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RESUMEN

Las rosas son un producto que se encuentra en grandes cantidades en Ecuador, sus tallos
se consideran un desecho agricola, cuyo potencial no ha sido aprovechado. Para agregar
valor a estos desechos, se extrae celulosa de ellos, con el fin de fabricar adsorbentes de
bajo costo y respetuosos con el medio ambiente para la eliminacion de Ni (11). Una vez
que se recogieron los tallos de las rosas, se lavaron, se molieron y se tamizaron, se
aplicaron dos métodos de extraccion diferentes, el primero en condiciones bésicas y el
segundo en condiciones &cidas, obteniendo CRT y CRA., respectivamente. La muestra
elegida para realizar analisis mas profundos fue CRA., la misma que se acetild en el
proceso de extraccion. Se aplicaron diferentes técnicas de caracterizacion a los sélidos
obtenidos, tales como FT-IR, SEM, $3C NMR, TGA, XRD y XPS. Los diferentes analisis
mostraron que pequefias cantidades de lignina y hemicelulosa no se eliminaron por
completo en ambas muestras, asi como también se confirmo la esterificacion de CRA..
La posterior modificacion quimica con tiourea generd la muestra CRA2F, que se
corroboré mediante los analisis de la caracterizacion. Ademas, las pruebas de adsorcién
se llevaron a cabo variando la masa del adsorbente y manteniendo constante la cantidad
de Ni (I1) en solucion. La cuantificacion de niquel en solucion requiri6 la formacion de
un complejo soluble de Ni (IV) con dimetilglioxima (dmgH2), para obtener limites de
deteccion bajos que permitieran medir la concentracion de niquel mediante
espectroscopia UV-Vis. Finalmente, los modelos de Langmuir y Freundlich se ajustaron
a los datos obtenidos para la adsorcion de niquel en las muestras CRA2 y CRA2F, lo que
resultd en un mejor ajuste para el modelo Freundlich. Sin embargo, segun los analisis de
XPS, no se ha descartado que se esté produciendo quimisorcion en la superficie de las
muestras de celulosa extraidas y modificadas.

Palabras clave: celulosa, bio adsorbente, adsorcién, desechos agricolas, eliminacion de

niquel.
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ABSTRACT

Roses are a product that is found in large quantities in Ecuador, their stems are considered
an agricultural waste, whose potential has not been harnessed. To add value to these
wastes, cellulose is extracted from them, in order to manufacture low cost and
environmentally friendly adsorbents for the Ni(ll) removal. Once rose stems were
recollected, washed, grounded and sieving two different extraction methods were applied,
the first under a basic condition and the second using an acidic one, obtaining CRT and
CRA., respectively. The sample chosen for conducting deeper analyzes was CRA>, which
was acetylated in the extraction process. Different characterization techniques were
applied to the obtained solids such as FT-IR, SEM, ¥*C NMR, TGA, XRD, and XPS. The
different analyses showed that small amounts of lignin and hemicellulose have not been
completely removed in both samples as well as the esterification of CRA2 was confirmed.
The subsequent chemical modification using thiourea generated the CRA2F sample,
which was corroborated by characterization analyses. In addition, the adsorption tests
were carried out varying the mass of the adsorbent and keeping constant the amount of
Ni(ll) in solution. The quantification of nickel in solution required the formation of a
soluble Ni(IV) complex with dimethylglyoxime (dmgHZ2), in order to obtain low
detection limits allowing nickel concentration to be measured by UV-Vis spectroscopy.
Finally, the models of Langmuir and Freundlich were fitted to the obtained data for the
nickel adsorption on CRA2 and CRAzF samples, resulting in a better fit for the Freundlich
model. However, according to XPS analyses, it has not been ruled out that chemisorption

is occurring on the surface of extracted and modified cellulose samples.

Keywords: Cellulose, bio adsorbent, adsorption, agricultural wastes, nickel removal.
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INTRODUCTION- JUSTIFICATION

Anthropogenic activities over the years have caused an increase in pollutants, largely
affecting the bodies of water!. The elements commonly classified as "potentially toxic
metals" include Zn, Pb, Hg, Cd, Ni, Cu, Cr, whose presence is involved in activities
related to the development of society, having associated pollution and toxicity problems.
Their concentration is increasing, mostly due to the activities of industrial or mining
origin?, such is the case of Nickel which is usually found in textile, battery manufacturing,
and mineral processing industries®. Therefore, the design and implementation of a method
for the effective recovery of these elements are necessary.

Methods based on the adsorption process have been shown to be a very convenient way
to treat industrial effluents, due to advantages such as easiness of the developed procedure
and the separation process involved, effectiveness and low cost. When adsorbents come
from natural sources, these methods represent an ideal option for the recovery of
potentially toxic elements, because the advantages of the high availability of the raw
materials as well as the low environmental impact are added, which contribute to the
protection of the environment®. In order to develop biomass-based adsorbents,
biopolymers present in nature are exploited, being ecological and economical systems
with very convenient properties. Among these biopolymers, polysaccharides are widely

used being cellulose an important representative example.

Cellulose is the most abundant natural polymer on earth and it is the main component of
the cell wall of plants®. This polysaccharide is formed by D-glucopyranose repeating
units, linked by B-1,4-glycosidic bonds®. This linear homopolymer has a high molecular,
its linearity makes possible the construction of fibers that have high resistance’.
According to literature, cellulose itself does not have a good adsorption capacity and
physical stability®, therefore it is convenient to carry out chemical modification,
copolymerization, or crosslinking processes on it to achieve the more efficient system,

improving its adsorption capacity, ion-exchange capacity as well as other properties®.

The source of cellulose for this research project is the rose stems, these are obtained
locally, in the north of Ecuador. Industries dedicated to the cultivation of flowers in
Ecuador produce a great number of roses that due to their quality (thickness, extension)

and beauty have been acquiring a worldwide recognition®. Wastes generated by rose
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crops industry make an important contribution to the total potential usable agricultural
wastes, for which a particular use has not been conceived, beyond a fertilizer for later
crops. For example, rose stems have not received adequate treatment and its potential has
not been exploited. By means of this research project, it is proposed an alternative route
for adding value to these agricultural wastes, taking advantage and revaluing the biomass
present in them, for the preparation of adsorbents solids useful for the metal toxic

removal.

Pre-treatment procedures for agricultural wastes are needed. For example, prior to use,
the different raw material must be washed, dried, ground and sieved. Subsequently, the
adsorbent precursor from the rose stems is subjected to different treatments for the
extraction of cellulose'**®, for which it was required a distinguishable and unambiguous
sample codification. Furthermore, the modification of cellulose was made using thiourea®
in order to improve the adsorption capacity of it and to obtain a better low-cost adsorbent.
In addition, the adsorption data were analyzed by Langmuir and Freundlich models to
evaluate the mechanism of the adsorption process.

The adsorption capacity of the adsorbents was evaluated by using UV-Vis spectroscopy.
Structural and chemical characterization of the obtained solids, before and after of the
modification, was carried out using Fourier Transform Infrared Spectroscopy (FTIR), 13C
Nuclear Magnetic Resonance (CP-MAS and HPD 3C NMR), X-ray Photoelectron
Spectroscopy (XPS), X-ray diffraction (XRD), and Scanning Electron Microscopy
(SEM). Once developed the adsorption process, the surface was analyzed by XPS.

The present work has been divided into four chapters. In the first chapter, the Theoretical
Framework is found, in which the information of precursor for the development of the
adsorbents, the techniques employed and various important definitions are shown. The
second chapter corresponds to the Experimental Section where each of the procedures
used in the obtaining cellulose, solution preparation, adsorption processes are detailed. In
the third chapter are the Results obtained with its respective interpretation and Discussion.
Finally, the fourth chapter shows the Conclusions, and Recommendations for future

research.
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PROBLEM STATEMENT

The presence of potentially toxic metals in water bodies due to the different anthropogenic
activities has caused concern regarding the contamination of the environment. Some of
these activities, such as in the leather tanning, textile dyeing, and mineral processing
involve the use of species of nickel that finally are released to the industrial effluents. If
such effluents do not receive proper treatment, the nickel species will cause serious
problems if its concentration exceeds a particular value. Therefore, proper treatment of
the industrial effluents is necessary, and a more convenient method would be one that
involves waste materials, which allows the removal and recovery of metals implying low

cost and low environmental impact?.

It has been proved that the use of natural adsorbents for the removal of toxic metals is a
good option since, besides being friendly to the environment, their precursors are widely
available in nature!2. Rose crops are very important in Ecuador, and after their harvests,
their stems are considered agricultural waste, without adequately to exploit their potential
applicability. With the purpose to harness the biomass present in these agricultural wastes,
it is suggested to carry out the manufacture of cellulose-based adsorbents. It is well known
that cellulose is considered the most abundant natural polymer, and it can be extracted
from renewable sources of biomass, such as wastes of rose crops, and from that, it is

possible to prepare adsorbents with the capacity of toxic metal removal.

16



OBJECTIVES

General Objective

Preparation and characterization of cellulose-based adsorbents from biomass of
agricultural wastes, such as rose stems, for the nickel removal present in aqueous

solutions.

Specific Objectives

e Extract cellulose through acid and alkaline treatments using rose stems grounded
as precursors.

e Modify cellulose structure through a simple method using an organosulfur
compound such as thiourea.

e Provide added value to sources of biomass of agricultural wastes, such rose stems,
with the development of adsorbents for the removal of potentially toxic metals,
such as nickel, evaluating its adsorption capacity and efficiency.

e Characterize the surface of the adsorbent before and after the adsorption process

using different techniques.
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CHAPTER |

THEORETICAL FRAMEWORK

1.1 Floricultural Industry in Ecuador

Ecuador is one of the countries that has managed to position itself in the market as one of
the main flower exporting countries. According to the National Association of Producers
and Exporters of Flowers of Ecuador (Expoflores), the most exported flowers are roses
with 76%, followed by summer flowers with 10%, gypsophila with 7%, lilies with 2%
and carnation with 1%, the rest occupies 4%*3, having as main export markets for roses
countries such as the United States, the European Union, Russia, among others'2. In the
markets of the different cities of Ecuador, there are varieties of flowers, in which the roses
stand out, many of the time its long stems are cut, and then discarded, wasting its

potential.

1.2 Cellulose, Hemicellulose and Lignin content in precursors

The percentages of lignocellulosic compounds in the precursor will depend on several
factors such as the species of the plant, the age, the specific part of the plant and the
growth conditions*. Table 1 shows the ideal percentages of cellulose, hemicellulose,

and lignin present in the rose stems.

Table 1 Cellulose, Hemicellulose and Lignin content of different raw materials.

Materials Cellulose (%) | Hemicellulose (%) | Lignin (%)
Softwoods 38-46 23-31 22-34
Hardwoods 38-49 20-40 16-30
Straw 28-42 23-38 12-21
Bamboo 26-43 25-26 20-32
Cotton 80-85 n.d n.d.
Corn cobs 18-40 11.34-31 14-19
Carnation stem 40-50 25-45 20-25
Pineaile crown 11-45 14-50 10-30
Orange peel 16.2 13.8 1
Corn stalk 50 20 30
Banana bagasse 55-65 14 11.58

Source: Adapted from Gonzalez, K.-D, et al, (2016). Luna Azul ISSN 1909-2474, 43, 499-517.5,

1.3 Cellulose
Cellulose is a biopolymer with impressive characteristics, it is mainly present in the plant

cell wall and is responsible for the mechanical resistance of plants, although certain
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bacteria, algae, and fungi produce cellulose®. It is a non-branched homopolysaccharide
formed by D-glucose units linked by glycosidic bonds (B8-1,4), showed in Figure 1-A,
which consists of 10,000 to 15,000 units of D-glucose approximately!’. In addition, this
biopolymer forms a composite material with other polysaccharides, such as lignin and
hemicellulose; their proportion in the plant cell wall will depend on the type of plant, and

other factors'618,

Each of these constituents may be isolated by different chemical extraction, separation,
and purification processes, due to the structural differences. For example, lignin is a cross-
linked amorphous polymer that acts as a glue to hold the fibers in place, it is composed
of three types of substituted phenols that are: sinapyl, coniferil, and p-coumaryl
alcohols®®. Hemicellulose is a branched heteropolymer, composed of different sugar
monomers such as glucose, galactose, mannose, fructose, etc. This polymer, cellulose,

and lignin contribute to strengthening the cell wall®.

Cellulose has a semi-crystalline structure, that is, it is composed of crystalline and
amorphous areas. The crystalline form of cellulose is due to the extensive hydrogen
bonds, as it is represented in Figure 1-B, this can be affected by the source of cellulose
and the methods used for its isolation, generally, the degree of crystallinity is in the range
of 40 to 70%?8. Cellulose can exist in four different polymorphs, called cellulose I, 11, 11,
IV. The most common way to find it is as cellulose | or also called native cellulose, types
1, 111, 1V are obtained after treatments with specific reagents®*. Due to the broad chemical
modifying capacity, and the formation of semicrystalline fibers Cellulose has been used
in a wide variety of fields, one of the most important is in papermaking, but also is
involved in fields related to the biomedical industry, biocomposites manufacture,

wastewater remediation, among others??.
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A)

Figure 1 A) The B-1,4 linkages of Cellulose, they favor straight chains. B) Repetitive
unit of cellulose.

Sources: A. Adapted from Kabir, F, et al (2018), Progress in Polymers, 153-174°%. B. Adapted from Berg, J.,
et al (2007), Biochemistry, 1-1224 ©

1.3.1 Reactivity of Cellulose

Cellulose has the capacity to participate in different chemical reactions, each
anhydroglucose unit has hydroxyl groups, which are primary and secondary alcohols,
located in the C-6, C-2, and C-3 carbons respectively. They are in equatorial positions
and they are considered susceptible groups to chemical modification; hydrogens
associated with these carbons are in axial position?>?*, The substitution on the oxygen
associated with the primary alcohol at C-6 is more thermodynamically favorable than on
those associated with secondary alcohols at C-2 and C-3%. According to literature pure
cellulose doesn’t have a good adsorption capacity, due to this, it is necessary to make
chemical modifications that allow it to increase its efficiency and achieve a better

adsorption capacity.
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A convenient treatment of functionalization or chemical modification would improve the
efficiency of resulting based cellulose-adsorbents for metal ions removal, being also able
to carry out multiple reuses to improve its applicability on a large scale®?2. Cellulose can
be subject to copolymerization or cross-linking, oxidation, halogenation, esterification,
and etherification, and other chemical modifications that make cellulose has new
properties, thermal resistance or adsorption capacity enhancement®?2, A compound used
for chemical modification of cellulose is thiourea, it is an organo-sulfur compound of
formula SC(NH>), that is similar to urea but the properties of both differ significantly. It

can also exist in its thiol form, called isothourea?®, as it can see in Figure 2.

This white crystalline solid is used in the textile, pharmaceutical industry, in the leaching
of minerals, as a vulcanization accelerator, in the production of pesticides and as an
auxiliary agent in diazo paper?’. Sulfur-based compounds such as thiocarbonyl,
thioethers, and thiols are widely studied for the adsorption of metals because they show

an affinity towards them?,
S SH

)k )\
_—
H,N NH, HN NH,
Thiourea Isothiourea

Figure 2 Tautomeric forms of thiourea

1.4 Nickel as a potentially toxic metal

Nickel is a chemical element with symbol Ni, of atomic number 28, it is located in group
10 and period 1V of the periodic table, with electronic configuration [Ar] 3d®4s?. Ni(ll) is
usually found together with other metals such as Cd, Zn, and Co in wastewater from the
textile, tannery, battery manufacturing, automotive, mineral processing industries®?°, etc.
In addition, the use of nickel-plated components for the coating of pipes and connectors
is directly related to the presence of significant amounts of nickel in the drinking water,
exceeding the maximum allowed limits®. Depending on the exposure period, and the
concentration, nickel can cause damage to health and contaminate the aquatic
environment. Furthermore, certain nickel compounds such as NiSO4, NiClz, NiCOs have
been classified as carcinogenic®*2, One of the efficient and economical methods for the
removal and recovery of nickel and other metals is by adsorption process, which is why
the interest in the design and development of adsorbents from biomass has been

increasing?®.
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According to the Ecuadorian Institute for Normalization (INEN), the Ecuadorian
Technical Standard (NTE INEN 1108) establishes requirements that drinking water must

meet for human consumption®*. Among these requirements are the maximum

concentration limit (MCL) values allowed for some potentially toxic metals, such as

nickel, cadmium, chromium, etc., and other chemical compounds, which are detailed in

Table 2:

Table 2 Physical characteristics, inorganic substances and maximum limits allowed.

Parameter Unit Maximum limit
permitted
Physical characteristics
Color Apparent color 15
units (Pt-Co)
Turbidity NTU 5
Odor N.A
Flavor N.A
Inorganic
Antimony Sb mg/L 0,02
Arsenic, As mg/L 0,01
Barium, Ba mg/L 0,7
Boron, B mg/L 2,4
Cadmium, Cd mg/L 0,003
Cyanides, CN- mg/L 0,07
Copper, Cu mg/L 2,0
Chrome, Cr (cromo total) mg/L 0,05
Fluorides mg/L 15
Mercury, Hg mg/L 0,006
Lead, Pb mg/L 0,01
Selenium, Se mg/L 0,04

Source: Adapted from INEN. Norma Técnica Ecuatoriana - Agua Potable. 2014, 1-10%.

Other bibliographic sources that refer to these drinking water requirements, is given by

the Environmental Quality and Effluent Discharge Standard: Water resource, available in

Annex 1 of book VI of the Texto Unificado De Legislacion Secundaria Del Ministerio

Del Ambiente of Ecuador. This document establishes the permissible limits for discharges

into large bodies of water or in water systems sewerage3*, which are specified in Table 3

and Table 4.
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Table 3 Water quality criteria for agricultural use in irrigation

Parameter | Expressed as Unit Quality
criteria
Aluminum Al mg/L 50
Arsenic As mg/L 0,1
Beryllium Be mg/L 0,1
Boron B mg/L 0,75
Cadmium Cd mg/L 0,05
Zinc Zn mg/L 2,0
Cobalt Co mg/L 0,01
Copper Cu mg/L 0,2
Chrome cr’ mg/L 0,1
Fluorine F mg/L 1,0
Iron Fe mg/L 50
Lithium Li mg/L 2,5
Mercury Hg mg/L 0,001
Manganese Mn mg/L 0,2
Molybdenum Mo mg/L 0,01
Nickel [ Ni [ mgL [ 02 |
pH pH 6-9
Lead Pb mg/L 50
Selenium Se mg/L 0,02
Vanadium \Y mg/L 0,1

Source: Adapted from Ministerio del Ambiente (2014). Anexo 1 Del Libro Vi Del
Texto Unificado De Legislacion Secundaria Del Ministerio Del Ambiente., 1-40%3,

Table 4 Discharge limits to the public sewer system.

Parameters Expressed as Unit Maximum limit
permissible

Cadmium Cd mg/L 0,02

Total Cyanide CN- mg/L 1,0

Zinc Zn mg/L 10,0

Total Cobalt Co mg/L 0,5
Copper Cu mg/L 1,0

Total Hydrocarbon

of0 ItDaetro)I/gucr%ca ons TPH mg/L 20,0

Total Iron Fe mg/L 25,0

Total Manganese Mn mg/L 10,0
Mercury (total) Hg mg/L 0,01
Nickel |~ Ni [ mgL | 20 |
Silver Ag mg/L 0,5

Lead Pb mg/L 0,5
Selenium Se mg/L 0,5

Source: Adapted from Ministerio del Ambiente (2014). Anexo 1 Del Libro Vi Del Texto
Unificado De Legislacion Secundaria Del Ministerio Del Ambiente., 1-40%,

23



1.4.1 Nickel spectrophotometric quantification by the formation of Nickel-
Dimethylglyoxime Complex
Dimethylglyoxime or dmgH2, whose chemical structure is shown in Figure 3, is one of
the most commonly used chelates in areas such as coordination chemistry and analytical
chemistry; it is considered a strong field bidentate ligand®. In fact, the most common use
of dmgHz is the formation of a square planar complex with a Ni(ll) ion®®, forming a deep
red solid. However, for the quantification of nickel in solution is required the formation
of a soluble Ni(1V) complex with dmgH>. In that case, the [Ni(dmg)s]* complex formed
has an octahedral structure, in which three dmg? units are coordinated through nitrogen
to the central metal®”. They form a reddish complex when they come into contact with an
alkaline nickel solution and in the presence of an oxidizing agent such as bromine. This
complex has a peak of absorption approximately in 444 nm in the electromagnetic
radiation spectrum, and the intensity of its color varies over time, which is why it is
necessary to measure the absorbance after a fixed time, usually within 10 minutes of the

formation of the complex3®.

OH

Figure 3 Dimethylglyoxime Ligand

1.5 Adsorption process for the removal of toxic metal

Adsorption is a process whereby a solid surface is exposed to a gas or liquid causing the
increase in fluid density in the vicinity of an interface3®4°. The adsorbate is the substance
to be adsorbed, it is bonded in the form of a film on the surface of the adsorbent. The
adsorbent is the material in which the adsorption takes place®. Depending on the nature
of the attractive interaction force between the adsorbate molecules and the adsorbent
surface, the adsorption can be classified into chemisorption and physisorption, exhibiting

different behaviors and characteristics®®.

On the one hand, physisorption is referred to as reversible physical adsorption, which
shows characteristics that make it more suitable for surface area determinations. It has
associated low adsorption heats, and there are no violent or disruptive structural changes

in the surface during adsorption measurement. Due to its reversibility, it allows studying
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the processes of adsorption and desorption in the same system. Physical adsorption can
cover the surface by more than one layer of adsorbate and the physisorption equilibrium
Is achieved quickly since no activation energy is required. Molecules that have been
physisorbed are not restricted to specific sites and they are free to cover the entire

surface®’,

Chemisorption, meanwhile, corresponds to an irreversible adsorption process, implying
a true chemical bond between the adsorbate and the surface. It shows high interaction
potentials, which in turn lead to high adsorption heats. In chemisorption, the formation of
a strong bond between adsorbate molecules to the surface occurs, in the presence of higher
thermal energies, so that adsorption can occur. Here, the adsorbate cannot move freely
across the surface due to the formation of the chemical bond between the adsorbate
molecule and a specific surface site*!. This process has related to the monolayer formation

on the surface.

1.5.1 Adsorption Isotherms

An adsorption isotherm corresponds to the graphical representation describing the
equilibrium state between adsorbate molecules and the adsorbent surface at a constant
temperature. This representation generates curves that relate the equilibrium
concentration of a solute on the adsorbent surface (ge) to the concentration of the solute
in the liquid (Ce¢) with which it is in contact. Each type of adsorption isotherm shows its
respective equation of ge as a function of C. *. The more frequently of them correspond

to Langmuir and Freundlich, which are detailed below.

The most important model to describe the adsorption process corresponds to Langmuir
Isotherm, which is a semi-empirical representation derived from a proposed Kinetic
mechanism. This type of isotherm quantitatively describes the formation of a monolayer
of adsorbate on the adsorbent surface, in which each active site interacts with a single
adsorbate molecule and after that, no additional adsorption occurs on that site. An
important feature of the Langmuir model is that it considers all adsorption sites
energetically equivalents and there is no interaction between adjacent adsorbed
molecules®®“2. The analytical expression representing the Langmuir model is**:

_ QoKLCe
1+KCe

qe 1)
and its linear form can be written as:
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The terms that appear in the previous equations corresponds to:

C, = the equilibrium concentration of adsorbate (mg/L).

q. = the amount of metal adsorbed per mass unit of the adsorbent at equilibrium (mg/g).
Q, = maximum monolayer coverage capacity (mg/g).

K; = Equilibrium constant of the adsorption process (L/mg).

In general, most of the adsorbents of interest do not have a surface with energy
homogeneity; on the contrary, they are considered energy heterogeneous solids. The
representation of these adsorbents is made by the Freundlich Isotherm, which
corresponds to a mathematical expression showing the adsorption equilibrium between
the liquid (or gas) in the fluid phase with the adsorbent. This empirical model, derived in
19009, allows describing the adsorption process on heterogeneous surfaces, through which
the formation of adsorbate multilayers is expected*®#*. The equation representing this

model is given by*%
1
Ge = KfCer | ©)
whose terms ge and Ce have the same meaning as in the Langmuir model, and the other

parameters (Kr and n) correspond to:

K¢= Freundlich isotherm constant (mg/g).
n = adsorption intensity.

The linear form the Freundlich equation is:
logq, = logK; +% log C,. 4

The study of adsorption isotherms is important as it allows to determine the nature of the
adsorption process, that is, to understand the interaction of the solute with the surface of
the adsorbent. The resultant curve, that relates the amount of adsorbed metal in the solid
and the equilibrium concentration of the metal in solution at a constant temperature can
be adjusted to more than one equilibrium isotherm model“°. Furthermore, depending on
the type of isotherm, the maximum adsorption capacity of the adsorbent, as well as the

amount of adsorbent required can be estimated.
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CHAPTER I
EXPERIMENTAL SECTION

2.1 Materials, reagents, and equipment.

The biomass source was obtained locally, in Ecuador. The reagents and equipment used

during the development of this work are specified in Table 5 and Table 6. The materials

used include: universal support and clamps, Soxhlet equipment, round bottom flask (150
mL), beakers (500, 200, 100, 50 mL), Buchner funnel, filter paper (4-12 pum and 1-2 pm),

glass watch, spatula, glass rod, hot plate, thermometer, magnetic stirrers, plastic

containers, volumetric pipette (25 mL), two neck round bottom flask, elbow, condenser,

Erlenmeyer flask (250 mL), graduated pipette (1 mL), micropipettes (0.1-1 mL and 0.5-

5 mL), Pasteur pipette, volumetric flask (250, 50, 10 mL), which were provided by the

Yachay Tech Chemistry Laboratory.

Table 5 Reagents used in the development of this research project.

Reagents Description Reagents Description
Toluene (CrHs) SIGMA-
Reactivos RD Pure Nickel Strip ALDRICH
COD: 220-2 99.95%
. . (H-COOH) 98%
Ethanol (CHsCH,0H) Formic Acid LOBA Chemie
CAS: 64-18-6
KBr
. . (NaOH) i
Sodium Hydroxide AR® (ACS) Potassium Bromide ALDSA?CAI/I{A;%"/
CAS: 1310-732 o
CAS: 7758-02-3
(H202) 30% BAIEE??@AACS
Hydrogen Peroxide | Fisher Chemical Sulfuric acid 97.99%
CAS: 7722-84-1 '
CAS:7664-93-9
CsHsN20,
Distilled water N.S. Dimethylglyoxime ASLISII\QAI?:H
CAS: 95-45-4
(HNOs3) 65% AMmonium NH,OH
Nitric Acid EMSURE® Hvdroxide Fisher Chemical
1004562500 Y CAS: 1336-21-6
0,
Acetic Acid (C;Q%B)Rlé)@%/o Thiourea (CH:N2S) | LOBA Chemie
(glacial) 99% CAS: 62-56-6
1000632500 '
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Table 6 Equipment used in the development of this research project

Equipment

Description

Uv-vis/INIR

Perkin Elmer / LAMBDA 1050 UV/Vis
Spectrophotometer (175 to 3300 nm)

Hot plate and magnetic stirrer

MISUNG SCIENTIFIC
RPM: Max. 1500
T: Max. 380 °C

Ultrasounds bath

J.P. SELECTA, s.a. 330W, 50/60 Hz

Stove POL-EKO-APARATURA SP-J.
2500W, ~60Hz
Heating mantle LASSCO
150w, 60

Analytical Balance

OHAUS Explorer

Thermogravimetric Analysis/ Differential
Equipment

Thermal Analyzer TG/DTA
SETARAM Instrumentation

FT-IR Spectrometer Varian 670-IR
Scanning Electron Microscopy Secondary Electron Detector
JSM 6335F

NMR Spectrometer

BRUKER .AVANCE 400 Console, 9.4
Tesla magnet (400MHz)

X-Ray Difracttometer

Rigaku Miniflex 600

X-Ray Photoelectron Spectroscopy
equipment

PHI 5000 Versa Probe Il1

Scanning XPS Micropobe Ulvac phi, inc.

2.2 Cellulose extraction Methods

Cellulose was extracted from rose stems. Different treatments for cellulose extraction

were developed in order to evaluate the efficiency of each of them*. Previous to the

extraction process, the rose stems were treated as is shown in Figure 4; the stems were

washed, cut into small pieces and dried in the oven at 50 °C until getting a constant

weight. Once dried they were ground to smaller particle size and then the solid was sieved.

Then, cellulose was extracted by two different treatments, one basic and one acid. The

procedures for the extraction of each cellulose sample are detailed in sections 2.2.1 and

2.2.2.
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Dried stems

Grinding
and sieving
precursors.

Washed and cut
into small pieces.

Heat at 50 °C
until constant
weiaht.

Ground rose stems

Figure 4 Process of obtaining precursors from the rose stems.

2.2.1 Alkaline extraction of cellulose from rose stems

Approximately 14 g of ground rose stems were placed in a coffee filter and carefully
introduced into the Soxhlet equipment for extraction. The solvent used was toluene:
ethanol mixture in a proportion 2:1. The extraction process was kept for 6 hours
approximately, allowing to complete 15 cycles to ensure completeness of extraction.
After that, the solid was removed from the Soxhlet equipment, washed, and it was heated
in the oven at 60 °C for 16h. Then, the solid was poured in a beaker with 300 mL of
distilled water and then placed in an ultrasound bath at 55 °C for 40 minutes. After that,
it was filtered, and the resulting solid was mixed with 200 mL of 0.5 M NaOH and 3%
H>02, and then was added 200 mL of 2 M NaOH. Finally, the mixture was heated at 55
°C for 2h in a hot plate, then, it was cooled to room temperature, filtered, washed, and the
resulting material dried in an oven at 60 °C for the subsequent recording of its weight.
The solid obtained by this procedure was labeled as CRT.

2.2.2 Acid extraction of cellulose from rose stems
A mixture of acetic acid: nitric acid in a ratio 10:1 was poured in a beaker containing ~5
g of ground rose stems and mixed with the help of a glass rod. Then, the beaker containing

the mixture was placed in a sand bath to be heated to 110-120 °C for 20 minutes. After
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heating, the mixture was allowed to reach room temperature, and then 60 mL of distilled
water was added. The mixture was separated by filtration, washing the solid with
abundant ethanol and water until the filtrate reached a neutral pH. Finally, the solid was
dried at 60 °C for the subsequent recording of its weight. The solid obtained by this

procedure was labeled as CRA:.

2.3 Modification of CRA2 sample

To evaluate a potential improvement in its adsorption capacity, the cellulose was
modified using thiourea. The sample that was treated with thiourea was only CRA., this
was chosen due to the lower environmental impact generated by its extraction process
and its replicability. The modification process was as follows: 1g of cellulose extracted
was mixed with 20 mL of a 0.5 M solution of thiourea (in ethanol); the mixture was
allowed to be in contact for 24 h. Then, the solid was filtered and washed with distilled
water; and finally, the solid was dried in an oven at 50 °C for 24 h. Chemically modified

cellulose sample was labeled with the letter F after their initial code (CRA2F).

2.4 Spectrophotometric Determination of Nickel (1)
In the following subsections, the spectrophotometric methods implemented in this

research are detailed.

2.4.1 Preparation of stock and sub-stock solutions

To obtain the stock solution of Ni(Il) 0.8020 g of nickel 99.95% was weighed on a 0.1
mg precision balance and dissolved in 15 mL of HNO3z 65% at 80 °C for 1h. Once the
nickel was dissolved, the resulting solution was transferred to a 250 mL volumetric flask
and flush with distilled water to prepare the stock solution with a concentration of
3195.22 mg/L (ppm). From this stock solution, 7.8 mL were taken to prepare a 50 mL

sub-stock solution (498.5 ppm). Both solutions were properly stored for later use.

2.4.2 Preparation of standards solutions

Standards solutions of [Ni(dmg)s]*> complex (ranging from 1 to 10 ppm) were obtained
through the oxidation of Ni(ll) to Ni(IV) using a saturated solution of bromine water as
the oxidizing agent and the subsequent treatment of the Ni(IV) ions in an ammonia

solution with dmgH> was followed.

The procedure, represented in Figure 5, was as follows:
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Aliquots of sub-stock solution were poured in 50 mL volumetric flasks following
the specifications in Table 7, in order to obtain each desired NI(II) concentration.
1 mL of bromine water was added directly to each of the flasks and set to rest for
~3min (after which time it is assumed that the oxidation reaction, Ni(Il) to Ni(1V),
took place).

A basic medium for complex formation was required, for which 2 mL of
concentrated NHsOH were added to each of the flasks.

Once the appropriate pH condition was achieved, 1 mL of 1% DMG was added
in each of the flasks. At this point, the solution, initially turquoise blue, turned red
indicating the presence of [Ni(dmg)s]? complex.

Finally, each solution was diluted with distillate water obtaining Ni(IVV) solutions
at different concentrations, showing variation in the red intensity from slight (the
most diluted) to intense red (the most concentrated). The nickel concentration was
measured by UV-Vis spectroscopy, measuring the absorption of [Ni(dmg)s]*

complex.

Take the corresponding
aliguots from the sub-

stock solution for each

standard
3) ‘
|
-y

Add 1mL of DMG 1%

|
Bromide

ater
-y ww
Add lmL of Bromide
water and allow the
complete oxidation of

Mickel for ~3 minutes

r |\_
[ L
L

Dilute to volume with

distilled water

RHOH
Tl

Add 2mL of concentrated
NH4OH

&

Using distillate water as

reference absorbance was
measure for each standard
at 4ddnm

Figure 5 Schematic representation of [Ni(dmg)s]? complex formation.
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Table 7 Aliquot needed to prepare 50 mL of standard solutions with a
concentration between 1-10 ppm.

sunanssoon o | SIS
" precision)
1.0 100
2.0 200
3.0 300
4.0 400
5.0 500
6.0 600
7.0 700
8.0 800
9.0 900
10.0 1000

Bromine water preparation

Initially, 25 g of KBr were weighed and poured in a two neck round bottom flask,
connecting in one of the necks a separating funnel containing ~50 mL of H2SO4 conc.
and in another one, an elbow connected to a condenser through which bromine vapors
condensed. The schematic representation of the experimental set-up is shown in Figure
6. The round bottom flask was placed on a hot plate at 60 °C and proceeded to the slow
addition of the acid. Once all the acid was added, 25 mL of 30% H202 was poured into
the separating funnel with the objective of making the reaction of bromine formation more
quickly. Finally, condensed vapors were collected, drop by drop, in a flask containing a
little amount of distilled water, arranged at the end of the condenser and introduced into

a water/ice bath.
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Figure 6 Schematic representation of Bromine water obtaining.
Source: Designed from ChemDraw and EdrawMax Software.

Dimethylglyoxime 1% Preparation

A 1% dimethylglyoxime (dmgH.) solution was prepared by dissolving 1.0402 g of this
compound in 100 mL of mixture methanol: distilled H2O 30:70. To help with the

dissolution of dmgH., the flask was placed on a stirrer plate during a few minutes.

2.4.3 Calibration curve and measurements of concentrations of nickel

From the standards solutions obtained through the process described in section 2.4.2, a
calibration curve was constructed. The UV-Vis absorption of the complex [Ni(dmg)s]*
in each sample was recorded at 444 nm. The determination of nickel concentration for all
of the samples was made by using a double beam UV/Vis Spectrophotometer, using
distillate water as a reference, and within 10 minutes of the formation of the complex.

2.5 Adsorption process of Ni(ll) on cellulose samples

Initially, 4 mL of the stock solution was placed in a 250 mL volumetric flask, flushing
with distilled water, to reach a Ni(ll) solution with a concentration of 51.12 mg/L. For
adsorption experiments, the initial concentration of nickel solution was kept constant at
this value, and the amount of cellulose-based adsorbent was changed. The different
amounts of adsorbent tested were: 5, 10, 15, 25, 50, 75, 100, 125, 150 and 350 mg, which
were placed in different beakers previously labeled. Into each of them, 25 mL of 51.12

mg/L Ni(ll) solution were added, which were subjected to stirring, using a stir plate for
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48h and at a speed of 250 rpm. After that, the mixture was filtered and both solid
(adsorbent) and solution were stored for further analysis. The nickel species
quantification in solution was carried out following the same procedure for the standard
solutions described in section 2.4.2. In this case, aliquots of 1 mL were used to reach a

final volume of 10 mL.

2.6 Characterization techniques for the analysis of nickel solutions and adsorbents
samples.

Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy is a quantitative analytical technique, which studies the absorption
of radiation by chemical species in the near-infrared-ultraviolet zone (180—-390 nm) and
the visible range (390-780 nm) of the electromagnetic spectrum. As a result of energy
absorption, atoms or molecules move from a fundamental state to an excited state. The
lowest-energy occupied molecular orbitals are the ¢ and = orbitals, and the orbitals of the
highest energy are antibonding orbitals (6* and ©*). In addition, the relationship between
absorbance and the concentration of the analyte in solution is known as the Lambert-Beer

law:
=¢lC, (%)

where A is the absorbance of the solution (without units); € is the molar absorption
capacity (L mol™ cm™), I is the length of the radiation path through the absorbent medium
(cm); and C is the concentration (mol L) 4’48 The absorbances of the solutions were

measured using a double beam UV/Vis spectrophotometer at a wavelength of 444 nm.

Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy is used in the characterization of different
compounds to identify the functional groups present in the samples. Infrared radiation,
which corresponds to energy changes on the order of 8 to 40 kJ/mole, is absorbed by
molecules when they are excited to a higher state of energy. Within this range, the
stretching and bending vibrational frequencies of the bonds in the molecules are found“®.
FTIR measurements of cellulose samples were taken using Varian 670-IR Spectrometer,
with 32 scans in the range from 400 to 4000 cmtand a resolution of 4 cm™. The samples
were finely ground using a mortar and mixed with potassium bromide (KBr), the mixture

was compressed as a pastille.
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Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance is a technique used mainly in the elucidation of chemical
structures. *C NMR allows the identification of carbon atoms in different chemical
environments*. In this research, the NMR spectra were taken on a BRUKER NMR
Spectrometer 400 MHz using Cross Polarization Magic Angle Spinning CP-MAS and
High Power *H Decoupling.

CP-MAS experiment involves transferring the polarization of abundant nuclei such as *H
or °F to isotopically scarce nuclei such as *3C, ®N or 2°Si, helping to increase the
sensitivity of the experiment. The magnetization transfer requires that the non-sensitive
nucleus be dipolar coupled with the proton nuclei. Furthermore, CP takes place while the
sample spins rapidly around the magic angle, for this reason, it is called Cross Polarization
Magic Angle Spinning*#°. And High Power 'H Decoupling experiment the sample is

also spins rapidly around the magic angle averaging of the dipolar couplings *C - 1H®,

X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a useful technique for analysis of the
composition of a material, both qualitative and quantitative. Also, it provides information
on the chemical state of the elements on the surface of a material®*. Electron spectroscopy
techniques measure the kinetic energy of electrons emitted by matter because it is
bombarded with ionizing radiation or high energy particles®’. XPS equipment was used
(PHI 5000 Probe Il Scanning XPS Micropobe, Ulvac phi,inc) in order to obtain the

results.

X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is an analytical technique used primarily for the identification
and quantification of crystalline and amorphous phases present in a material providing
information about its structure®. In addition, each crystalline solid has its own
characteristic XRD pattern that can be used as a "fingerprint” for its identification®?. X-
rays are electromagnetic radiation of wavelength ~1 A (1071 m). The most common
method used to determine the crystallinity index (Crl) is the proposed by Segal®, this
method only explain the relative differences of Crl between samples, Eq. 6 is used to
calculate it. In this equation, Iy, is the height of the (002) peak and 14, is the lowest

height between the (002) and (101) peaks, as you can see in Figure 7.
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] (002)
] Cl % = loo2—1aM (6)

ooz

(101)

Intensity (a.u.)

260

Figure 7 Diffraction pattern showing the difference of the intensities of the associated peaks to
(002) and (101) planes for cellulose (left). Equation suggested by Segal and coworkers to calculate
Crl% (right).

The samples were analyzed using a Rigaku Miniflex 600 X-ray diffractometer with a
monochromatic CuKa radiation source (A= 0.1539 nm), 40 kV and 20 mA in a range from
10° to 40° with a scanning time of 25 min.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique that allows obtaining high-
resolution imaging of a material surface. In SEM an electron beam is generated, which is
focused by a series of electromagnetic lenses. Due to the interaction of the beam with the
sample a signal is generated that is collected and processed to generate an image®.
Qualitative and quantitative chemical analysis information is also obtained using an
Energy Dispersive X-ray Spectroscopy (EDS) technique coupled with the SEM®®. This
technique allows to detect the x-rays emitted from the sample during bombardment by
the electron beam®’. Micrographs were obtained using a JSSM 6335F Scanning Electron
Microscope operated in secondary electron mode, and an accelerating voltage of 15 kV.
Samples were previously coated with gold for 50 seconds using a Q150RS QUORUM-

Rotary Pumped Coater. Images were obtained with magnifications of 200X and 1000X.

Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis gives complementary useful information. On the one hand,
TGA is a technique used to evaluate the thermal stability of a material, in which the mass
of a sample is measured as a function of temperature over time®®. In addition, derivative

thermogravimetry (DTG) corresponds to the first derivative of the TGA curve and helps
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to a better interpretation of the data by determining the inflection points present.
Thermogravimetry/derivative thermogravimetry (TG/DTG) and Differential Thermal
Analysis are used to investigate the thermal behavior of CRA, and CRA2F samples. The
DTA thermograms were obtained using a Differential Thermal Analyzer at a 10 °C/min
heating rate, from 20 °C to 600 °C. Helium gas was used as an inert medium during the
thermal analysis, the amount of material used was 11 mg and the reference material was

aluminum oxide.

Textural Characterization

The textural properties of a solid such as specific surface area, volume and pore size are
determined using a technique based on gas adsorption. The results of the analysis show
an adsorption-desorption isotherm, where the data obtained are related to the volume of
gas retained by the surface of the sample under certain pressure conditions. The mostly
used gas is nitrogen at 77 K and the standard method for determining the previously
defined parameters is related to the representation of Brunauer-Emmett-Teller (BET)
isotherm from the data obtained. Once the number of gas molecules necessary to form a
monolayer is obtained by BET, and knowing the area occupied by one of these adsorbed
molecules it is possible to estimate the specific surface area of the solid. Specific surface
area is defined as the total surface area of a material per unit of mass (m?/g), while total
pore volume refers to the volume occupied by adsorbate within the adsorbent (cm?®/g)°*-°,
The textural analysis of CRA2 and CRA2F was performed using a Micromeritics ASAP
2010 by nitrogen adsorption at 77 K.
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CHAPTER Il

RESULTS, INTERPRETATION, AND DISCUSSION

3.1.Cellulose Samples

Two cellulose samples were extracted applying different treatments to the precursor and
CRA: was further treated with thiourea. The scheme shown in Figure 8 is a summary of
the samples prepared (CRT, CRA:, and CRAF), and the one used as standard (CS)
obtained from Sigma Aldrich. In order to give more reliable results, each experiment was
repeated three times under the same conditions and the yield of the extraction was given
as the average of the experiments. These yields are specified in Table 8, which were
calculated using the Eq. 7.

actual yield

%yield =

x100 % (7)

theoretical yield

—’ +
CRT
Rose Stem  |<
CRA2 and CRAzF
—
Cellulose
Samples
Standard _ cS
cellulose

Figure 8 Scheme that summarizes the samples used in this research project.

The results obtained in Table 8 show that the CRA2 sample has a higher percentage than

expected according to data reported. This difference may be due to the fact that the
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obtained samples were not completely pure, suggesting the presence of lignin and
hemicelluloses still attached even to the surface of cellulose fiber. These doubts will be

clarified later in the analysis of the characterization techniques.

Table 8 Average of the yield of each of the samples obtained.

Reported
(0]
Samples Treatment Yield (%) voCellulose
present in rose

steam
CRT Alkaline 47.20%

- 45-50
CRA: Acid 59.92%

3.1.1. CRT Sample preparation

Initially, the biomass source was treated with the mixture toluene: ethanol in a 2:1 ratio,
to eliminate pigments, waxes, and oils present in the initial sample. The use of sonication
and alkaline treatment together with the addition of 3% hydrogen peroxide helped in the
degradation of hemicelluloses and lignin present in the rose stem. In this case, H20:
reacted with lignin under alkaline conditions, contributing to the delignification and
bleaching process. It is assumed that hydrogen peroxide has the capacity to react with
various carbonyl-containing structures in lignin through the hydroperoxide anion (HOO")
formed in an alkaline medium (H202+HO <HOO +H20), this being a strong nucleophile
that attacks carbonyl groups present in lignin, removing chromophores during the

bleaching process*®-°?,

3.1.2. CRA:Sample Preparation

Through this method, cellulose was isolated by a single step, unlike the previous methods
of extraction. The acid mixture used in this case contributed to the delignification process
as well as the elimination of non-cellulosic polysaccharides. The treatment with 80%
acetic acid using 70% nitric acid as an extraction solvent is considered a good method
based on organic acid to isolate cellulose fraction®?. This process is free of chlorinated

compounds usually used for bleaching and delignification process*,

3.2. Solid characterization

3.2.1. Fourier-transform infrared spectroscopy (FT-IR)

In Figure 9, the FT-IR spectrum of the precursor (rose stems) used for cellulose extraction

is shown, in which is observed the presence of peaks corresponding to lignocellulosic

39



biomass®. Not all peaks in the spectrum of the precursor correspond to cellulose structure,
but also to other species, such as lignin and hemicellulose, present in the biomass. These

peaks are located at:

1735cm™ = C=0 stretching of the acetyl groups present in hemicellulose and

lignin structures®,
1640 cm™ = Bending mode of the adsorbed water®.
1508 cm™t = C=C stretching present in the aromatic skeleton of lignin®.
1260 cm™ = Stretching of C-O in hemicellulose structure®,

801 cm?* = C-H deformation out of plane corresponding to aromatic ring 667,

% Transmitance

10 T T g T T T g T " T £ T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)
Figure 9 FT- IR spectrum of PR (rose stems) precursor.

Figure 10 shows a comparison of the FT-IR spectra of CS, CRA2, and CRT samples. The
spectra of CRA; and CRT show similar peaks to the spectrum of the standard cellulose
(CS). For example, the peak at 3401 cm™* due to the stretching of O-H groups, the one at
2902 cm! attributed to C-H stretching in CH, and CHs groups®. In addition, the peak at
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1430 cm indicates the bending mode of CH> groups and the one located at 1372 cm™ is
associated with O-H bending. The peak at 1162 cm™ is due to antisymmetric bridge
stretching, the peak corresponding to the C-O-C pyranose ring skeletal vibration can be
appreciated in the region 1076-1023 cm™ and the peak at 897 cm™ is due to the p-

glycosidic bond between glucose units in cellulose*6%,

In contrast to the CS and CRT spectra, the CRA; sample shows a peak at 1735 cm™
corresponding to the C=0 vibration, which is more intense than the one observed in the
precursors. This could be related to the treatment of biomass under acidic conditions to
which the biomass was subjected. However, the value of 1735 cm™ is characteristic of a
carbonyl in the ester group, and not in an acidic one*®. Moreover, it was observed that in
CRT and CRA: samples there was still a presence of lignin and hemicellulose, which is
evidenced by the peaks shown at 1505 cm™ and 1256 cm™, although not with the same

intensity in the precursor spectrum.
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Figure 10 FT-IR spectra comparison of cellulose standard (CS), CRA;, CRT
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The sample chosen for subsequent chemical modification was CRA., it was treated with
thiourea in order to modify the cellulose structure, obtaining a sample that was denoted
by CRA:F. The spectrum of thiourea is shown in Figure 11. This compound shows two
near peaks at 3368 cm™ and 3263 cm™ due to the antisymmetric stretching of NH, the
peak at 2685 cm™ is attributed to symmetric steching of NH2 group. An intense peak is
observed at 1603 cm™* associated with the bending mode of NH2. The antisymmetric and
symmetric stretching of CN appears at 1462 cm™ and 1081 cm™, respectively. Finally,
the antisymmetric stretching of C=S is located at 1406 cm™ and the symmetric stretching

at 728 cm1568,
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Figure 11 FI-IR spectrum of thiourea.

In Figure 12 it is shown a compilation of the FTIR spectra of the unmodified (CRA?) and
modified cellulose (CRAZF) using thiourea. The appearance of the peaks at 1624 cm™,
1418 cm-1, 1395 cm™ and 729 cm™ suggests the presence of thiourea in the sample. The

signal at 1624 cm™ is attributed to the bending vibration of the NH2 group, the asymmetric
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stretching of the CN appears approximately at 1418 cm™, and the antisymmetric and

symmetric vibration of the C=S appear at 1396 cm™ and 729 cm™, respectively.

The values of the peaks presented in the spectrum of CRAzF differ from those shown by
thiourea in Figure 11 and in the literature>%. These small displacements in the position
of the peaks may be associated with the interaction of thiourea and cellulose due to
chemical modification achieved. However, to ensure the incorporation of thiourea in the
structure of cellulose, other techniques were developed, which are detailed below. Other
signals attribute to this incorporation cannot be observed due to the more intense peaks

that cellulose presented in those regions.
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Figure 12 FT-IR Spectra comparison of CRA; and CRAF.

3.2.2 Scanning Electron Microscopy -Energy Dispersive X-Ray Spectroscopy (SEM-
EDS)

Figure 13-A and Figure 14-A show the SEM images at different magnifications of fibrils

of cellulose corresponding to CRA2 and CRAF samples. The intermolecular hydrogen

bonds represent the main factor that holds together cellulose chains forming the fibrous

structure that can be observed®®. Furthermore, there is also the presence of particles with
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different sizes and not regular shapes, this can be attributed to the presence of lignin and
hemicellulose that still persists in the fibers’, previously confirmed by FT-IR spectra. In
micrographs can be appreciated small holes in the cellulose fibers, which give the
appearance of being pores, this could be attributed to the acid treatment used to try to
remove hemicelluloses and lignin. However, the contribution of these pores to the
adsorption capacity of obtained material was not relevant, due to their very little size, as

will be confirmed with further analysis.
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Figure 13 A) SEM images of CRA; under different magnification, 200x and 1000x. B) EDX
spectrum of CRA,.

In addition, EDS analyses showing the surface composition of the obtained material are
presented in Figure 13-B and Figure 14-B. On the one hand, as expected, in all samples
it was observed the presence of elements such as carbon and oxygen due to the structure
itself of lignocellulosic compounds. Moreover, the EDS spectrum of CRAzF shows the

presence of sulfur due to the use of thiourea in the modification process.
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Figure 14 A) SEM images of CRA:F under different magnification (a) 200x (b) 1000x. B)
EDX spectrum of CRA,F.

3.2.3 Textural Characterization

Total specific surface area (Sget), pore-volume (V), and pore diameter (Dp) of CRA2 and
CRA:F samples were determined by the BET isotherm through the surface analysis
carried out. In Table 9, the values obtained for these characteristics are indicated. The
results show cellulose fibers with very small specific surface area values and small pore
diameter values ranged 15-17 A, so the samples can be considered not porous. According
to the literature, Sget values for cellulose fibers are small, even lower than those reported
in this work’2, In addition, and in accordance with some reported results, a decrease in
Sget of the modified sample was observed, which can be due to the presence of thiourea

occupying part of cellulose surface®.
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Table 9 Results of the textural characterization of cellulose samples

3.2.4 Cross Polarization-Magic Angle Spinning (CP-MAS) Nuclear Magnetic

Sample Seer(m?g™) | Vr(ecm3g?) | Dy(A)
CRA; 1.8346 0.003592 15.8974
CRAF 1.6874 0.002081 17.3177

Resonance *C Spectra
In Figure 15 CP/MAS 3C NMR spectra of CRA; and CRAF are shown. The two peaks
at 62.56 and 64.89 ppm are assigned to carbon six (C6) of cellulose, in which 62.56

represents the amorphous part and 64.8 ppm the crystalline one*®”. The group of
resonances from 72.09 to 74.74 ppm is attributed to C-2, C-3, and C-5. Then, the next
two peaks at 83.54 and 88.74 ppm are due to C-4, in which 88.74 ppm represents the

crystalline part of cellulose, and 83.54 ppm the amorphous part®®’°. The peak at 104.89

ppm is attributed to C-1 of cellulose, this appears mostly displaced with respect to the

other carbons of cellulose backbone due to its proximity to the oxygens of the

structure®"®. The signals at 171.93 ppm (C-7) and 21.13 ppm (C-8) corroborates the

information provided by FT-IR, which shows that cellulose sample has been acetylated

in the extraction process due to the use of acidic mixture’.
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Figure 15 *C CP-MAS NMR spectrum comparison between CRA; and CRAF.
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In order to visualize the peak corresponding to the thiourea carbon, the method of High-
Power Decoupling was used. As can see in Figure 16, there is a small and wide peak
centered in 182 ppm which would correspond to the signal of carbon in the thiourea
structure. According to the literature, *C NMR of thiourea shows a triplet at
approximately 183.7 ppm due to the coupling of the two equivalent N atoms’. So, with
this small difference in both signals, it is not possible to affirm or discard the linkage of

the thiourea to the cellulose structure.
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Figure 16 *C NMR with High Power Decoupling of CRA,F sample.

3.25 TGA Analysis

Due to their chemical structures, cellulose, hemicellulose, and lignin have different
thermal stability, and therefore their decomposition temperatures are different. To
evaluate the thermal stability of CRA2 and CRAzF samples in which the presence of lignin
and hemicellulose has already been verified, thermogravimetric analysis was carried out.
The respective thermograms of the samples are shown in Figure 17. As can be seen in
the DTG curve of CRA, three different peaks are present, the first one occurring in a
temperature range of 50-120 °C, which corresponds to the release of absorbed water by
natural fibers and decomposition of very light volatile compounds’®’’. The second stage
of degradation, which is due to the breakdown of hemicellulose is reported to appear in a

range of 220-300 °C’8, and for the sample under study in this work, the decomposition
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peak reached the maximum at 257 °C. Finally, according to literature, the main stage of
degradation corresponds to the depolymerization of cellulose, it usually occurs in the
range of 315 — 400 °C with a maximum peak at 331°C’°. For the case of CRA, sample,
the maximum peak was reached at 321 °C. This difference in the maximum degradation

temperature could be associated with differences in the crystallinity in both samples.
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Figure 17 TGA curves of CRA; and CRAF samples.

On the other hand, similar to the CRA>, the first and second stages of degradation in the
CRAF sample, identified in the thermogram shown in Figure 17, correspond to the
release of absorbed water in the range of 50-120 °C, and hemicellulose decomposition.
The main stage of degradation is due to cellulose depolymerization and occurs at higher
temperature (337°C) respect to that identified for the CRA2 sample, this shift in the
decomposition temperature suggest that CRAzF presents a structure thermally more stable
than CRA:>. This increase in thermal stability could be due to the fact that the CRA2F
sample has been really chemically modified with the use of thiourea, or that the
crystallinity in both samples (CRA2 and CRA:F) was different. In addition, in the
thermogram, it can see a peak at 216 °C, which is attributed to the decomposition of
thiourea®. The last stage is the degradation of lignin, it usually occurs at temperatures
higher than 500 °C’’, but due to the conditions of analyses, this peak is not shown.
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3.2.6 X-Ray Diffraction

As it can see in Figure 18, all the diffractograms show a strong peak at a 20 value of 22°
and other peaks at 15°, 16°, and 34°. According to the literature, the signals that appear
at 20 = 22° correspond to the crystallographic plane (002), the signal at 15° is attributed
to the plane (101), the signal at 16°, which is most noticeable in CS sample, is assigned
to the plane (101). Finally, the signal at 35° is due to the plane (040). These planes are
characteristic of cellulose type 1. Furthermore, it was observed that the peaks of the
prepared cellulose samples are wider than in the standard one, it could be associated not
only with a contribution from the amorphous part but also with non-uniform strain within

the crystal or differences in the crystallite size®1-82,
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Figure 18 Diffractograms of CS, CRA,, CRAzF samples.

The XRD analysis allowed to evaluate the crystallinity index (Crl) of cellulose fibers in
CS, CRA:. and CRAF samples. The Crl values were calculated using the peak height (or
intensity) method and applying the Eq. 6 indicated above, and the obtained values are
summarized in Table 10. These values are higher compared with those reported in the
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literature, this difference could be associated with the fact that the used method
overestimated the calculate crystallinity values®:. The crystallinity in cellulose fibers is
due to intermolecular and intramolecular hydrogen bonds through hydroxyl groups?®. If
the amorphous phases were removed; those associated with cellulose structure itself or
with other structures such as lignin or hemicelluloses, the Crl would increase. It was
observed that CRA2 and CRA2F have similar crystallinity indices and differ from the
value of standard cellulose. This demonstrates that the decomposition temperature shift
for CRAzF sample evidenced by TGA is due to the chemical modification in cellulose

structure and not to the difference in its crystallinity.

Table 10 Crl % values of different cellulose samples

Samples Crystallinity Index (%)
CS 88
CRA; 75
CRAF 77

3.2.7 X-ray Photoelectron Spectroscopy (XPS) Analysis

In order to confirm the chemical structure of CRA2 and CRA2F samples, XPS analysis
was performed, and the resultant spectra are shown in Figure 19. In can be noted that the
peaks related to C 1s, O 1s and N 1s appear in both survey spectra. The signal of carbon
and oxygen is associated with the structure of cellulose itself. Initially, the nitrogen peak
should not be present in the CRA2 sample, but its presence can be due to the use of nitric
acid in the extraction process, being a source of nitrogen in the reaction medium that was
incorporated into the cellulose structure. In addition, the use of thiourea in the CRA2F
sample causes that new signal corresponding to S 2p appears and that the nitrogen signal

presents additional contributions. Each region of spectra is explained in detail below.
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Figure 19 XPS surveys of CRA; and CRAzF samples.

C 1s XPS spectrum of CRA sample is illustrated in Figure 20, it shows four important
peaks, the first one at 284.9 eV corresponding with C-H or C-C groups, it appears at the
lowest binding energy, the second one at 286.3 eV is attributed to C-O group, the third
peak is due to O-C-O or C=0 groups at 287.7 eV, and the last one corresponds to O-C=0
at 288.9 eV in an ester group. These signals are consistent with the information obtained
from the characterization techniques mentioned above, which confirmed the esterification
of the cellulose®®. The modification process appears to be consistent with a Fischer
esterification, which proceeds by the reaction between a carboxylic acid and an alcohol
in the presence of a catalyst, under reflux, to form an ester®. In this project was used
HNO:s as the catalyst. The final structure of the cellulose after the esterification process,

that is, the esterified cellulose, is proposed to be that shown in Figure 21.
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Figure 20 C 1s XPS spectrum of the CRA; sample.
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Figure 21 Proposed structure of esterified cellulose.
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On the other hand, the CRA2F XPS spectrum in the carbon region shows additional two
peaks at 287.1 and 287.9 eV indicating the introduction of C-N and C=S groups®®,
respectively, as it can see in Figure 22. These signals are consistent with the information
provided by the FT-IR spectrum for CRAzF, in which the presence of signals related to
the mentioned bonds was evidenced. The obtained spectra in the nitrogen region, showed
in Figure 23 for both samples, it can be observed a strong peak at 398.5 eV for the CRA>
case due to N-O group associated with the use of HNOz in the extraction process, and for
CRA:F an additional contribution at 400.3 eV due to C-N group of the thiourea attached
was observed®. Finally, as was expected, the XPS spectrum of the CRA2F sample shows

only one peak in the sulfur region located at 162.1 eV 878 as it can see in Figure 24.
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Figure 22 C1s XPS spectrum of CRA2F sample.
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Figure 23 N 1s XPS spectrum of CRA; and CRAF samples.
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Figure 24 S 2p XPS spectrum of CRAF sample.

Only with the results obtained from different analyzes carried out, it was not possible to
determine the final structure for CRA; after the incorporation of thiourea, that is for
CRA:F. However, the different analyzes carried out seem to indicate that the binding of
thiourea to cellulose was through the nitrogen atom of the thiourea amino group, since
are the signals associated with the nitrogen-containing groups those presented the most
modifications in both FT-IR and XPS analyses, with respect to assignments for CRA2 and

with the values presented in the literature.

3.3 Ni(Il) Calibration Curve construction

The Ni(l1) calibration curve shown in Figure 25 was constructed from Ni(NO3) standard
solution with concentration ranged from 1 ppm to 10 ppm. For each standard solution, its

absorbance was measured three times and these values were finally plotted. For the linear

54



fit of these data, whose parameters are given in the inset of Figure 25, Pearson’s
coefficient (R-square) obtained showed a good value. The intercept and the slope values
allow estimating the concentration of the nickel (C) in the solution associated to

absorbance (Abs) value measure, using the following equation.
Abs = —0.03567 + 0.32454 C (8)

Furthermore, the limit of detection (LoD) and the quantitation limit (LoQ) were calculated
using Eq. 11 and Eq. 12 described in Annex E, which resulted in values 0.158 (mg/L)

and 1.041 (mg/L), respectively. These values allowed to explore low nickel concentration

values.
3,5
Equation y=a+b'x
Intercept -0,03567 + 0,01614
3,0 Slope 0,32454 + 0,00264
Pearson's r 0,99917
Adj. R-Square 0,99828
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Figure 25 Calibration curve of Ni(ll) using concentration from 1ppm to 10 ppm.

3.4 Adsorption process using cellulose-based adsorbents

3.4.2 Preliminary results of adsorption

Preliminary adsorption tests were performed using CS, CRA; and CRT samples, for
which the initial concentrations of Ni(ll) in solution was varied, while the amount of
adsorbent remained constant. For the case of CS, the results after maintaining the

adsorption process for one hour were not favorable, since the difference between initial

55



Ni(I1) concentration and the final equilibrium Ni(ll) concentration was very small. In this
case, the method used was not able to detect such variation, so that the adsorption

percentages are practically nil.

CRT and CRA: were the only samples that showed appreciable Ni(ll) adsorption values,
which are shown in Table 11. Although the CRT sample showed higher adsorption
percentages than CRA>, it was decided to continue working only with the CRA2 sample
because its extraction procedure has a lower environmental impact and its replicability is
more affordable. In subsequent tests, the behavior of the adsorbent was evaluated by
varying the parameters proposed in the preliminary studies. In addition, the CRA2 sample
also was treated with an organosulfur compound, which is thiourea, in order to modify
the chemical structure of cellulose with the purpose of increasing the adsorption capacity
of the sample. The analysis of CRA, and CRAF involved the use of techniques such as
13C NMR, TGA, SEM, and XPS, detailed above in Section 3.2.

Table 11 Preliminary results of Ni(ll) adsorption test using CRT and CRA; as adsorbents

CRT CRA;

Ni(ll) Ni(ll) . . . .
Initial Final NI 1 g iy | NIAD Final i N g0 wiegy

Adsorbed . amount Adsorbed .
amount amount amount (mg) Adsorption (M) amount (mg) Adsorption
(mg) (mg)
5.0695 3.2793 1.7901 35.3119 4.7052 0.36433 7.18670
2.0763 1.0189 1.0574 50.9249 1.6589 0.41743 20.1038
1.2384 0.4000 0.8383 67.6956 0.7923 0.44615 36.0246

3.4.3 Adsorption of Ni(ll) using CRA; and CRAzF samples.

The absorbance values of each Ni(ll) solution after contact with CRA; and CRA2F and
other important data are specified in Table 12 and Table 13, the errors associated with
these measures were found by applying the equations specified in Annex E. In this tests,
the adsorbent mass was varied, in order to determine the amount of adsorbent necessary
to achieve the best removal of the metal in solution, and the initial concentration of Ni(ll)
solution remained constant. After the nickel solution and adsorbent were in contact during
48 h, the concentration of the metal in the equilibrium (Ce) was obtained by measuring
the absorbance of the resulting solution (after it was separated from the solid) and using
the Eq. 8 to find the correspondence between absorbance values and the concentration of

the nickel in solution.
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In addition, it can be seen that the greater the amount of the adsorbent, the greater the
amount of Ni(ll) adsorbed. Furthermore, despite the use of thiourea to increase the
adsorption capacity of the adsorbent, there is no improvement of Ni(ll) adsorption by
CRAF. The ge variable shown in Table 12 and Table 13 refers to the adsorbed amount

of Ni(Il) per mass unit of the adsorbent.

Table 12 Data corresponding to adsorption of Ni(ll) using CRA; as adsorbent, evaluated at room
temperature during 48 h. The initial concentration of the nickel solution was 51.1 mg/L,

corresponding to an initial nickel mass of 1.278 mg.

CRA; Ab Nickel mass | Adsorbed | Adsorption | Adsorption
sorbance Cet2 . - ; !

mass * +0.0001 (mg/L) in solution nickel Capacity, ge | Percentage
0.1 (mg) (mg) mass (mg) | (mg/q) (%)
15.1 1.5120 48 1.1922 0.0858 5.7215 6.7
50.2 1.3064 41 1.0338 0.2442 4.8835 19.1
75.5 1.1974 38 0.9499 0.3281 4.3752 25.7
100.1 1.1363 36 0.9028 0.3752 3.7518 29.4
125.1 1.0548 34 0.8400 0.4380 3.5037 34.3
150.1 0.9788 31 0.7815 0.4965 3.3102 38.9
350.1 0.8287 27 0.6658 0.6122 1.7491 47.9

Table 13 Data corresponding to Ni(ll) adsorption using CRAF as adsorbent, evaluated at room
temperature during 48 h. The initial concentration of the nickel solution was 51.1 mg/L,

corresponding to an initial nickel mass of 1.278 mg.

Nickel - Adsorption
%Eng Absorbance | Cex2 mass in nﬁ:?(fe?rr?gzs C’; ds;zri[t)tlon Percentage
= | £0.0001 | (mg/L) | solution pacity, Qe (%)
0.1 (mg) (mg) (mg/g)
(mg)
50.2 1.2702 40 1.0059 0.2721 5.4418 21.29
75.4 1.2024 38 0.9537 0.3243 4.3238 25.37
100.3 1.0931 35 0.8695 0.4085 4.0852 31.97
125.3 1.0222 33 0.8149 0.4631 3.7048 36.24
150.1 0.9889 32 0.7892 0.4888 3.2583 38.24

It can be noticed that the nickel adsorption does not change notably for the different
cellulose-based adsorbents. This means that the structural modification of cellulose did
not contribute significantly to the nickel adsorption process, at least for the experimental

conditions tested.
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3.4.4 Adsorption Isotherms

The adsorption capacity can be evaluated by isotherms of adsorption, which are widely
employed for fitting the obtained data using a representation of the adsorbed amount of
nickel. As already mentioned, the isotherm of adsorption is expressed as milligrams of
adsorbed nickel per mass unit of adsorbent (ge) as a function of the equilibrium
concentration of nickel in solution (Ce). Some models of isotherm of adsorption have been
proposed, and the more convenient to represent the adsorption process depends on the
composition and structure of adsorbent, that condition the nature of the interaction

between adsorbate and adsorbent.

As an initial point in the evaluation of the adsorption process, it is worth mentioning that
the percentage of Ni(Il) removed from the solution proportionally increased with the mass
of adsorbent for both the CRA2 and CRA:F samples. This occurred because the available
surface for adsorption is larger, implying the presence of more active sites on which the
metal can be adsorbed. However, different behavior can be observed for ge, since this
value decreases as the amount of adsorbent increased. This could be due to the fact that
the adsorption capacity of CRA2 was not fully exploited when the amount of the adsorbent
was higher, that is, still there were active sites available for adsorption, implying a
decrease in ge. On the contrary, for the lower values of adsorbent mass, the surface tends
to saturate rapidly, therefore, ge increases®.

The results obtained after the Ni(ll) adsorption process were analyzed through the
Langmuir and Freundlich models trying to evaluate the adsorption process involved.
These two non-linear fits are shown in Figure 27 along with the obtained data, and it can
be noticed poor fits for both models. However, the situation changes if it is assumed that
some different mechanism is involved for concentrations less than 23 ppm of nickel for
the CRA: adsorbent, and from that value, the Langmuir model is better suited to
experimental data. The same approximation can be applied to the fit for the case of
CRAF samples but the displacement of the concentration is made up to 27 ppm.
Langmuir isotherms with these displacements in the nickel concentration are represented

in Figure 26.
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Figure 27 Nonlinear fit of Freundlich and Langmuir isotherms applied to CRAz and CRAF
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Figure 26 Langmuir isotherm applied to CRAz and CRA:F adsorption data with suitable
displacement in the Ni(ll) concentration.

Considering the assumption mentioned above valid, Langmuir model seems to better
describe nickel adsorption on the CRA2 and CRAF samples, although for the last case it
is less satisfactory. As additional information, it may be convenient to mention that the
extrapolation of fits for Langmuir model to concentration values at which the saturation
of monolayer is reached, reveals that the values analyzed in this work correspond to very
low values, far from the saturation region. These extrapolations of the Langmuir model
for both CRA2 and CRAF are shown in Figure 28. From these fits of the Langmuir
model, it is possible to estimate some characteristics of adsorbent, as for example the

adsorbent amount required to completely cover the surface by the formation of a
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monolayer (Qy), as well as the equilibrium constant (K ;) associated with the adsorption

process analyzed. The values for these parameters are given in Table 14.
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Figure 28 Extrapolation of the Langmuir isotherm for CRA; and CRA:F data.

Table 14 Langmuir model parameters for CRA; and CRAzF

Sample Langmuir model parameters Obtained values
Qo 9.6 mg/g
CRA;
K, 0.056 L/mg
Qo 7.23 mglg
CRAF
K, 0.175 L/mg

Deviations of the Langmuir model from the experimental data suggest heterogeneity in
the energy of the adsorbent surface, therefore, the possibility of physisorption in certain
areas of the fibers, in addition to chemisorption, is not ruled out. The physisorption
process can be justified by the fact that the Freundlich model fits relatively well for

experimental data, as can be seen in Figure 27.

According to literature, nickel behaves as a soft or hard acid, so it has the ability to form
bonds with S, N or O, with which Ni(ll) preferably forms octahedral or tetrahedral
complexes®. However, CRA; did not show a high adsorption capacity which may be
related to the fact that the acetylation in the sample was not complete, and as for the
CRA:F sample, the low thiourea concentration incorporated in it could affect significantly
to the adsorption capacity of this sample. In Table 14 are shown the obtained values for

the equilibrium constant (K;) of the adsorption process and the maximum adsorption
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capacity (Qg) for both CRA2 and CRA:F determined by fits of Langmuir model. These
values indicate that the CRA2 sample has a slightly higher capacity of nickel adsorption,
while the CRA:F, due to its higher K, showed a stronger interaction between nickel and

species on the surface of the cellulose sample.

After being in contact with nickel solutions, both CRA2-Ni and CRA2F-Ni were studied
by XPS, whose spectra can be seen in Figure 29. Unfortunately, the characteristic peaks
associated with the presence of the nickel were not appreciable, this could occur since the
amount of nickel in the sample subject to the analysis was less than 0.1%. However, there
are slight displacements of the peaks in the oxygen region for samples containing nickel,
as it can see in Figure 30, therefore, changes in the chemical environment of oxygen
could be assumed due to the presence of nickel in the cellulose structure, suggesting a

possible chemisorption.
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Figure 29 XPS Surveys of CRA; and CRAF after contact with the Ni (I1) solution.
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3.5 Applicability

According to the studies carried out and the characteristics that the prepared solid shows,
the installation of this bio adsorbent is proposed in the stage corresponding to the
filtration, as can be seen in Figure 31. Usually, the water treatment plants are equipped
with suitable sand filters®, the idea is to include a new layer that contributes to the
effective elimination of remnants of potentially toxic metals. However, the developed
adsorbent must continue even understudy, especially if it is necessary to increase its
efficiency in terms of metal capture in the shortest possible time and its potential

implementation at the industrial level.
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Figure 31 Scheme of the application of the bio adsorbent in a water treatment plant.
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

CONCLUSIONS

It was extracted cellulose from rose stems by two procedures, each one of them
involving different extraction solvents, and in both cases was confirmed by FT-
IR spectra the presence of lignin and hemicellulose that remain in the structure,
noticing the appearance of the peaks corresponding to bonds vibrations that not
are associated with cellulose, such as the C=C (1505 cm™), C-O (1260 cm'?), and
C-H (801 cm™) bonds. Furthermore, the presence of these species is also observed
in the micrographs, provided irregularity to the surface of extracted cellulose.
The two procedures used to obtain cellulose samples were compared in terms of
productivity and environmental impact. It is suggested that the procedure
executed to obtain CRA; sample corresponds to the one with the least impact on
the environment without require a high number of treatments, unlike the
procedure to obtain CRT, which involved the use of contaminating reagents and
several steps. Therefore, it was decided to work with CRA: for further studies.
Through the FT-IR, 13C NMR, and XPS techniques the acetylation of the cellulose
structure in CRA2 was confirmed, and a Fischer esterification was suggested as a
possible mechanism of reaction.

TGA analyses showed that CRAF is more thermally stable than CRA>, and
because XRD analysis confirmed a similar crystallinity for both samples, this
higher stability can be due to some change in the chemical structure.

Through the gas adsorption technique, the textural properties of the solid were
determined. According the textural analysis it was determined that CRA> and
CRA:F showed small specific surface area (Sget) and very small pore size (Dp),
so the samples are considered non-porous.

Preliminary results obtained from adsorption tests showed that standard cellulose
(CS) not present a notable capacity to adsorb Ni(ll), at least the method of
quantification used, based in the formation of the [Ni(dmg)s]> complex was not
able to detect the small variation of nickel concentration during the adsorption

process.
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The isotherms of Langmuir and Freundlich not fitted completely the experimental
data obtained by Ni(ll) adsorption test for CRA2 and CRA2F, however, with a
little modification in Langmuir model a better fit was obtained.

CRA: corresponds to a solid with a low adsorption capacity (ge) to adsorb nickel
from agueous solutions, reaching a maximum adsorption percentage of 47.9% and
a maximum adsorption capacity (Q,) of 7.58 mg Ni(I1)/gadsorbent.

Because the low percentage of thiourea incorporated to cellulose; that is in CRA2F
sample, its presence did not contribute significantly to improving the nickel

adsorption.

RECOMMENDATIONS

Study the behavior of the adsorbent by varying other parameters such as pH and
temperature of nickel solutions.

Improve the treatment of cellulose structure modification increasing the thiourea
concentration or varying the pH of the medium, that could contribute to enhance
the adsorption of metals.

Direct the extraction process until obtaining of nanocellulose, evaluate its specific
surface, and use it as a precursor of cellulose-based adsorbent.

For the implementation of the solid studied as a bio adsorbent in a water treatment
plant, it is necessary to evaluate its cost-benefit ratio.
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ANNEXES

ANNEX A: Biomass Treatment and solid samples preparation

Rose stem

Filtration and
Washed
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CRA:z Preparation

Filtration and
washed

Drying

Drying

Filtration and
Washed
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ANNEX C: Adsorption test of Ni(Il) and complex formation
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ANNEX D Used Reagents for each procedure.

CAS: 1310-732

Reagents Description Materials
Toluene (C7Hs) Universal support and
Reactivos RD clamps
COD: 220-2
Ethanol (CH3CH20H) Soxhlet, round bottom
NS, flask (150 mL),
condenser.
Solid preparation Sodium Hydroxide (NaOH) Beakers (500, 200, 100
AR® (ACS) mL)

Peroxide

30% (H20-)
Fisher Chemical
CAS: 7722-84-1

Buchner, filter paper (4-
12pm and 1-2um)

Distilled water N.S. Spatula, glass watch,
glass rod
Nitric Acid 65% (HNOs) Hot plate, thermometer
EMSURE®
1004562500
Acetic Acid (glacial) 100% (CH3OH) Magnetic stirrers.
EMSURE®
1000632500
Thiourea (CH4N,S) 99% Spatula, beaker (50 mL).
Functionalization of LOBA Chemie glass watch
CAS: 62-56-6
the solid. Ethanol (CH3CH20H) Container

Standard preparations
and
Adsorption test

Pure Nickel Strip

SIGMA-ALDRICH
99.95%

Volumetric pipette (25
mL), graduated pipette (1
mL, 5 mL),
micropipettes (0.1-1mL
and 0.5- 5mL) Pasteur
pipette

Nitric Acid (HNOs) 65% EMSURE® Beakers (50 mL).
1004562500 magnetic stirrers.
Distilled water N.S. Filter paper (4-12 pm. 1-
2 um)
containers

Bromine water
synthesis and
Dimethylglyoxime

preparation

Potassium Bromide

KBr SIGMA-ALDRICH
>99%
CAS: 7758-02-3

Two necks round bottom
flask. elbow. condenser

Sulfuric Acid

H,SO, BAKER®ACS

Spatula. test tube.

97.99% magnetic stirrers
CAS:7664-93-9
Hydrogen peroxide 30% H,0; Hot plate
Distilled water N.S. Erlenmeyer (250 mL)

Dimethylglyoxime

C4HgN202 SIGMA-
ALDRICH
CAS: 95-45-4

Beaker (500 mL). test
tube.

Ethanol

(CH3CH:0OH)
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Bromine water Graduated pipette (1 mL)
Dimethyl glyoxime Micropipettes (P1000)
1%
Complex Formation Ammonium NH,OH Pasteur pipette

Hydroxide Fisher Chemical
CAS: 1336-21-6

Distilled water N.S. Volumetric flask (10, 50

mL)

ANNEX Errors calculation

The determination of the concentration of Ni(ll) in solution is subject to error due to
interpolation. Eq. (9) is used to determine it.

S0 = Sy%\/ wtat bz(gf(;iy—);)z ®)
In this equation. y, is the experimental value of the absorbance from which the
concentration value x,is calculated, S, is the estimated standard deviation of x,, b is the
value of the slope obtained in the calibration curve, m the number of times the absorbance
was measured for each standard, n is the number of prepared standards, and y is the
average of all absorbances measured, x; is the concentration of the standard, and x is the
average of the concentrations®. Furthermore, the errors are also attributed to the use of
the instrument, so, in order to calculate the global error, Eq. (10) corresponding to the

propagation of errors will be used.

v @) (®) () (1)

Confidence limits can be calculated as x, % t(,—2)Sy, . With (n -2) degrees of freedom®*.

The confidence level used will be 95% corresponding to a t-statistic value of 2.36.
Furthermore, the limit of detection (LoD) is calculated as:

LoD = VB + 353 ) (11)

where yj is the concentration giving a signal equal to the blank and Sy correspond to the
standard deviations of the blank. Finally, the limit of quantification, defined as the lower

limit for precise quantitative measurements®? is calculated using Eq. 12
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