscopy (25),(26),(27), microcalorimetric (28) and

microgravimetric (29) procedures.

Despite many studies reported the immobilization of lipid onto support to prepare a useful
component for many applications (30), almost no studies in the field of water purification have
been reported in the literature. In this study, pyrene has been applied as a model contaminant
due to its specific volatility and water miscibility behaviors. Pyrene is a well-known polyaromatic
hydrocarbon (PAH) (31), considered harmful to human health, leading to cancer and acting as a
mutagen belonging, whose limit concentration in water is 2 ppb (31) and belonging to a group of
persistent hydrophobic contaminants which can be monitored spectroscopically by fluorescence

measurements. It is the primary organic contaminants in oilfield-produced water (9).

5.2. Experimental

5.2.1. Materials

Commercial boehmite (AIOOH) was kindly supplied by Centro Ricerche FIAT. Aluminum nitrate,
urea and silica Aerosil 200 were purchased from Aldrich. Arachidic acid (299.9%) and chloroform
(299.9%) were purchased from Avanti polar lipids and Sigma-Aldrich respectively. All chemicals

were used without further purification.
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Pyrene was supplied by the University of Regina (Canada) recrystallized from ethanol (95%) five

times and sublimed once (32) prior adsorption experiments (9).

All aqueous solutions were obtained using ultrapure water Millipore Milli-QTM.

5.2.2. Sample preparation

Ammonium dawsonite (AACH) was synthesized as reported in previous chapter.

Gamma and delta-theta phases of Al203 from AIOOH and AACH were prepared by calcination in

an oven at 500°C and 1000°C, respectively, for 3 hours (20),(21).

Aluminas and Silica Aerosil 200 (paper alumina monolith under review) were used as supports
for immobilization of lipid molecules. They are indicated in the text as A (gamma from AIOOH), B

(gamma from AACH), D (delta-theta from AIOOH), E (delta-theta from AACH) and C (silica).

Athin lipid film was prepared by dissolving 10, 20 and 40 mg of lipid separately in a certain volume
(5 ml) of chloroform solution in three 50 ml round-bottomed flasks (23). The solvent was
removed by rotary evaporation at 40 °C for about 1 h to leave a thin lipid film in the bottom of
glass flasks. Then 10 ml of milliQ water (MQ) was poured in each flask and sonicated for about
30 min in order to make a lipid film hydrated. The other 10 ml of MQ was poured to each
suspension and then shacked to afford a clear colorless solution. Several batches with different
guantities of lipid were prepared. In all cases the lipid concentration was kept below the critical
micellar concentration (CMC=3.7*10"> M) (33) in order to avoid formation of polar micelles or

bilayer lipid structures onto the support surface. The hybrid materials with different support/lipid
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weight ratios (5, 10 and 20) were prepared by mixing 0.2 g of supports at room temperature and
pH=7 with the proper amount of hydrated lipid film in 4 ml of MQ. The solution was then
incubated overnight at room temperature. To remove the lipid excess, the solution after
incubation was centrifuged for 20 min at 2000 rpm, the supernatant was removed and the slurry
was dried in oven at 40 °C. The obtained hybrid materials were indicated in the text by a letter
indicating the support, F indicating the film-based preparation procedure and a number
indicating the support/lipid ratio, therefore AF5 indicates a gamma-Al,03 from AIOOH in ratio 5:1

with the lipid film.

In order to avoid the use of chloroform, other hybrid materials were prepared using arachidic
acid in powder keeping the same support/lipid ratio previously considered (5, 10 and 20) starting
from 0.1 g of support A, Band C (34). 4 ml of MQ was poured in each batch containing the mixture
of powdery lipid and support, then the solution was incubated overnight at room temperature in
water at pH=7. To remove the excess lipid, the solution after incubation was centrifuged for 20
min at 2000 rpm, the supernatant was removed and the slurry was dried in oven at 40 °C. These
hybrid materials were indicated by a letter indicating the support and a number indicating the
support/lipid ratio, therefore A5 indicates a gamma-Al,03 from AIOOH in ratio 5:1 with the lipid

powder.

5.2.3. Stability test

In order to check the stability, 10 mg of each hybrid material was put in a glass test tube contacted
with 4 ml of MQ at 21.0 + 0.5°C, kept under shaking overnight and then placed in a centrifuge (at

2000 rpm for 20 min). After centrifugation, some samples presented a cloudy and fatty phase in
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the supernatant phase, indicating a release of lipid from hybrid materials. These materials were

considered non-stable and not used in the subsequent tests.

5.2.4. Adsorption experiments

A methanolic pyrene solution with a concentration 1.6 mM was prepared as stock solution and
used every day to prepare a 2 UM aqueous pyrene solution. The solution was stirred for about

30 min prior adsorption experiments.

The adsorption experiments were carried out in glass bottles inert towards pyrene adsorption.
10 mg of adsorbent were dispersed in 2 ml of MQ in the presence of 2 ml of pyrene solution at
pH 7. The bottles were sealed using Teflon caps and horizontally shaken on a vortex shaker (200
rom) at room temperature (21.0 £ 0.5°C). The pyrene adsorption was evaluated by means of a
fluorescence spectrophotometer measuring every 5 minutes the residual amount of pyrene in
the supernatant after centrifugation at 2000 rpm for 20 min. All the adsorption tests were carried
out in duplicate. In all the experiments the adsorption equilibrium was achieved within less than

15 min.

5.2.5. Adsorbed amount evaluation

The amount of pyrene adsorbed onto hybrid adsorbents at equilibrium g+ was determined as

follows:

q: = (Co — CHV/m
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Where Cp and C; are respectively the initial and equilibrium concentrations of pyrene (pg/L) in
the aqueous phase at time t, V is the volume of solution (L) and m is the mass of solid phase (g).

The capacity of adsorption was followed after 5 and 15 minutes of pyrene contact.

5.2.6. Instrumentation

Fourier transform infrared (FTIR) spectra were carried out in transmission mode by means of a
Bruker Vector 22 spectrophotometer equipped with Global source, DTGS detector in the range
of 4000-400 cm™ (4 cm™ resolution), at room temperature and using OPUS software. All the

samples were dispersed in KBr (approximately sample: KBr weight ratio was 0.01).

Thermo-gravimetric analysis (TGA) was performed using a TQ600 by TA. TGA measurements
were carried out with a heating ramp of 10 °C/min from 30 to 750 °C under air. This analysis

allowed quantifying the amount of lipid functionalizing alumina and silica surface.

Study state fluorescence spectra were obtained by PTI QuantaMaster spectrofluorometer made
in USA, Birmingham, NJ in the University of Regina, Canada. The temperature during all
measurements was adjusted at 21.0 + 0.5°C and the excitation and emission slits were set such
that the bandwidths were 2nm.The data interval and integration time were 0.5 nm and 0.5 s,
respectively (9). For this study excitation scans were recorded between 200-360 nm and the
emission wavelength was set at 380 nm. All fluorescence spectra were normalized by subtracting

the baseline fluorescence spectrum.
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5.3. Results and discussion

5.3.1. Stability results

The results of stability test showed that most of the hybrid materials were stable in water, as the
electrostatic interaction established between the support surfaces and the polar head groups of
lipid was strong. Only in a few cases the interactions were not strong enough and the lipid was
partially released. According to Scheme 5.1, B5, BF5, EF10, and EF20 were completely unstable
in water, whereas B10 and BF10 were partially stable. These samples were not characterized or

tested in pyrene removal.

A20 A10 A5 A
, AF20 AF10 AF5

B5 B10

BF5 BF10
B20
BF20
C20 C10 C5 C
CF20 CF10 CF5
DF20 DF10

EF20 EF10
Unstable Stable
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Scheme 5. 1. Stability of hybrid materials in water at 21.0 + 0.5°C.

5.3.2. FTIR spectroscopy.

FTIR spectra for bare and functionalized supports, as well as pure lipid, are reported in Figure
5.1a and b, as representative of all the examined samples. Excluding the main absorptions of the
support, as indicated in Table 5.1, illustrating the principal signals due to lipids, it is possible to
recognize the contribution of C-H stretching vibrations (3000-2800 cm™) originated by the
hydrocarbon chains. In the low wavenumber region of the spectrum it is visible the C=0
stretching vibration for carboxylic acids at 1700 cm™. Also weak signals at 1220 and 1150 cm?,
assignable to lipid presence, are visible. In the presented spectra, all the lipid bands are more
evident on the sample gamma-Al,03 from AIOOH functionalized with the lipid film, suggesting a
higher functionalization efficiency, but the quantitative extent of the lipid interaction will be

assessed more precisely using TGA measurements.
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Figure 5. 1. FTIR spectra of support A before and after functionalization with lipid powder (a section) and lipid

film (b section). All the spectra are shifted for the sake of clarity.

Table 5. 1. Typical lipid IR signals.

Peaks (cm™) Assignment

3100-2800 C-H stretching vibrations (35)
2960 CH3 asymmetric stretching vibration
2919 CH2 asymmetric stretching vibration
2850 CH2 symmetric stretching vibration
1700 C=0 stretching vibration for

carboxylic acids (26)

1580 CO2- symmetric stretching vibration

for carboxylate

1468, 1411, 1382 CO2- asymmetric stretching

vibration for carboxylate
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5.3.3. Thermal properties and lipid quantification

Figure 5.2a illustrate the results of TGA analysis on pure reference lipid powder in the
temperature range 40-750°C under air. The lipid weight change curve indicates clearly the
presence of two steps of decomposition, one major in the range 40 to 180 °C attributed to
physisorbed and chemisorbed water elimination, and the second in the range 180 to 750°C
associated with the oxidation of lipid and transformation into CO; and H,O. The curves obtained
for all the materials before and after functionalization by lipid film are similar, those related to
DF20 and D support are reported as representatives in Figure 5.2b. The support shows a first
weight loss in the range 40-180 °C due to elimination of physisorbed and chemisorbed water
molecules and a second step in the range 180-750 °C due to the condensation of OH groups and
consequent elimination of water molecules. At the same time, the hybrid system shows the first
weight loss due to water elimination (as expected, less pronounced for the hydrophobic hybrid
material with respect to the hydrophilic non-functionalized support), and a second step due to
the condensation of OH groups and the oxidation of lipid. The amount of lipid immobilized on
the supports is therefore quantified as the difference of the weight loss of the hybrid material in
the range 180-750 °C and the weight loss observed in the same range for the pure support
(assuming the amount of OH groups does not change significantly during the functionalization

procedure). The results are reported in Table 5.2.
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Figure 5. 2. TGA curves obtained in air for lipid (upper section) and for D and DF20 materials (lower section). The

vertical dotted line indicates the temperature of 180°C used for the quantification of water and organics loss.
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Table 5. 2. BET surface area and amount of water, OH groups and organics for references and hybrid materials.

The affinity values were calculated considering the amount of organic immobilized by 1 m2 of support.

Materials BET 40-180°C 180-750°C (Organic OH groups Measured Affinity
surface (Adsorbed content and OH | eliminated (%) organic g(organic)/m2
area water %) groups eliminated content (%)

(m2/g) %)

A 186 4.88 - 3.53 -

AF5 2.59 7.53 3.53 4.00 0.21

AF10 3.47 7.48 3.53 3.90 0.21

AF20 3.83 7.32 3.53 3.79 0.20

B 311 10.68 - 5.67 -

BF20 13.16 20.77 5.67 15.10 0.48

D 102 1.85 - 0.85 -

DF10 0.93 3.66 0.85 2.81 0.27

DF20 0.97 3.28 0.85 2.43 0.24

C 200 0.6 - 1.03 -

CF5 0.67 13.87 1.03 12.84 0.64

CF10 0.47 9.63 1.03 8.60 0.43
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CF20 0.51 3.50 1.03 2.47 0.12

The extent of lipid functionalization for each support increases as expected decreasing the ratio
support/lipid from 20 to 5 and increases increasing the specific surface area of the supports.
Therefore, BF20 sample (specific surface area of the support 311 m?2/g) shows the most efficient
functionalization process, with an amount of organic content of 15.10%. Also CF5 and CF10
samples (specific surface area of 200 m?/g) show a large functionalization extent with respect to
the other materials, whereas A and D samples seem to be not so prone to establish a strong
interaction with lipid giving the most limited functionalization extent. In order to assess the real
affinity lipid/support, the amount of lipid immobilized was related to the specific surface area of
the support giving an affinity evaluation reported in the last column of Table 5.2. Considering
equal the amount of lipid used in the functionalization procedure (support/lipid=20), the largest
affinity is shown by BF20 sample, whereas, unexpectedly, the lowest affinity is shown by C
support. Nevertheless, CF5 shows in absolute terms the largest amount of lipid immobilized on

an unitary surface of support, suggesting this could be the best pyrene adsorbing system.

5.4. Pyrene removal: adsorption kinetic

Figure 5.3 and 5.4 show the percentage and the total amount of pyrene removal from aqueous
solutions, respectively, by different supports before and after lipid-functionalization from
powder (section a) and film (section b) and after 5 and 15 minutes of pyrene contact. Almost all

the hybrid materials indicate a significant removal comparing to their bare supports. In general,
149



the extent of functionalization affects the removal, i.e. the highest the amount of lipid
functionalizing the material (as resulting from TGA measurements), the highest the pyrene
removal. Unexpectedly, the C-based hybrid samples from powdery lipid show a different
behavior, as the nominal decrease of lipid amount in the materials causes a slight increase of
pyrene adsorption, even if the error bars indicate the change is not relevant in absolute terms.
The best material in terms of performance is CF5 that was the material showing the highest
affinity in Table 6.3. It is able in removing almost the 100% of pyrene corresponding to an
absolute amount of about 0.35 mg/g. Similar results can be achieved with AF5 sample, and in
general the materials prepared from lipid film are more efficient in pyrene removal than powdery
lipid-based ones, showing in almost all cases an adsorption of more than 80%. This result suggests
the films functionalize the surface of supports in a more efficient way with respect to powder
dispersions, even if the green functionalization method without chloroform allows to achieve a

removal always higher than 50% in 15 minutes.
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Figure 5. 3. Percentage of pyrene removal by supports and hybrid materials from powdery lipid (section a) and

lipid film (section b) at pH 7 and temperature 21.0 + 0.5°C after 5 and 15 minutes of pyrene contact.
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0.5°Cand pH 7.

153



5.5. Conclusions

Lipid immobilization on the surface of alumina and silica allows to decrease their intrinsic
hydrophilicity producing hydrophobic materials able in capturing hydrophobic pyrene molecules
and, at least in principle, similar apolar substrates. The preparation methods considered were
very simple to apply, as they base on the formation of electrostatic interactions between the
oxide surface and the polar head of the functionalizing agent allowing to expose the hydrophobic
tails able in establishing dispersive interactions with apolar molecules. The lipid was prepared in
form of film using chloroform but also simply dispersed as powder avoiding the use of organic
solvents in order to test a green preparation method. The pyrene adsorption occurs very fast on
all the samples, in particular in the presence of the highest amount of lipid (support/lipid ratio
5), giving a removal of about 0.30 mg/g in several cases and almost never minor than 0.20 mg/g
in 15 minutes. In conclusion, the promising results obtained in the trials carried out with pyrene

in water indicate the hybrid materials could conveniently apply to real PW samples.
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Chapter Six
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6.1 General conclusions

The principal aim of my work was applying fast, green and easy methods for surface
functionalizing different phases of aluminas. Although alumina per se shows numerous
advantages like high surface area, open porosity, presence of defective active surface sites
and positive surface charge, a surface modification can produce more active systems for

capturing different types of pollutant from wastewater.

In this thesis the surface of aluminas has been functionalized with different molecules like
BBS, a protein and a lipid in order to prepare several hybrid materials. Electrostatic forces,
establishing between positively charged alumina surface and functional groups of organic
molecules, were exploited to prepare the hybrid materials. The physico-chemical
characterization was perfomed by means of X-Ray Diffraction (XRD) to evidence the crystal
structure of different phases of alumina, Fourier Transform Infrared spectroscopy (FT-IR)
for evaluating the presence of organic molecules immobilized onto alumina surface,
thermogravimetric analysis (TGA) to measure the thermal stability of the hybrid materials
and quantify of the organic molecules amount immobilized on them, N2 adsorption at 77K
for the investigation on the surface area and porosity of the systems, zeta potential
measurements to determine the surface charge of aluminas before and after the

immobilization process.

Most part of the studied applications deals with the removal of pollutants from water by
means of adsorption process. Firstly, the hybrid materials were used for capturing polar
molecules: organic dyes such as crystal violet (CV) and methylene blue (MB) with different
surface charge, but also contaminants of emerging concern like carbamazepine and atenolol
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with different polarity and structure. Also non-polar substrate removal was considered
functionalizing the alumina surface with hydrophobic molecules (arachidic acid) in order to
investigate the treatment of oil field produced-water. The behavior of the materials was
tested with proper substrates in order to assess the adsorption capacity and the reversibility

of the adsorption.

Finally, alumina was chosen as support for a biocatalytic system allowing interesting insights

into the enzyme-support interaction.
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Chapter Seven
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7.1 Future work

The work accomplished in this thesis has opened up several avenues for further
investigations. Outlined below are some experimental questions generated from my thesis

that would be of interest to follow up on.

1. The studies described in Chapter 2 and 3 allowed to establish that BBS-functionalized
aluminas are interesting systems to eliminate polar contaminants from wastewater
by adsorption. The use of handleable supports (monoliths), which do not require a
filtration step in the water treatment procedure, surely opens the way to an upscaling
of the process, but the possibility of recycling, regenerating and reusing the materials

still needs to be investigated.

2. In Chapter 4, different phases of alumina were applied as supports for immobilization
of Soybean Peroxidase (SBP) for biocatalytic applications. The amount of SBP
immobilized and the stability of the hybrid systems were tested. Moreover, the hybrid
systems were investigated to obtain information regarding structure/activity
relationship revealing interesting features. In future study, the immobilization of

other enzymes on alumina surface could be investigated.

3. Chapter 5 describes the functionalization of alumina and silica surface by arachidic
acid. The lipid immobilization allows decreasing the intrinsic hydrophilicity of
alumina producing hydrophobic materials able in capturing apolar pyrene molecules

and, in principle, similar apolar substrates. As we assumed an electrostatic
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interaction between the oxide surface and the polar head of the functionalizing agent
and alumina surface, it would be interesting to investigate the immobilization of other
types of lipids, for instance with more than one polar head group or with longer
hydrophobic chains, also investigating the effect of the same functionalization onto

monolith supports.
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