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RESUMEN

El cromo es un metal potencialmente toxico presente en el agua y el agua subterranea
debido a factores naturales y antropogénicos. En este estudio, la celulosa cristalina
extraida de la cascara de arroz se modificd para adaptar la estructura y las funcionalidades
de la superficie para mejorar su capacidad de adsorcion de Cr (V). Se obtuvo celulosa
cristalina (indice de cristalinidad del 72.5%) después de un tratamiento alcalino, y luego
se sometio a un proceso de blanqueamiento para eliminar compuestos fenolicos como
lignina y hemicelulosa. La celulosa se modificd mediante la adicion de grupos amina
utilizando polietilenimina (PEI) y glutaraldehido (GA) como reticulante. Se obtuvieron
tres diferentes bioadsorbentes funcionalizados y las técnicas de caracterizacion FTIR-
ATR, XRD, SEM-EDS y XPS confirmaron que la celulosa se ha funcionalizado con
grupos amina. Se evalud las capacidades de adsorcién y cinética de adsorcion,
encontrando capacidades de adsorcion alrededor de 90 mg g, y velocidades de transporte
de Cr (VI) desde la fase liquida a la fase solida en los bioadsorbentes estudiados fueron
alrededor de 0.02 s, las cuales son lo suficientemente rapidas para sugerir el uso de este

adsorbente para el tratamiento de aguas enriquecidas con Cr (V1).
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Cascarilla de arroz, celulosa, bioadsorbetnes, polietilenimina (PEI), adsorcion,

glutaraldehido (GA), modificacion.



ABSTRACT

Chromium is a potentially toxic metal present in water and groundwater because of
natural and anthropogenic factors. In this study, crystalline cellulose extracted from rice
husk, was modified to tailor the structure and surface functionalities to improve its Cr
(V1) adsorption capacity. Crystalline cellulose (crystallinity index of 72.5%) was obtained
after alkaline treatment, and then it was subjected to a bleaching process to remove
phenolic compounds as lignin and hemicellulose. Cellulose was modified by adding
amine groups using polyethyleneimine (PEI) and glutaraldehyde (GA) as a crosslinker.
Three different functionalized bioadsorbents were obtained, and FTIR-ATR, XRD, SEM-
EDS, and XPS characterization techniques confirmed that cellulose has been
functionalized with amine groups. Their adsorption capacities and adsorption kinetics
were evaluated, finding adsorption capacities about 90 mg g, and velocities of Cr (V1)
transport from the liquid phase to solid phase in the bioadsorbents studied around 0.02 s
! which are rapid enough to suggest the use of this adsorbent for the treatment of water
enriched with Cr (VI).

Keywords

Rice husk, cellulose, bioadsorbents, polyethyleneimine (PEI), adsorption, glutaraldehyde
(GA), modification.



ABREVIATIONS
CNF: Cellulose Nanofibrils
CNC: Cellulose Nanocrystals
CMF: Carboxymethylated Cellulose Fiber
BC: Bacterial Cellulose
RH: Rice Husk
SA: Silica Aerogels
APTES: (3-Aminopropyl) triethoxysilane
GA: Glutaraldehyde
PEI: Polyethyleneimine
bPEI: Branched PEI
EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
FTIR-ATR: Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance
XRD: X-Ray Diffraction
SEM: Scanning Electron Microscope
EDS: Energy Dispersive Spectroscopy
XPS: X-Ray Photoelectron Spectroscopy
UV-Vis: Ultraviolet—Visible Spectroscopy
K-FCPG: Functionalized Cellulose with bPEI and GA
K-APTES: Modified cellulose with APTES
K-CMC: Carboxymethyl Cellulose
K-CCFCPG: Carboxymethyl Cellulose was Functionalized with bPEI and GA
K-AFCPG: Modified cellulose with APTES and Functionalized with bPEI and GA
K-PGG: Functionalized Cellulose with bPEI and GA (drop by drop)

K-AGG: Modified cellulose with APTES and Functionalized with bPEI and GA (drop
by drop)

Crl: Crystallinity Index
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CHAPTER |

1. Introduction — Justification

Water pollution has become a major source of concern and a priority for researchers in
the last few years due to water quality being closely related to human health.! Some
causes of water pollution are industrial wastes, mining activities, sewage, pesticides,
chemical fertilizers, energy use, radioactive waste, and heavy metals.? Heavy metals can
be emitted into the environment by natural and anthropogenic causes. The significant
anthropogenic sources are mining operations, electroplating, metallurgy, chemical plants,
agriculture, etc. For that, heavy metals are considered one of the most important polluting,
especially for developing countries.®> Some heavy metals have bio-importance as trace
elements. However, the biotoxic effects in human biochemistry are of concern principally
for the ingestion through contaminated marine animals. High concentrations are known
to produce a range of toxic effects as encephalopathy, cognitive impairment, behavioral

disturbances, kidney damage, anemia, and toxicity to the reproductive system.*

Also, heavy metals are persistent environmental contaminants since they cannot be
degraded or destroyed. Some of the most important are: Pb, Cd, Zn, Hg, As, Ag, Cr, Cu,
and Fe.® Pb, Cr, and Cd are highly toxic that can negatively affect the environment and
living beings. Cr (V1) is a priority pollutant that can penetrate the cell wall, and it is
genetically toxic, mutagenic, and carcinogenic.® The forms of chromium that most
commonly occur in natural waters are trivalent chromium Cr (I1l) and hexavalent
chromium Cr (VI). Additionally, the Cr (VI) exists mainly as chromate ion (CrOs*"),
dichromate ion (Cr.07*"), hydrogen chromate ion (HCrO4"), and chromic acid (H2CrOa),
depending on the Cr concentration and pH in solution. Cr (V1) is considered much more
toxic than Cr (I11) when it exists as CrO4>, HCrO4~, and Cr,07*" due to having higher
solubility and mobility.”

According to the World Health Organization (WHO), the maximum allowable limit for
chromium in drinking water is 0.05 mg/ L.2 However, in 2020, analyzed the quality of
water in three cities of Ecuador, Quito, Ibarra, Guayaquil, through the heavy metal

pollution index (HPI) analysis. The studies determined the presence of heavy metals in




School of Chemical Sciences and Engineering Yachay Tech

surface waters, sediments, fish, soils, and crops.* Also, the showed that water sources in

Guayaquil have Pb and Cr above WHO recommended values.®

The technologies most used to treat Cr (V1) are chemical precipitation, reverse osmosis,
ion exchange, extraction, and adsorption®’. Adsorption has been considered the most
promising option due to its advantages. The most common adsorbents are activated
carbon, inorganic materials, and natural materials or wastes. During the last years,
adsorbents produced from natural materials have extensive attention because of their high

efficiency and low cost to Cr (V1) adsorption.
1.1. Biadsorbents

Adsorption is the most promising technology for water-contaminated treatment due to its
high efficiency, ease of operation, and economic advantages. The greatest advantage of
the adsorption method is that by-products, such as sludge, are not generated. To select a
better adsorbent for removing water contaminants depends on concentration, type of
pollutant, and efficiency for the pollutant.** Therefore, in the last years , some adsorbents
have been developed, such as activated carbon, nanoparticles, zeolite, clay, ion

exchangers, bark, biomass, lignin, metal-organic frameworks, and polymers.

The worrying environmental impact has generated great interest in developing
engineering products based on natural resources. The natural polymers are effective bio-
adsorbent for the removal of various dyes and heavy metals because they are
biodegradable, low-cost, and non-toxic, making them a potential material.*?> The use of
cellulose has been highlighted as one of the most abundant sources among natural

polymers.
1.2. Cellulose

Cellulose is renewable polysaccharide, biodegradable, inexpensive, and the most
abundant on earth. Cellulose (CeH100s)n is a linear polysaccharide composed of repeating
units, which chemical structure can be seen in Figure 1. Also, its comprised of two
anhydro glucose rings linked by oxygen in covalently bonded to C1 of one glucose ring
and Ca of the adjoining ring so-called B (1 — 4) glycosidic bonds.® Cellulose can be
synthesized by microorganisms or can be extracted from a different natural sources.'* The
natural source include cotton, hardwoods and softwoods, flax, hemp, jute, ramie, grasses,

bagasse, bamboo, rice husk, sugar beet, wood pulp, bacteria, rice straw and algae biomass.
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1518 Cellulose serves as a structural material within the plant cell walls with variation in
its content. It can be since 40 % to 90 % how is in the case of cotton seed hairs that is

considered as a pure source with 90.9 % cellulose content.®

HO
° HO P
ot
HO
OH o)
HO

— n

Figure 1. Cellulose

From cellulose can obtain cellulose nanofibrils (CNF), cellulose nanocrystals (CNC), and

bacterial cellulose (BC) have different production and morphology.

CNF are three-dimensional networks formed from the assembly of glucose molecules
through Van der Waals interactions. Furthermore, CNF can be produced through some
techniques such as electrospinning, refining, homogenization, grinding, cryocrushing,
ultrasonication, and steam explosion.*® These cellulose chains are consist of two regions:
one region is highly ordered structure/crystalline and the other region is
disordered/amorphous. The crystalline region extracted from cellulose microfibrils

resulting in cellulose nanocrystals (CNC).%

CNC combine important cellulose properties, such as hydrophilicity, high surface area,
crystalline character, excellent mechanical, tensile strength and high degree of
modification.?! CNCs are obtained via strong acid hydrolysis and can provide low-cost,

sustainable, and eco-friendly materials for various applications.

Bacterial cellulose (BC) or microbial cellulose is obtained from certain bacteria via an
approach involving enzymatic polymerization of glucose. BC is composed of nano-sized
fibrils of around 20-100 nm diameter. BC is characterized by a high water-holding
capacity due to being very hydrophilic, high degree of crystallinity, and is free from lignin

and hemicellulose.?%3
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1.3. Cellulose from Biomass

Rice is the priority food of the agribusiness, and it is food consumed by approximately
half of the seven billion inhabitants of the world, for which a large amount of waste is
generated.?* Rice activity can reach a world production of 670 million tons of rice, of
which 91 % is harvested in Asia, 5 % in America, 3% in Africa and the remaining 1 %
in Europe.?® In 2019, Ecuador production was 1.099.686 tonnes,?® which represents 30.8
%?2’ of the total area sowed. Rice husk (RH) is a by-product of industrial processing and

represents 25 wt%.

Rice farmers contribute at the environmental contamination due to they collect the natural
waste to dispose of it by burning it in the open air or throwing it into lakes or rivers. In
the case of rice waste, burning the rice husk generates dust that contributes to the
greenhouse effect.® The ashes from RH are rich in silicon with levels of 64.5 % that
directly affect humans. Also, the high levels cause gastric problems and later kidney

stones.?®

Rice husk composition (Table 1) allow to know some applications such as the synthesis
of zeolitic materials, oxide-free ceramics, silica aerogels (SA), and mesoporous carbon.
It can be practical solutions to mitigate the contamination by rice waste. However the
most viable solution is using RH as a cellulose source due to its high content.*® The
cellulose obtained from RH has several advantages since it is abundant, non-toxic,
resistant, and chemical treatments can modify the surface to improve specific properties.®
Also, depending on the chemical treatment, it may have selectivity for particular
applications. RH as a source of cellulose acquires added value and mitigates the impact

of agro-industrial waste.
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Table 1. Rice Husk Composition

Composition Percentage Reference
Cellulose 28.6 % - 41.5 % 6.25
Hemicellulose 14 % - 28.6 % 25.28
Lignin 204 % -33.7% 6.25,30,31
Silica 15%-20% 6.28
Proteins 20%-2.8% 32
Fats 0.3%-0.8% 81
Crude fiber 34.5%-45.9 % 3
Moisture 10 % - 15 % 6
C 30 % - 50.5 % 25
H 4.4 % —6.6 % 25
0] 35.2 % -59.5% 25
N 0.05% 4.3 % 25
S 0.0% -0.6% 25

In this work, cellulose was extracted from the rice husk though chemical treatment. Them
cellulose was modified and functionalized by PEI and GA like cross-linking. Three
bioadsorbents were synthesized using different modification processes to later be
functionalized. Bioadsorbents were characterized by FTIR-ATR, XRD, SEM, EDS, and
XPS. In addition, the adsorption capacity of the bioadsorbents was determined using and
UV-Vis spectroscopy. Finally, the adsorption Kinetics were evaluated in the

bioadsorbents that have the highest adsorption capacity of Cr (V1) in water.
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2. Problem Statement

In the last years, Cr (VI) levels have increased in the water due to sources of
anthropogenic origin such as metalliferous mining, agricultural materials, waste disposal
landfill leachate, electronics, paints, and pigments.®® Water pollution is a serious issue
because it directly affects the well-being of living beings. According to studies carried
out in Ecuador, results determined that the presence of Cr (VI) in human biochemistry
has resulted from ingestion of food contaminated with this heavy metal. The use of
cellulose-based adsorbents has shown advantages over technologies for the treatment of
Cr (VI). That is why this work evaluates the capacity of a new adsorbent material proposal
for treating Cr (V1) based on natural resources to improve the efficiency of conventional
absorbents. Also, the rice husk is a waste of rice industry that is burned or disposed of in

rivers causing a serious damage to the environment.

3. Objectives
3.1. General Objective

To prepare and characterize crystalline cellulose modified from rice husk for the

adsorption of Cr (VI) present in water.

3.2. Specific Objectives

e To obtain crystalline cellulose from rice husk through alkaline treatment and a
bleaching process.

e To prepare bioadsorbents from cellulose obtained to give value to the biomass.

e To functionalize the cellulose surface through the addition of amino groups by
PEI.

e To test and characterize several modification methods based on the cellulose
obtained to evaluate the adsorption capacity.

e To determine the best bioadsorbent proposal for the removal of Cr (V1) in water.
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CHAPTER II

4. Theoretical Background
4.1. Cellulose Surface-Modified

Nowadays, the impact of water pollution has generated the development of new materials
and techniques for the treatment of heavy metals e.g. (Pb, Cd, Zn, Hg, As, Ag, Cr, Cu,
Fe)®. Adsorbents produced from biomass, especially cellulose base biomaterials are the
most used because of their excellent physical, chemical, and mechanical properties.
However, the cellulose surface requires chemical modifications to improve the adsorption
capacity and physicochemical properties. The treatments for the modification of cellulose
are esterification, etherification, halogenation, amidation, carboxymethylation, oxidation,

sulphonation , phosphorilation and silylation (Figure 2). 3*

~ n

Figure 2. Different chemical functionalization of cellulose®
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Some examples of modified cellulose are phosphorylated nanocelluloses,® cellulose
microsphere,® carboxy cellulose nanofibers (CNF) ,*” microcrystalline cellulose-based
porous material,® tricarboxylic cellulose,® carboxymethylated cellulose fiber (CMF),*
organic-inorganic bionanocomposite,® poly(acryloyl hydrazide)-grafted cellulose
nanocrystal particles (CNC-PAH) ,** magnetic carboxymethyl chitosan nanoparticles,*?
and microcrystalline cellulose. Modifications in the cellulose surface cause an increase in
its reactivity in the chemical environment and facilitates the interaction with the other

components of the mixture.

Amino groups functionalized adsorbents have an excellent ability to extract Cr (V1) from
aqueous solution.6 Polyethyleneimine (PEI) has been considered as a source of amino
groups to improve their chemical and physical properties due to PEI has strong binding
affinity for various metals due to the existence of primary and secondary amine groups.
Below are several synthetic strategies of cellulose—PEIl composites. It is based on a
compilation of information by Riva et al.** An alternative functionalization is the use of
cross-linking with epichlorohydrin (EPI) and glutaraldehyde (GA) that allows a
significant reduction in the reaction time and guarantees a more homogeneous heating of
the mixture. Figure 3 show the formation of the cellulose—PEI composites using

crosslinkers.

O
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Figure 3. Cross-linking cellulose—PEI in the presence of (A) GA and (B) EP143
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On the other hand, cellulose functionalization in the absence of crosslinking could also
occur with the wuse of condensing agents such as EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide). EDC is capable of promoting the formation of
amide bonds between amines from PEI and the carboxyl groups of cellulose oxidized
with TEMPO. The advantage of this synthetic route lies in the possibility of operating at

room temperature

Another pathway is to take advantage of the reactivity of active site-bearing silane
derivatives, which can promote the formation of covalent bonds between cellulose
hydroxyl and PEI amino groups (Figure 4). This grafting strategy allows the introduction
of epoxy groups, which in turn can react with the amines present in PEL.* Cellulose
functionalization should be considered essential to make it a powerful material,

improving its structure for the elimination of Cr (VI).
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Figure 4. Preparation of cellulose—PEI xerogel scaffolds™®®
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4.2. Adsorption Kinetic Models

Adsorption kinetic models are used to evaluate the performance of the adsorbent and to
examine the mechanisms of adsorption. The process of mass transfer during adsorption

has been summarized in three steps as show in Figure 5.4

Adsorbate

Mass transfer steps

1: BExternal
diffusion
* 2 Internal
, diffusion
3: Adsorption
on active sites

Adsorbent

Figure 5. Schematic of the process of mass transfer during adsorption44

(1) External diffusion. The adsorbate diffuses through the thin liquid film around the
adsorbent, driving by the difference in chemical potential between the adsorbate
in the bulk solution and the adsorbate at the surface of the adsorbent.

(2) Internal diffusion. The adsorbate diffuses in the pores of the adsorbent.

(3) Adsorption of the adsorbate in the active sites of the adsorbent.

4.2.1. Adsorption Reaction Models

Different adsorption reaction models have been used to investigate the adsorption kinetic
process. These models include: (1) empiric models (without specifical physical meaning),
(2) external diffusion models, which assume that the slowest step in the process is the
diffusion of adsorbate from the bulk solution and through a boundary liquid film around
the adsorbent, (3) internal diffusion models, which assume that the diffusion of adsorbate
within adsorbent is the slowest step, (4) adsorption onto active sites models, which

assume that the adsorption onto active site is the slowest step.**

10
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For far, the most applied models are the pseudo-first-order model (PFO), the pseudo-
second-order model (PSO), the Ritchie equation, the Elovich model, and the
phenomenological models of mass transfer to describe the kinetic process of adsorption.**

Due to its simplicity, the linear regression method is the most widely used to fit data and
obtain the parameters of adsorption models. However, the linearization process could
introduce propagate errors to the independent/dependent variables, causing inaccuracy in
the estimation of the parameters that is why it is advisable to use a nonlinear method to

obtain consistent and accurate estimations for model parameters.*®

11
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4.3. Experimental Characterization Techniques

4.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infrared (FTIR) spectroscopy is a method for the quantitative
analysis of complex mixtures. IR radiation is passed through a sample but some of the
radiation is absorbed and some of it is transmitted. An IR spectrum represents the
fingerprint of a sample, with absorption peaks that correspond to the frequencies of
vibrations between the bonds of the atoms making up the material. Each material has a
unique composition and different arrangement of atoms, and no two compounds produce
the same IR spectrum. In addition, the size of a peak in the spectrum is an indicator of the
amount of material present. Therefore, IR spectroscopy can result in a qualitative analysis
of every kind of material, and with modern software algorithms, IR is an excellent tool

for quantitative analysis.*®
4.3.2. X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) is an analytical technique that is used mainly for the evaluation
and quantification of the type and degree of crystallinity present in a material, providing
information on its structure.*” However, the powder XRD technique is the most widely
used because of the ease with which it is performed and because it is a quick and accurate

way to identify a mineral or mineral mixture.*®
4.3.3. Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope (SEM) allows the characterization and morphology
analysis of the microstructure of organic and inorganic materials from micrometer to
nanometer scale.*®>® SEM irradiates with a fine focusing electron beam in the area to be
micro analyze and the detector recover the signals.> Some characteristics of SEM, high
resolution, dynamic magnification range, microanalysis, and a greater depth of field that

allows to obtaining images of rough sample surfaces.>

Furthermore, energy dispersive spectroscopy (EDS) provides images of elemental
distribution within a specific area correlated with the SEM images. EDS is used to identify
existing elements and corresponding atomic proportions at the surface of functionalized

cellulose.

12
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4.3.4. Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy is a technique widely used for the characterization of materials that
encompasses absorption spectroscopy and reflectance spectroscopy in the UV-Vis
spectral region. Several UV-Vis configurations are available, including transmission,
diffuse reflectance, and absorption. Also, with the help of the UV—Vis spectrum, the
mechanism of complexation between templates, monomer, and cross-linker during
polymerization can also be better understood. It has been observed that after
complexation, an absorbance shift toward shorter wavelengths takes place.>® Molecules
containing p-electrons or non-bonding electrons (n-electrons) can absorb ultraviolet or
visible light energy and be excited to higher anti-bonding molecular orbitals. Generally,
UV-Vis spectroscopy is used to determine elemental concentrations quantitatively in a

solution according to Beer—Lambert law:>*

Iy
A= L09107 = ecL (1)

where:

A = measured absorbance

I, = intensity of the incident light

I = transmitted intensity

L = length through the sample

¢ =concentration of the absorbing specie
€ = molar absorptivity constant

4.3.5. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an indispensable technique in surface and
materials science for the determination of chemical bonding by the analysis of oxidation
states of each component. XPS is moreover referred to as a fingerprint technique, as each
element has a unique set of associated core-level peaks that allow their identification.*
XPS is the most widely used vacuum technique for chemically analyzing surfaces, can
detect all the elements except hydrogen and helium, and through chemical shifts, it

provides chemical state information about the elements.

13
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CHAPTER 111

5. Methodology
5.1. Materials, Reagents and Equipment

The rice husk was obtained of Quito-Sierra region of Ecuador. The reagents used during
the development of this work are specified in Table 2, which was obtained in a particular
way from advisors and was completed with the School of Chemical Sciences and
Engineering resources. The equipment used was a hot plate magnetic stirrer, centrifuge
(Centrifuge Centronic BLT), oven, coffee grinder (DAEWOO DCG-362), fume

cupboard, which were used to complete the procedure.

Table 2. Reagents

Reagents Description
) ) (NaOH)
Sodium Hydroxide
CAS:1310-73-2
) ) (NaClOy)
Sodium Chlorite
CAS:7758-19-2
) ) (CH3CO2H)
Acetic Acid
CAS:64-19-7
L. (H20)
Distilled Water
CAS:7732-18-5
OHC(CH)sCHO
Glutaraldehyde
CAS:111-30-8

H(NHCH2CH2)n NH:
CAS:25987-06-8
(C2HsOH) 96 %

Branched Polyethylenimine

Ethanol
CAS:64-17-5
(3-Ami 1) trieth i H2N(CH2)3 Si(OCzHs)3
-Aminopro riethoxysilane

Propy Y CAS:919-30-2

) . CICH,COOH

Chloroacetic Acid

CAS:79-11-8

14
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5.2. Extraction and Purification of Cellulose from Rice Husk

First of all, the RH dry was ground in a coffee grinder and sifted in different diameters
and mesh (Figure 6B). To cellulose obtain was used two sizes: ground RH (Figure 6C)
without sifted and RH powder. The delignification and bleached treatment of RH was
according to Oliveira et al.>® and the Johar et al.?® with some modification. The changes

were in proportions of reagents, methodology, and reaction time.

= ==

e

Figure 6. (A) Rice Husk, (B) Sieve, (C) Ground RH

5.2.1. Removal of Impurities: Alkaline Treatment

The RH was subjected to alkaline treatment to remove lignin and hemicellulose. 30 g of
ground RH was treated with 600 mL NaOH (5 wt%). The mixture was transferred into an
Erlenmeyer under magnetic stirring constantly at 80 °C for 4 h. In the end, the product
was neutralized until pH of 7 and centrifuge three runs at 2500 rpm for 10 min with
distilled water and dried at 40 °C in the oven.

5.2.2. Purification of Crude Cellulose: Cellulose Bleaching

The bleaching process was completed by removing the lignin from the RH obtained in
the alkaline treatment. In an Erlenmeyer added the previously treated RH, 18 g sodium
chlorite (NaClO>), 12 mL glacial acetic acid (CH3COOH), and 975 mL distilled water at
70 °C for 3 h and stirring continually. Each hour added the same volume of CH3COOH
and NaClO to the mixture. The mixture was cold, and centrifuge three runs at 2500 rpm

for 10 min with distilled water and dried at 40 °C in the oven.

15
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5.3. Preparation of Bioadsorbents

For the modification and functionalization of the cellulose surface, three different
processes were used. Two processes were based on the previous works by Chen et al.,*
Neves et al.,*® Boufi et al.,* and Shui et al.®® with some modifications in concentrations
of reagents, methodology, time and reagents. The last process is a proposal of two-step.
In the first step, cellulose is modified with APTES and in the second step, cellulose
modified is functionalized with bPEI. This process has the aim to increase the active sites

in the structure to improve the adsorption process.
5.3.1. Synthesis Functionalized Cellulose with bPEI (K-FCPG)

Functionalized cellulose with bPEI and GA as a crosslinking agent. This functionalization
process was repeated for each modified cellulose with the name "FCPG". Procedure
reported by Chen et al.>” was followed with some modifications. Briefly, 1 g of cellulose
was dispersed in 100 mL of distilled water under magnetic stirring for 16 h at room
temperature. This process was to increase the superficial area of cellulose for preparate
of functionalization. At the end of the time, 1 g bPEI was added into the suspension in
stirring continuously and heated to 45 °C to add 1.5 g of GA in vigorous stirring for 3 h.
Finally, the product was centrifuged for three runs at 2500 rpm for 10 min with distilled
water. Then, the residue was dried at 40 °C in the oven Figure 7 shows the schematic way

of the .
H,0 (CeHhyPs), 1) PEI  2) CsHgO2 CENTRIFUGE

s= 2500 rpm
t=10 min

W

e

K-FCPG T=40°C

Figure 7. Schematic illustration of the synthesis of K-FCPG
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5.3.2. Synthesis of APTES Modified Cellulose (K-APTES)

The modified cellulose with APTES was following the procedure according to Neves et
al.%® and Boufi et al.>® with some changes. The first step is the hydrolysis of APTES was
done with 5 mL APTES and 100 mL distilled water. The solution was acidified with
CHsCOOH to a pH of 4 under magnetic stirred for 30 min. Then, add 1 g cellulose to the
mixture and dispersed in an ultrasonic bath for 10 min at 25 °C. After, the mixture was
stirred for 2 h at room temperature. The cellulose modified was centrifuge two runs at
2500 rpm for 10 min with distilled water to dispersed and in the oven at 105 °C for 15
min to perform the reaction. After 15 min at oven, the modified cellulose was centrifuged
three times, two washed with CoHsOH (96 %) and one time with distilled water to remove
unreacted APTES. The solid residue was dried at 40 °C in the oven and stored. Figure 8.a

show schematic illustration of K-APTES obtention.

APTES H.0
: ' (Csth )y

/ CENTRIFUGE DISPERSED

d =

S
<

t= 10 min

CENTRIFUGE
- |
. N -
L . T=105'C
s= 2500 rpm t=15min
t= 10 min

K-APTES

Figure 8. (A) Schematic illustration of the synthesis of K-APTES
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5.3.3. Synthesis of Carboxymethyl Cellulose (K-CMC) and Functionalized
with bPEI (K-CCFCPG)

The synthesis of the K-CMC procedure can be described in three steps alkalization,
etherification, and neutralization. The procedure reported by Shui et al.%° was followed
with some modifications. 1 g bleached cellulose was treated with 1g NaOH (50 wt%)
solution and 10 mL distilled water for alkalization use. Then, the beaker was covered and
left in the water bath at 35 °C for 1h under slow stirring. After that, prepare a premix of
1 g NaOH (50 wt%) solution with 1.6 g chloroacetic acid. The premix was diluted in 35
mL ethanol (95 vol%) and added to the beaker. The solution was heated at 75 °C for 1.5
h to 2500 rpm for cellulose etherification. In the end, the mixture was cooled and
neutralizing with hydrochloric acid, centrifugate three times with ethanol (95 vol%).
Finally, the solid residue was dried at 40 °C in the oven. After synthesis, K-CMC was
functionalized through the FCPG process (Figure 9) and was stored with the K-CCFCPG

name.
ALKALIZATION

(cHL), NOH  H0 NaOH
E C,H-0H | CoH4CIO; ETHERIFICATION

Nt N

i"i\

T-757C
PREMIX T- 75
pH= 11
Hel
- Y CENTRIFUGE /
) B
5 o « - & -
T=40°C —
5= 2500 rpm NEUTRALIZE
t=10 min

K-CCFCPG

Figure 9. Schematic illustration of the synthesis of K-CMC and K-CCFCPG
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5.3.4. Synthesis Functionalized Cellulose with bPEI (K-AFCPG)

K-AFCPG is a new material that was synthesized in two steps. The first step was the
modification of K-APTES (Figure 8.a), and the second step was functionalized with bPEI
and GA. Figure 10.b show the synthesis for the second part. Following the FCPG
procedure. 1 g of K-APTES was dispersed in 100 mL of distilled water under magnetic
stirring. Then bPEI was added and heat at 40 °C to then Glu added. After 3 h, the product

centrifuged for three runs with distilled water. The solid was dried at 40 °C and stored.

K-APTES 1) PEI - . (CHz02)n

% \/ \/ CENTRIFUGE

t= 10 min

T=40°C

K-AFCPG

Figure 10. Schematic illustration of the synthesis of K-AFCPG
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5.4. Design of Adsorption Experiments
5.4.1. Kinetic Batch Studies on Cr (V1) Adsorption

A series of batch experiments were programmed, where 100 ppm of Cr (V1) solution was
added 5 mL on volumetric flasks that containing 5, 10, 15, and 20 mg of K-FCPG. The
same process was used to K-AFCPG, and K-CCFCPG. Table 3 show the specific weight
used for the experiment in each case. All experiments were performed under ambient
conditions and samples were gently shaken by hand during the measurement time, to
establish adsorption equilibrium. Then, 3 mL of the liquid phase of each solution obtained
were added to a quartz cell, light absorbance of the samples was measured at 352 nm
using a spectrophotometer, and the results were used to calculate the amount of adsorption

perused sorbents, at equilibrium (qge).

Table 3. Specific weight used for the batch experiment

Batch Experiments

Materials 5mg 10 mg 15 mg 20 mg
K-AFCPG 5.1 mg 10.0 mg 15.5mg 20.5 mg

K-FCPG 5.7 mg 10.3 mg 15.2 mg 20.7 mg
K-CCFCPG - - 15.3 mg -
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5.4.2. Data Analysis of Adsorption Kinetics

Nine different kinetic models* were considered to describe the data. In Table 4, the

differential and integrated form of the equations for each model is showed.

Table 4. Kinetics Models

Models Differential equation Integrated form
Pseudo first dq; _ Kt
order PFO E - kl(qe - qt) q: = Qe(l et )

Pseudo 2

d kot
second order Mt _ (g, — ) g = —e 2"
dq;
Mix order | d¢ k1 (qe = q0) -
+ kZ (qe — Qt)z
Elovich e _ 4 pba !
ovic o = ae t q: = Elog(l + abt)
Boyd’s d
external 2 R(Ge — q0) Qe = G0 (1 — %)
diffusion dt
Ce
Co
Frusawa and ] __ 1
Smith 1+mgK
mSK e—%kp&sst
1+ mgK

Boyd’s 2
. . T
intraparticle - Bt=—In—(1-F)

diffusion 6
Weber and 1
- — /2
Morris qe = kwamt
dq mq
d_tt =kq (CO - Tt) (Gmax
Langmuir k -
a
qc) K,

The abbreviations of equations are:

a Initial adsorption rate constant of the Elovich model (mg-g %)

A Constant of the Boyd’s equation

b Desorption rate constant of the Elovich model (g-mg 1)

B Boyd’s coefficient (min-h™?)

Co Initial adsorbate concentration (mg-L™?)
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C. Equilibrium adsorbate concentration (mg-L™?)
CtAdsorbate concentration at time t (mg-L ™)

ki Pseudo-first-order rate constant (min™?)

Kz Pseudo-second-order rate constant (min™?)

Ka Adsorption rate constant (L-mg*-mint)

kres Mass transfer coefficient between the bulk liquid and the surface of the adsorbent
(cm-min?)

K. Langmuir constant (L-mg 1)

Kwewm Intraparticle diffusion coefficient (mg-g-min~22)

ms Mass of adsorbent per unit volume of solution (g-L™%)
0 Equilibrium adsorption capacity at infinite time (mg-g 1)
(el Calculated adsorption capacity (mg-L™1)

de Adsorption capacity at equilibrium (mg-L ™)

det Equilibrium adsorption capacity in the pores of the adsorbent (mg-g %)
Oexp EXperimental adsorption capacity (mg-L ™)

gm Maximum adsorption capacity (mg-g %)

Omax Langmuir constant (mg-g 1)

q: Adsorbed amount of the adsorbate at time t (mg-L™)

t Adsorption time (min)

V Solution volume (L)

22



School of Chemical Sciences and Engineering Yachay Tech

5.5. Characterization Techniques
5.5.1. Fourier Transform Infrared Spectroscopy- Attenuated Total
Reflectance (FTIR-ATR)

Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) was
used to characterize the functional groups of K-FCPG K-APTES K-CCFCPG, and K-
AFCPG to check if the cellulose has been modified. Also, this technique was also
conducted to verify if K-FCPG and K-AFCPG were saturated with Cr (VI) after
adsorption. The samples were studied by FT-IR using a Cary 630 with a 1-Bounce
Diamond ATR accessory. The spectra were obtained in the range of 4000—-400 cm™, with
a spectra resolution of 4 cm™ and 128 scans. Thermo Scientific OMNIC 9 software was

used to process data.
5.5.2. X-Ray Diffraction (XRD)

The X-Ray Diffraction (XRD) patterns were collected by using a Mini-flex-600 from
Rigaku, with a D/tex Ultra2. The X-Ray generator, Ni-filtered Cu Ka radiation (A=
0.15418 nm) at 40 kV and 15 mA. The powder samples were placed at 26 = 5°- 90° with
a step width of 0.01°. To determine the crystallinity index (Crl) of cellulose type I used
the Segal method®-%2 described in equation 2. The empirical method proposed by Segal

was chosen due to it is commonly used in cellulose®?.

Ingr — I
Crivh = 222 2™ 100
002

where lg o2 corresponds to the height of the peak corresponding to the (0 0 2) plane, and

lam is the lowest height of the sample.

5.5.3. Scanning Electron Microscopy/Energy Dispersive X-Ray
Spectrometer (SEM/EDS)

A Scanning electron microscopy/energy dispersive X-ray spectrometer (SEM/EDS)
Phenom ProX desktop was used to perform the elemental microanalysis of the K-FCPG
K-AFCPG K-CCFCPG. SEM-EDS working with an acceleration voltage of 10 kV, with
a backscatter electron detector, which gives images with the contrast between the

elements with different atomic numbers.
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5.5.4. Ultraviolet- Visible Spectroscopy (UV-Vis)

The spectrophotometer used was a UV/Vis/INIR LAMBDA 1050 from Perkin Elmer,
double beam, double monochromator, with holographic grating with 1440 lines/mm,
UV/Vis blazed at 240 nm, Littrow mounting. Photomultiplier R6872 for high energy in
the entire UV/Vis wavelength range. The light sources used are tungsten-halogen and
Deuterium. The Operating Range is 175-3300 nm, < 0.05 nm. The system is controlled
by WinLab software.

5.5.5. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed on K-FCPG, and K-
AFCPG saturated with Cr (VI). The samples were placed onto a polymeric-based
adhesive tape that was held in a metallic mesh. X-ray photoelectron spectroscopy uses a
PHI 5000 Probe Il Scanning XPS Microprobe from Ulvac phi, inc. The spectra were
calibrated using the signal of carbon at 284.8 eV. Also, for high-resolution deconvolution
was using Tougaard background subtractions and Voigtian and Gaussian functions. The

software used for this purpose was Fityk.®
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CHAPTER IV

6. Results and Discussion
6.1. Extraction and Characterization of Cellulose from Rice Husk

The rice husk was crushed and then sieved through different mesh sizes. Two sizes of
husk were used for the extraction of cellulose. The first size is crushed rice husk that
would be the largest and the second size is rice husk powder >230 or >63 um. Both rice
husk sizes were subjected to alkaline treatment (Figure 11A) and bleaching (Figure 11B).
After the chemical treatments, rice husk color changed from brown to white due to the
removal of non-cellulosic materials such as lignin, hemicelluloses, pectin, and wax upon
chemical treatment of the rice husks. Regarding the yield of the process for obtaining
cellulose, it was 12.5 g of cellulose / 30 g of RH equivalent to 41.7%. The yield obtained
is rich compared to the process of Oliveira et al.%* that was 19.8 g cellulose/100 g of RH
equivalent to 19.8% . Figure 11C shows the final cellulose from crushed RH, and Figure

11D shows the final cellulose from RH powder.

Figure 11. (A) RH after alkaline treatment, (B) RH after bleaching process, (C)
Bleached Cellulose: crushed RH, and (D) Bleached Cellulose: RH powder
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6.1.1. FTIR-ATR Analysis

The FTIR-ATR spectra of the both cellulose sizes were analyzed but there were no
differences. Therefore, the characterization and surface modifications were made over
from crushed RH. FTIR-ATR spectrum of cellulose in the Figure 12 shows a broadband
in rang of 3100 at 3550 cm™* was attributed to -OH stretching vibration, and a 2884 and
1424 cm™ referred to C-H stretching vibrations.®>®® The band at 1313 cm* related to the
bending vibrations of hydroxyl groups.®” The peaks at 1101, 1051, and 1025 cm* are
involved a strong C-O stretching of COH/C-O-C pyranose ring skeletal vibration,%% and
another peak at 896 cm™* attributed to B-glycosidic linkages between the sugar units in
cellulose.>®" Moreover, at 1422 cm™ reflect the crystalline band of cellulose, and 896
cm? referred to the amorphous region.’® The IR spectrum of the cellulose obtained
showed no lignin and hemicellulose after the mentioned treatments. This can be
evidenced by the absence of the peaks at 1254, 1508, 1604 cm™ correspond to the

aromatic skeletal vibrations of lignin.18"
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Figure 12. FTIR-ATR spectrum of (A) cellulose of crushed RH, and (B) cellulose of RH powder

26



School of Chemical Sciences and Engineering Yachay Tech

6.1.2. XRD Analysis

XRD was used to evaluate the crystallinity of the cellulose obtained after chemical
treatment of RH. After the alkaline treatment, the cellulose increase the rigidity since the
impurities present were removed.?® Figure 13 shows the cellulose XRD pattern, it has
three well-defined crystalline peaks around 20 = 15.9 °, 22.1 °, and 34.8° ® are assigned
to (1 01), (00 2),and (0 0 4) crystallographic plane. The crystallinity of cellulose may
be due to hydrogen bonding interactions and Van der Waals forces between molecules.”
Also, the crystallinity index (Crl) of cellulose calculate by Segal method was 72.5% high
to the cellulose nanocrystals obtained by Johar et al.?® In other words, the cellulose

obtained can be considered to be crystalline.
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Figure 13. X-ray Diffraction pattern of cellulose
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6.2. Synthesis Results

Four processes of modification of the cellulose surface were carried out. Table 5 shows
a summary of observations, visible changes, and yield of the synthesized of

bioadsorbents.

Table 5. Synthesis of bioadsorbents results

Bioadsorbent Observations and yield Material

Cellulose was functionalized with bPEI and
GA as a crosslinking agent to obtain K-FCPG.
In general, the principal and more evident is the
K-FCPG color change. It was the main signal to indicate
that the initial cellulose had changed. In this
case, K-FCPG shows a solid pink color. The
functionalization cellulose process is efficient

and can be evidence by the reaction yield due

to the increase in the mass of bioadsorbent.

This process is the first part of the K-AFCPG
synthesis proposal. K-APTES is the result of
the modified cellulose with APTES. During
the process, the color of cellulose changes
from white to pale yellow. The final color of
K-APTES K-APTES has been considered as an indicator
that the cellulose structure has changed. The
reaction yield was 0.87 g of K-APTES /1.003

g of cellulose that represented 87.0%. In other

words, there is a loss of material that different
aspects can cause. One of them could be that
when the solid is recovered so you must be

very careful.
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The K-CMC is the first part of the K-
CCFCPG synthesis. During the alkalinization
and esterification process, cellulose is
modified to CMC to later be functionalized
with bPEI. bPEI was used to increase the
K-CMC and number of active sites on the cellulose
K-CCFCPG surface. In the functionalization process, it
was observed that K-CMC went from being a
light white material to a rigid reddish material.
The yield of the synthesis was 0.88 g of K-
CCFCPG /1.007 g of cellulose that
represented 87.4 %. This means that material

was lost in the synthesis process.

The K-AFCPG is the proposal of a new
material that has been previously modified
with APTES to be later functionalized with
PEI to increase active sites on the cellulose
surface. This process took about 2 days, and it
K-AFCPG is simple and easy to replicate. In addition,
during the functionalization process, the color
of the K-APTES changes over time to solid

pink color. Its mean, the synthesis process is
efficient and confirms that new functional
groups have been added to the cellulose

surface.

* The yield of K-FCPG and K-AFCPG could not determine due to the material still
having moisture.
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As shown in Table 5, four types of cellulose have been functionalized and show different
characteristics. In the case of K-CCFCPG and K-APTES, the reaction yield has been high
than 80%, so the methodology used was efficient. But is necessary to be careful when
recovering the material. K-FCPG and K-AFCPG were functionalized with bPEI and
change color by a solid pink color. Also, the yield does not possibly determine due to the
material has wet. In addition, similarity has been seen between the materials that are
functionalized with PEI principally in the color. In other words, the PEI gives color to the
adsorbent. However, the shade of pink varies depending on the type of cellulose to be

functionalized.

Furthermore, another bioadsorbent was synthesized using cellulose obtained from RH
powder (K-FCPG2). The cellulose was functionalized following the same procedure for
the synthesis of K-FCPG. This new bioadsorbent had a pink color same as K-FCPG
(Figure 14). In the same way as K-FCPG and K-AFCPG the yield could not be calculated
to be able to compare it.

Figure 14. K-FCPG2 bioadsorbent

On the other hand, two crosslinker addition methods have been tested in blanched
cellulose and K-APTES. In the first method, the GA was added drop by drop to the
cellulose solution, and the other way was to add the GA abruptly. A homogeneous
mixture was observed when the GA was added drop by drop. However, in the second
case, lumps were formed in the solution. The final materials have color differences. As a

result of the first method, K-PGG and K-AGG of pastel pink color were obtained, while
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K-FCPG and K-AFCPG of pink color were obtained with the second method. The
difference in colors can be seen in Figure 15.

Figure 15. (A) K-PGG bioadsorbent, (B) K-AGG bioadsorbent, and (C) Comparison between two methods of add GA

6.3. FTIR-ATR Analysis

The FTIR-ATR technique was used to identify the different functional groups that have
been introduced on the surface K-FCPG, K-APTES, K-CCFCPG, and K-AFCPG
synthesized biomaterials. In addition to evaluating the variation of the structure after the

functionalization processes.
6.3.1. K-FCPG Bioadsorbent

Compared to the FTIR-ATR spectra of cellulose (Figure 16A) with K-FCPG
bioadsorbent, Figure 16 shows a broad band ranging from 3500 to 3100 cm™ , which has
been assigned to the overlapped stretching vibration of O-H of hydroxyl groups of
cellulose and N—H amino groups of bPEI.”® Appears at 2907 cm™*, and 2852 cm™* referred
to C-H stretching, and the peak at 1653 cm™* is of C=N stretching, indicating that
crosslinking has taken place between primary amine groups of bPEI and GA, forming
Schiff’s base.” Another absorption peak at 1562 cm ! associated with the N-H bending
vibration was attributed to the terminal amine of bPEIL.”™ Moreover, the new band that
appeared at 1437 cm* represented the symmetric bending of NHs* vibrations.”® At 1050—
1150 cm™* appears a higher peak intensity which is ascribed to C—O stretching proving
that GA is linked to cellulose chains.”” These results confirmed that amino groups were

introduced onto the cellulose surface, and the K-FCPG was successfully functionalized.
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In addition, the FTIR-ATR spectra of K-FCPG and K-FCPG2 were compared, which

were synthesized in the same way but with different cellulose sizes. K-FCPG2 shows

two absorption bands more pronounced at 2907 and 2852 cm™! corresponding to

symmetric CH, and asymmetric CH: of the bPEI chains appeared.’ In general K-FCPG

(Figure 16A) and K-FCPG2 (Figure 16B) show the same signals to functional groups it

is mean that in this case the particle size does not show differences in the structure.
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Figure 16. FTIR-ATR spectrum of (A) K-FCPG bioadsorbent and (B) K-FCPG2 bioadsorbent
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6.3.2. K-APTES Bioadsorbent

Another spectrum analyzed is of K-APTES bioadsorbent. Figure 17 shows IR-bands of
—OH of the hydroxyl groups and show new broadband slightly shifts to 1608 cm ™ can be
attributed to the N—H bending vibration of primary amine, indicating that the functional
groups such as amine and alcohol groups were introduced onto the surface cellulose.®
Additionally, the bands corresponding to the Si-O-Si at 1101 cm™* and Si-O-Cellulose
bridges at 1159 cm™, were overlapped with the C-O vibration bands at 1026 cm™ of
cellulose.®® The amino group of modified cellulose with APTES has higher reactivity than
the hydroxyl group. In the FTIR spectrum, the vibration of the ether group between
cellulose and APTES cannot be identified because it overlaps in the 1040 cm™ region.
However, the vibration of N—H of the amino group appears, confirming the modification

resulted in K-APTES bioadsorbent with primary amino groups of APTES.
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Figure 17. FTIR-ATR spectrum of K-APTES
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6.3.3. K-CCFCPG Bioadsorbent

The FTIR-ATR spectrum of K-CMC (Figure 18A) shows peaks at around 3300 cm™ is
attributed to the O-H obtain during the etherification reaction. Also, a characteristic peak
at 1700 cm™ has been assigned to C-O for the ester group of the CMC products and at
1016 cm ! the C-O bond of ether in glucose units.” The Figure 18B shows peaks at 1586
and 1411 cm™*, which can be ascribed to the stretching vibrations of COO— asymmetric
and symmetric respectively. Also, the spectrum shows a peak at 1051 cm™2, which is due
to stretching vibrations of C—O, and the band at 2921 and 2874 cm™* which can be
assigned to C—H stretching asymmetric and symmetric vibrations because of the

introduction of a large amount of CH; by bPE|.%
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Figure 18. FTIR-ATR spectra (A) K-CMC hioadsorbent and (B) K-CCFCPG bioadsorbent

6.3.4. K-AFCPG Bioadsorbent

Figure 19 shows the spectra of K-APTES, K-FCPG and K-AFCPG in order to compare
the signals that appear in each of the modifications. In the case of K-APTES with bPEI,
the FTIR-ATR spectrum of K-AFCPG shows the band from 3450 to 3100 cm™* is slightly
less intense than K-APTES which could be assigned to the superposition of the stretching
vibrations of O—H and N-H groups of amino groups of bPEI. Also, the bands at 2932
cm ! and 2853 cm™ are wider and more intense assigned to the symmetrical and
asymmetrical C—H stretching vibrations, respectively®’. In addition, a new peak appears
in 1654 cm™! that is attributed to C=N and at 1437 cm™* can be attributed to the N-H

bending vibration the terminal amine of bPEI."
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The peak in 1101 cm™! has shifted to 1053 cm™ this signal is stronger and is related to
the Si-O-Si bond. Comparing K-AFCPG and K-FCPG, the K-AFCPG not show new
peaks. However, the bands at 2950 cm™* and 2775 cm™2, the peaks at 1654, 1562,1437,
1101, 1053, and 1029 cm™* show high intensity than K-FCPG.
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Figure 19. FTIR-ATR spectra (A) K-APTES (B) K-FCPG bioadsorbent and (C) K-AFCPG bioadsorbent

The FTIR-ATR was used to identify amine groups of bPEI, the hydroxyl groups, ether,
alcohols, imine groups present on K-FCPG, K-APTES, K-CCFCPG, and K-AFCPG
biomaterials.
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6.4. SEM-EDS Analysis

SEM was used to observe the surface morphology of the synthesized materials. Also, the
energy-dispersive X-ray spectroscopy (EDS) method was conducted to study the presence
of different elements in the surface to evaluate the adequate modification. The effect of
the various chemical treatments was assessed using a comparison of the materials.®? The
SEM revealed a non-homogeneous topography for K-AFCPG, K-FCPG and K-CCFCPG,

where crowds and fibrils could be identified on the surface.

The grafted bPEI-APTES molecules partially occupied the space between the cellulose
molecules. However, these molecules have not damaged the cellulose structure when
grafted.®® SEM images show the chemical structure of cellulose microfibril has been
changed small fibers as see in Figure 20 Also, Figure 21 shows a great amount of
agglomerations on the surface as shown in Figure 22, rather than microfibrils smooth due

to, during modification the microfibrils have swelled.®*

Additionally, K-FCPG showed a pronounced crosslinking effect Figure 21 on the surface
of the modified microfibrils due to the multiple reactions of ether bond formation.
Therefore, SEM micrographs helped to understand the effects of all the modifications in
the morphology of the surface.® Furthermore, EDS allowed a mapping in the materials
modified to know the elements that are present ad confirm the structure changes. This
mapping shows the presence of C, O, and N atoms on the surface of the materials, as
shown in section B of Figure 20, Figure 21, and Figure 22. These results confirm that

amino groups and hydroxyl groups are involved in functionalized cellulose.
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K-CCFCPG

C

Figure 20. (A) SEM/EDS and (B) map of K-CCFCPG
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6.5. Adsorption Kinetics
6.5.1. Kinetic Batch Studies on Cr (VI) Adsorption

Four experiments were prepared to vary the weight of the bioadsorbent between 5, 10,
15, and 20 mg in 5 mL of a 100 mg/L Cr solution. For about 5 h (300 min) approximately,
the absorbance was taken at 352 nm, which is the absorption wavelength of Cr.

First of all, the adsorption efficiency was analyzed between K-PGG, K-AGG, and K-
CCFCPG. According to Table 6, it was observed that after 204 min, K-PGG had removed
76 % while K-AGG has adsorbed 57 % and K-CCFCPG 38 % of Cr in solution. In other
words, K-CCFCPG is not a potential bioadsorbent.

Second of all, evaluate the absorbance percentage between K-AGG and K-PGG and K-
FCPG and K-AFCPG to compare if there was any difference in absorbance when the
crosslinker was added differently. Table 6 shows the absorbance percentages of K-PGG
and K-AGG and K-FCPG and K-AFCPG at different bioadsorbent ratios. K-FCPG has
an average Cr adsorption of 86 % and K-AFCPG 88 %, while K-PGG has average
adsorption of 71 % and K-AGG 76 %. In other words, there is a difference in the
percentage of adsorption when change the way of adding GA. It also indicates that K-
FCPG and K-AFCPG have better adsorption capacity when the crosslinker is added
abruptly.

Lastly, the adsorption efficiency between K-FCPG and K-AFCPG was compared by
varying the amount of bioadsorbent in an approximate time range from 200 min to 280
min. K-FCPG and K-AFCPG show a similar adsorption tendency since they have an
adsorption percentage between 83% and 91% in approximately 250 min. finding that

bioadsorbents have a similar adsorption capacity.

Table 6. Percentage of Cr (VI) adsorption with different weights of bioadsorbents

Time (min) | K-FCPG | K-AFCPG | K-PGG | K-AGG | K-CCFCPG

5

28 86% | 86% | 64:/:)gj | 8% | -
10

203 83% | 90% 82021 g 68% | -
15

204 T -] % 5% | 9%
20

23 91% 87% 67;: g 82% -
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Figure 23 shows the relationship between the percentage of adsorption and time for K-
FCPG and K-AFCPG. As seen in Figure 23 K-AFCPG shows a similar adsorption trend
for 5 and 20 mg. Figure 23.A there is no difference between K-FCPG and K-AFCPG,

both have the same behavior. However, Figure 23.B show that K-AFCPG reaches

equilibrium in less time and adsorbs faster than K-FCPG. Despite this difference, after

140 min, the two-reach equilibrium, showing that as the amount of adsorbent increases,

the adsorption time decreases.
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Figure 23. Cr Removal (%) of Cr (V1) (A) 5 mg and (B) 20 mg of K-FCPG and K-AFCPG
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6.5.2. Cr (VI) Adsorption Kinetics of K-FCPG and K-AFCPG

The kinetic study was carried out with 5 mg of K-AFCPG and K-FCPG because 10 and
20 mg do not exhibit saturation. The Cr (V1) adsorption Kinetics is shown in Figure 24 (A

and B).
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Figure 24. Cr (VI) adsorption kinetics for 100 ppm solutions in contact with 5 mg of (A) K-
AFCPG and (B) K-FCPG material

The Cr (V1) adsorption on K-AFCPG and K-FCPG exhibited a saturation behavior after
a contact time of about 240 and 150 min, respectively. At these times not enough
adsorption sites for anionic Cr (V1) species are available in each solid. Cr (V1) adsorption
kinetics of K-AFCPG and K-FCPG are similar to each other in its trend, they exhibited
an adsorption behavior with their ge values over 80.0% when 5 mg of solid is allows to
has contact to a 100 ppm Cr (V1) solution. All the data was analyzed by solving the kinetic
models through a script written in R. To evaluate the performance of the kinetic models,
the residual standard error, RSE were calculated and compared, and residual graphs were
plot and analyzed. The best fit of data was obtained using the integrated form of the
pseudo-first-order model (PFO), Furusawa & Smith model (F&S), and Boyd’d external
diffusion models (BED). Non-linear regression using a Gauss-Newton algorithm was
applied. In Figure 25 best fits to data obtained assuming pseudo first-order adsorption for
the kinetics of Cr (V1) 100 ppm and 5 mg of A) K-AFCPG, and B) K-FCPG material

were shown. F&S and BED models have a quite similar curve.
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Figure 25. Cr (VI) adsorption kinetics for 100 ppm solutions in contact with 5 mg of A) K-
AFCPG,and B) K-FCPG material and best fits to data were successfully obtained assuming
pseudo first-order and non-linear fits

In Table 7 show the summarizes of the kinetic parameters of Cr (V1) adsorption on K-

AFCPG and K-FCPG bioadsorbents.

Table 7. Kinetic parameters

Frusawa & Smith

Boyd’s External

Material Pseudo First Order . .
Diffusion
Oeexp e fit kyx102 RSE K KrgsSx10 RSE 0w Rx10* RSE
K- 86.4 2.28 86.4
AFCPG 86.7 +0.3 2.10+0.02 5 6.2+0.1 181+1 0.712 +03 -210+2 0.717
K- 87.6 0.99 87.6
FCPG 87.7 103 2.53+0.03 3 6.9+0.2 221+2 0.993 +03 253+3 0.993

Assuming that the concentration gradient is linear, we can obtain a simplified version of

Boyd’s external diffusion equation, which is quite similar with the PFO model, that

explain why the results are the same for both models. The F&S model assumes that, when

the intraparticle diffusion is negligible, and the isotherm is linear, the external diffusion

is the slowest step. Therefore, the three models seem to indicate that the process is

controlled by external diffusion. The keesS values obtained were 0.0181 and 0.0221 s

for K-AFCPG and K-FCPG respectively. These values indicate that the velocity of K-

AFCPG and K-FCPG transport from the liquid phase to solid phase is rapid enough to
suggest the use of this adsorbent for the treatment of water enriched with Cr (V1).5

41



School of Chemical Sciences and Engineering Yachay Tech

Figure 26 show isotherm obtained for K-AFCPG. The isotherm is linear, supporting and

validating the assumptions made in F&S models.

20 25
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Figure 26. Isotherm for K-AFCPG

Figure 27 illustrates the adsorption mechanisms assumed by the linear model, dispaying
the condition when the coverage ratio of the adsorption sites is low. Therefore, the linear

model can represent the monolayer adsorption at low initial adsorbate concentrations Co.

O Adsorbate

Desorption ‘ Adsorption

7T 77777 77777

Adsorbent

\ . .
\ Adsorption sites

Figure 27. Adsorption mechanisms
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6.6. Chromium Adsorption
6.6.1. FTIR-ATR Analysis

Figure 28 and Figure 29 show FTIR-ATR spectra of K-FCPG and K-AFCPG
respectively. The first part of each figure shows the materials previous to the adsorption
process and the B part of each figure evidence the Cr signals after adsorption process.
Figure 30 exhibits the FTIR-ATR spectra K-FCPG and K-AFCPG loaded of Cr (VI).
After adsorption of Cr (VI), the adsorption peaks at 3226 cm* and 1312 cm™ related to
the vibrations of hydroxyl groups are weak, while the absorption band at 1632 cm™
assigned to C=N stretching of forming Schiff’s base and peak at 1562 cm ! associated
with the N-H bonds are strong. Also, the peaks of the bands in 1100, 1053 and 1030 cm™*
are involved a strong C-O stretching of COH/C-O-C pyranose ring skeletal vibration and
at 612 cm* disappears. A new peaks appears at 931, 766 and at 486 cm™* characteristic
peaks of Cr (VI).%” The FTIR-ATR signals confirm that bioadsorbents adsorbed the Cr
(VI). Its means that the bioadsorbents were efficient with adsorption. The results obtained
by FTIR — ATR, show that adsorbent material maintains its structure despite the fact that

with the presence of adsorbed Cr (V1) the chemical environment of the material changes.
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Figure 28. FTIR-ATR spectra of a) K-FCPG bioadsorbent b) K-FCPG loaded of Cr (VI)
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Figure 29. FTIR-ATR spectra of a) K-AFCPG bioadsorbent b) K-AFCPG loaded of Cr (VI)
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Figure 30. FTIR-ATR spectra of a) K-FCPG loaded of Cr (VI) b) K-AFCPG loaded of Cr (VI)
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6.6.2. XPS Analysis
The K-FCPG and K-AFCPG were saturated with Cr (VI). During the adsorption, the
materials change from pink to dark color, as shown in Figure 31. High-resolution XPS
was used to study the surface and to better understand the chemical bonding of K-FCPG
and K-AFCPG after adsorption of Cr (V1). The N1s and Cr 2p spectra of K-FCPG and
K-AFCPG will be analyzed to know the composition of the surface of the materials after

adsorption.

Figure 31. (A) K-FCPG and (B) K-AFCPG after adsorption of Cr (VI)

The XPS spectra of N1s and Cr 2p showed the changes to the material after adsorption
and it was used to identify the changes in oxidation states of Cr. Figure 32 shows Cr 2p
XPS spectra after Cr adsorption. The K-FCPG Cr 2p12 XPS spectra (Figure 32A) showed
four peaks at 575.91, 576.97, 578. 24, and 579.76 eV, and the XPS spectrum of K-AFCPG
(Figure 32B) shows peaks at 575.67, 576.85, 578.53, and 580.14 eV which are assigned
to Cr,% CrOH?* 88 Cr (VI),® and Cr (V1) respectively. Furthermore, Cr 2ps;2 XPS spectra
for K-FCPG show three peaks at 585.95, 587.52, and 589.04 eV. Also, K-AFCPG shows
peaks are shown at 585.91, 587.23, and 588.58 eV corresponding to Cr (l11), Cr (111),76:8
and Cr (V1)* respectively for each bioadsorbent.
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Figure 32. Cr 2p XPS spectrum of (A) K-FCPG and (B) K-AFCPG

Figure 33 shows the N1s spectra of K-FCPG and K-AFCPG after Cr (V1) adsorption.
Figure 33A shows peaks at 398.66, 399.76 and 401.31 eV for K-FCPG. In the case of K-
AFCPG (Figure 33B) the N1s spectrum show three peaks at 398.65, 399.74 and 401.11
eV corresponding to of the nitrogen atoms in imine (C=N—C),%* amine structure (NHz/—
NH-)! and N* atom in C=(NH")—C®, respectively. The presence of =N* favors the
electrostatic interaction to reduce Cr (V1).%23** Also, Cr¥" and CrOH?" are adsorbed on
oxidized N by covalent bonding. At the same time, the ions of Cr (V1) were adsorbed on
NH3* by hydrogen bonding. The XPS spectra clearly show that the bioadsorbents have
successfully captured Cr in solution. Furthermore, the Cr 2p spectra show that Cr (VI)
has been reduced to Cr (lll), that is to say, that a redox reaction occurs on the

bioadsorbent. Furthermore, the N1s spectra show the interaction mechanism between Cr
(V1) and the amine groups of the bioadsorbent.®®
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Figure 33. N1s XPS spectrum of (A) K-FCPG and (B) K-AFCPG
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6.7. Proposals for Reactions of the Synthesis of Bioadsorbents Cellulose Base

After the FTIR-ATR, SEM-EDS, and XPS analyzes, reactions can be proposed for the
synthesis of K-FCPG and K-AFCPG. Figure 34 shows the mechanism of K-FCPG
formation. In this synthesis, cellulose, bPEI and GA were used as crosslinking agents,
resulting in the formation of a Schiff's base and a hemiacetal.**°* The ether bond was
formed according to aldolization between the aldehyde group of GA and the C6 hydroxyl
group of cellulose. ®* On the other hand, the positively charged end of the GA reacts with

the primary amines of the PEI to form an imine bond to finally produce the cross-linked

system.
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Figure 34. K-FCPG Reaction
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Figure 35 shows the synthesis of K-AFCPG. This synthesis was divided into two parts,
the first is the modification of the cellulose with APTES (K-APTES), and the second, the
functionalization with bPEI. In the first part, performance a silylation reaction between
the -OH groups of cellulose and the silanol groups of APTES® silanol previously

obtained by hydrolysis.
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o™ N\ e on a
o HO i
SILANOL CELLULOSE
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Figure 35. K-APTES reaction (a) Synthesis of Silanol and (b) Silanol and cellulose

reaction
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Figure 36 shows the proposed reaction between K-APTES previously prepared, bPEI,
and GA as cross-linker. K-AFCPG has ether linkages formed from the OH groups of
C6 of cellulose and the primary amines of bPEI. The aldehyde groups of GA were
bound to the surface of K-APTES through an imine bond. Then the bPEI is linked
with the rest of molecule through another imine bond to produce the cross-linked
system. The amine-modified material is important for the adsorption of anion
pollutants under the low pH condition. Due to the amino groups are easily protonated,

thereby forming a strong electrostatic interaction between them.?°
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Figure 36. K-AFCPG Reaction
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CHAPTER YV

7. Conclusions

Cellulose was efficiently extracted from the rice husk by alkaline treatment and a
bleaching process. The percentage yield of the process was 41.7 %, and bleached
cellulose presented a crystallinity index of 72.5%.

Three environmentally-friendly composites were synthesized through cross-link
reaction between the amine groups of PEI and the hydroxyl groups of cellulose
using glutaraldehyde as crosslinker. Each composite was obtained through a
different synthesis route, (1) direct cross linking of PEI and cellulose through
glutaraldehide (K-FCPG), (2) first carboxymethylation followed by cross linking
of PEI and cellulose through glutaraldehide (K-CCFCPG), and (3) first amine-
functionalization by APTES followed by cross linking of PEI and cellulose
through glutaraldehyde (K-AFCPG). The last one route has not been previously
reported. The presence of imine, amine and carboxyl groups in the composites
was confirmed by SEM/EDS and FTIR-ATR

Experimental adsorption results show that K-FCPG and K-AFCPG composites
have higher Cr (V1) adsorption capacities, 82 and 91% respectively.

Kinetic data was best fit using the integrated form of the pseudo-first-order model
(PFO), the Furusawa & Smith model (F&S), and the Boyd’d external diffusion
models (BED). The three models indicate that the adsorption process is controlled
by external diffusion. kresS values obtained indicate that the velocity of transport
from the liquid phase to the solid phase is rapid enough to suggest the use of this
adsorbent for the treatment of water enriched with Cr (V1). While the equilibrium
data were well described by the linear adsorption isotherm model.

An adsorption mechanism involving interaction between amino groups and Cr
(V1) was proposed. According to the results obtained, it can be said that there are
two Cr (VI) adsorption mechanisms. First adsorption mechanisms are the -C=N*
and -NHz groups participate in the reduction of Cr (VI) to Cr (I1l) and second

adsorption mechanisms is NHs* adsorb Cr (V1) ions that have not been reduced.
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8. Recommendations

Study of the adsorption the kinetics of at different pH values and concentrations
of Cr (VI).

Change the PEI and GA proportions to analyze the changes they present.
Evaluate the adsorption capacity of CO2.

Perform desorption experiments.

Evaluate the adsorption capacity of other heavy metals.

Study of the adsorption the kinetics of at different temperatures.
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