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RESUMEN

Los iones de metales pesados son sustancias téxicas comunmente encontradas,
son liberados en el agua por diversas fuentes antropogeénicas. Varios materiales
organicos e inorganicos han sido usados para la remediacion de los
contaminantes de agua. No obstante, existe una evidente atraccion en el
desarrollo de materiales sostenibles y amigables con el ambiente. Celulosa
novedosa no modificada extraida de fuentes naturales Unicas del Ecuador
emerge como un adsorbente eficiente de iones de metales pesados presentados
en agua contaminada (e.g. Cu?*, Ag"). La celulosa comercialmente disponible
(e.g. micro-cristales de celulosa) fue usada como un control para probar la
capacidad de adsorcion de la celulosa con los cationes previamente
mencionados. Ensayos de espectroscopia UV-Vis-NIR demostraron que la
celulosa no tratada adsorbio satisfactoriamente los iones de metales pesados,
tales como los iones de cobre, describiendo una notable disminucion en el pico
caracteristico de Cu?" en muestras que contienen celulosa. Los resultados
sugieren que los materiales basados en celulosa pueden ser una solucion
potencial, amigable con el medio ambiente y menos costosa para la
descontaminacion de los contaminantes del agua, especificamente los iones de
metales pesados.

Palabras Clave: Celulosa, iones de metales pesados, contaminacién del agua,
biodiversidad



ABSTRACT

Heavy metal ions are commonly encountered toxic substances released into the
water from diverse anthropogenic sources. Numerous organic and inorganic
materials have been used for remediation of water pollutants. However, there is
an evident attraction in sustainable and ecofriendly materials development.
Novel unmodified cellulose extracted from unique natural sources in Ecuador
has emerged as an effective adsorbent of heavy metal ions presented in water
pollution (e.g. Cu?*, Ag*). Commercially available cellulose (e.g. cellulose
microcrystals) was used as a control to test cellulose adsorption capacity of
previously mentioned cations. UV-Vis-NIR spectroscopy assays proved that
non-treated cellulose successfully adsorbed heavy metal ions, such as cupper
ions, depicting a notable diminution in the characteristic peak of Cu?* in
samples containing cellulose. Results suggested that cellulose-based materials
can be a potential, environmental friendly, less expensive solution for
decontamination of water pollutants, specifically heavy metal ions.

Keywords: Cellulose, heavy metal ions, water pollution, biodiversity.
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1. Theoretical framework

1.1. Heavy metals

Heavy metals as a collective term can be defined as any metallic element that has a
relatively high density, depicting an atomic density greater than 4 g/cm?, or at least 5
times greater than that of water (Ahmad et al., 2020; Tchounwou et al., 2012).
Nevertheless, its definition concerns chemical properties rather than density. Heavy
metals include cupper (Cu), cadmium (Cd), Zinc (Zn), lead (Pb), mercury (Hg), arsenic
(As), silver (Ag), chromium (Cr), Iron (Fe) and the platinum (Pt) group elements
(Duruibe et al., 2007). These commonly encountered toxic molecules are released into
water from diverse anthropogenic sources, including human settlements, industrial and
mining activities, and agricultural sources (Duruibe et al., 2007; Inyinbor Adejumoke et
al., 2018; Tchounwou et al., 2012; Tian et al., 2011). Additionally, they can enter a water
supply by industrial and consumer waste, or even from acidic rains releasing heavy
metals into streams, lakes, rivers and groundwater (Abiaziem et al., 2019; Verma &
Dwivedi, 2013).

Heavy metals are dangerous to health and to the environment because they tend to bio-
accumulate, which means the over-time concentration increase of a chemical in a
biological organism. Heavy metal toxicity can result in damaged or reduced mental and
central nervous functions (Verma & Dwivedi, 2013). Therefore, metallic elements listed
in Table 1 are considered systemic toxicants known to induce multiple organ damage
affecting lungs, kidneys and liver, even at lower levels of exposure than the maximum
contaminant level (MCL) standards established for drinking water (Abiaziem et al., 2019;
INEN, 2014; Tchounwou et al., 2012). Long-term exposure to heavy metals may result
in a slowly progressing physical, muscular and neurological degenerative processes, and

may eventually cause cancer (Jaishankar et al., 2014).



Table 1. Toxicity issues and Maximum Contaminants Level (MCL) standards of
hazardous heavy metals (Barakat, 2011; INEN, 2014).

Heavy metal Toxicities MCL (mg/L)
Arsenic Skin manifestations, visceral cancers, vascular disease 0.01
Cadmium Kidney damage, renal disorder, human carcinogen 0.003
Chromium Headache, diarrhea, nausea, vomiting carcinogenic 0.05

Copper Liver damage, Wilson disease, insomnia 2.0

Nickel Dermatitis, nausea, chronic asthma, coughing, human carcinogen 0.07

Zinc Depression, lethargy, neurological signs and increased thirst 0.80

Lead Damage the fetal brain, diseases of the kidneys, circulatory and nervous systems | 0.01

Mercury Rheumatoid arthritis, diseases of the kidneys, circulatory and nervous systems | 0.006

1.2. Cellulose

Cellulose is the most abundant biopolymer that can be obtained from a variety of
biodiverse natural sources (Anwar et al., 2015; Bethke et al., 2018; Mihranyan, 2010;
Moréan et al., 2008). This natural polymer is composed by repeating monosaccharides
formed of 2-D-glucopyranose units linked by B-1,4-glycosidic bonds (Guerra et al.,
2018; Nabili et al., 2014; Thakur & Thakur, 2014). Its surface structure possesses
abundant hydroxyl groups, therefore it can be easily functionalized by diverse chemical
methods in order to enhance its physicochemical properties (Phanthong et al., 2018;
Wang et al., 2018). Cellulose has been of particular interest due to its huge availability
worldwide, low cost, flexibility, easy processing, nontoxic, biodegradable and unique
physicochemical properties (Thakur & Thakur, 2014). Many studies have focused on
cellulose-based materials renewability, versatility and functionality for many remediation
applications, such as removal of heavy metal ions in water (Bethke et al., 2018; Carpenter
et al., 2015; George & Sabapathi, 2015; Ma et al., 2011; O’Connell et al., 2008; Wan
Ngah & Hanafiah, 2008).

Cellulose is a water-insoluble material and the major component of the cell wall of
numerous types of algae and plants (Brigham, 2018; Dhyani & Bhaskar, 2019). Recently,
many sources of cellulose are being studied, including plants, algae, microorganisms and
marine fauna (Lavanya, Kulkarni, & Dixit, 2011). Plants have emerged as the main

source for cellulose extraction besides commonly reported sources, namely wood pulp



and cotton linters, due to their abundance, variety and financial viability. Furthermore,
agricultural activity provides sustainable waste, such as sugarcane bagasse, fruits, seeds,
grasses or rice straws, which are ideal sources for the extraction of cellulose. Many
bacteria through internal biochemical processes can produce this natural polymer. In
addition, bacterial cellulose presents several advantages over plant-derived cellulose,
including unique nanostructure, purity, higher-dimensional stability, greater mechanical
strength and polymerization. Additionally, the marine invertebrate Tunicates are well-
known for assembling cellulose. These sea animals use cellulose as a skeletal structure
in their leathery mantle tissues, which is produced by enzyme complexes found in the
membrane of the tunicate epidermis (George & Sabapathi, 2015).

1.3.  Cellulose applications for remediation of polluted water

Currently, the scientific community and academia have focused on remediation
application by using novel, economical viable and environmentally friendly solutions. In
fact, there is a special attention in biopolymers such as cellulose. Numerous studies have
demonstrated that cellulose is a suitable natural polymer for the development of
remediation technologies, mainly used for the decontamination of polluted water
(Varghese et al., 2018). Moreover, cellulose remediation capacities can be significantly
enhanced by chemical modifications on cellulose surface. Indeed, functionalized
cellulose have shown excellent results for copper (1) removal from polluted water, as
illustrated in Table 2 (Bethke et al., 2018).

Table 2. Adsorption capacities of modified cellulose-based materials for Cu(ll) ions
(Bethke et al., 2018).

Adsorbent Modification (binding functional group) Capacity [mmol/g]
Cellulose TEMPO oxidation, PEI grafting (carboxyl and amine) 0.82
Kapok Coated with poly-acrylonitrile 1.42
Wood pulp Glycidyl methacrylate and imidazole 1.75
Cellulose y o )

1,3-Diisopropyl-carbodiimide (amine) 1.79
sugarcane bagasse
Cellulose Paper PEI-crosslinked 6.84




Besides the usage of modified cellulosic materials for the efficient adsorption of
pollutants, cellulose-based nano- and micro-scale materials can be engineered and
explored for the fabrication of filtration membranes for water treatment (Carpenter et al.,
2015). S. Wang et al., 2013 indicated that advancing productive microfiltration
membranes can be reached by the integration of ultrafine cellulose nanofibers onto a
platform based on a nanoscale layer polyacrylonitrile (PAN) deposited on a microscale
polyethylene terephthalate (PET) film. They demonstrated that crucial parameters for
cellulose water remediation capacities are surface area and porosity degree since larger
surface area and wider pores can improve bacterial retention, and the adsorption of heavy
metals and other common contaminants in water. Thus, these membranes are interesting
as they can remove toxic pollutants turning into a promising device for use in drinking

water decontamination.

Many other synthetic polymers have been combined with cellulose in order to test and
evaluate their remediation capacities. As detailed by Guclu et al., 2003, cellulose graft
copolymers can lead to applications for the removal of heavy metal water pollutants.
They hypothesized that the ion-exchange property of the biomaterial is a critical factor
that influences the capturing capacities of Pb(ll), Cu(ll), and Cd(ll) particles. They
utilized many copolymers including cellulose-g-polyacrylic corrosive (cellulose-g-pAA)
with various grafting rates, cellulose-g-p(AA-NMBA) arranged by grafting of acrylic
acid (AA) onto cellulose within the presence of crosslinking operator of N, N-methylene
bisacrylamide (NMBA), cellulose-g-p(AA-AASO3H) arranged by grafting of a
monomer mixture of AA and 2-acrylamido-2-methyl propane sulfonic acid (AASO3H),
and cellulose-g-pAASO3H acquired by grafting of AASO3H onto cellulose. Results
demonstrated that every cellulose copolymer tested displayed a selective removal for
specific heavy metal particles. Moreover, Waly et al., 1998 showed that, among
numerous copolymers studied (e.g. glycidyl methacrylate, dimethyl aminoethyl
methacrylate, and polyacrylic acid (pAA)), pAA-cotton cellulose-based copolymer was
the most dynamic/active biomaterial regarding the removal of metallic particles,

specifically Cu(ll) and Co(ll), and presented great effectiveness for capturing basic dyes.



Although heavy metal removal using cellulosic materials is the most studied research
topic currently, cellulose can be further investigated and applied for other water
remediation applications. For instance, Tursi et al., 2018, demonstrated that surface-
hydrophobic cellulose strands extracted from Spanish Broom (SB) are an appropriate
material for the rapid and considerable adsorption of hydrophobic organic compounds
(HOCs) present in water contamination. In particular, the surface of the SB cellulose
strands can be altered by conventional chemical nebulization utilizing 4,4'-
diphenylmethane diisocyanate, therefore the hydrophilic surface properties of the
polymer are removed. Once the functionalization of the cellulose is confirmed by XPS
and ATR-FTIR spectroscopies, researchers performed batch analyzes in order to test the
adsorption kinetics and limit of the strands to remediate contaminated water with fuel
petroleum. The outcomes uncovered in this investigation effectively demonstrate that this
functionalized SB cellulose fiber can adsorb oil hydrocarbons with an efficiency greater
than 90% in a short period of time (min), which makes this biomaterial a novel green

innovation for the remediation of contaminated water.
1.4.  Current innovation in remediation of heavy metal water pollution

Recent advances in nanotechnology allow the manufacturing of porous nanomaterials
including metal oxide nanoparticles, carbon nanomaterials and nanocomposites as
adsorbents. Adsorption is one of the most utilized methods for the remediation of water
pollution due to its simplicity, flexibility and cost-effectiveness. Nanomaterials used as
adsorbents for heavy metal removal from polluted water should be inert and exhibit
nontoxic properties, high adsorptive capacities and selectivity, and reversible adsorption
process (Lee, Abbas, Zaini, & Tang, 2019).



Table 3. Potential nanomaterials screened for the remediation of heavy metal water
pollution (Lee et al., 2019).

) Synthesis _
Nanomaterial Example Advantage Disadvantage
method
Metal oxide Chemical Ferric oxides | Large surface area Very difficult to
nanoparticle coprecipitation | (hematite, High surface activities be separated
Hydrothermal | maghemite, and | Minimal environmental | from
reaction magnetite) impact wastewater
Manganese oxides | Low solubility Excessive
Aluminum oxide | No secondary pollution pressure drop in
Titanium oxides continuous
Magnesium systems
oxides
Carbon Chemical Carbon nanotubes | Nontoxicity Difficult to be
nanomaterial vapor Carbon High specific surface area | separated from
deposition nanofibers Good mechanical wastewater
Hummers Graphite oxides and thermal properties
method
Nanocomposite | Chemical Polymer- Chemically stable Required more
coprecipitation | supported Presence  of  various | processes/
lon exchange | nanocomposites reactive chemical groups | procedures
Nano-MnO.- during
biochar synthesis

Table 3 presents relevant data concerning the different porous nanomaterials that can be

used for the depollution of water including their synthesis process, examples of products,

advantages and disadvantages. Data showed that physicochemical properties of materials

(porosity and pore volume, morphology and surface area) are critical factors affecting the

adsorption capacities.

Recently, phycoremediation has emerged as a potential, eco-friendly tool for the removal

of heavy metal in polluted water. The algal-based heavy metal remediation works on the

principle of biosorption either by passive sorption of pollutant independently of

metabolic processes or active sorption of pollutants correlated to metabolic pathways.



Due to their physicochemical properties, such as large surface/volume ratios and the
presence of high-affinity metal-binding groups on their surfaces, algal species are
considered a promising, environmentally friendly and sustainable solution for the
decontamination of heavy metal water pollution. Nevertheless, there are several
environmental factors such as pH, temperature, and contact time, that affect the

biosorption capacity (Ahmad et al., 2020).

Porous nanomaterials are examples of inorganic materials useful for remediation of
heavy metal water pollution. On the other hand, algae species are examples of

organic/natural materials that can be utilized for the decontamination of polluted water.
2. Problem statement

Water pollution is defined as the contamination of water by inorganic or organic foreign
matter that affects negatively the water quality. The term involves pollution in liquid forms,
and therefore occurs in the oceans, lakes, rivers, streams, underground water and bays. It is
caused by the release of toxic metallic substances, pathogenic germs, water-soluble
molecules, radioactive elements, etc. that may accumulate in the water, thus interfering with
normal conditions of aquatic environments (Verma & Dwivedi, 2013). The increasing rates
of urbanization and industrialization, and agricultural activities along with the inadequate
management of wastewater means the drinking-water of hundreds of millions of people is
dangerously contaminated or chemically polluted (Inyinbor Adejumoke et al., 2018).
According to the UN Environment Programme (UNEP), 2 million tons of sewage, industrial
and agricultural waste are released into aquatic environments every day around the world; at
the same time, one child under the age of five dies every 20 seconds from water-related

diseases.

In least developed countries, 22% of health care facilities have no water service, 21% no
sanitation service, and 22% no waste management service, facilitating the transmission of
diseases such as cholera, diarrhea, dysentery, hepatitis A, typhoid, and polio due to
contaminated water and poor sanitation (WHO, 2001). Indeed, contaminated drinking water
is estimated to cause 485000 diarrheal deaths every year. According to World Health

Organization (WHO), 785 million people lack even a basic drinking-water service, including



144 million people who are dependent on surface water (https://www.who.int/news-

room/fact-sheets/detail/drinking-water).

WHO compiled a list of the 10 major chemicals of concern, which includes many heavy
metals such as mercury, lead, cadmium and arsenic. Heavy metal pollution can arise from
many sources but often arises from metal purification processes. For instance, 62000 tons of
arsenic are emitted annually from smelting. Arsenic poisoning of groundwater and soils
related to mining activities are found in Thailand, Ghana, Zimbabwe, South Africa, England,
Greece, Canada, the United States and Latin America countries (Bissen et al., 2003;
McClinctock et al., 2012). In fact, more than 100 million people are exposed to elevated

levels of arsenic, mainly via drinking water, but also via industrial emissions (WHO, 2011).

2.1. Heavy metal water pollution in Ecuador

The expanding rates of illegal and artisanal mining activities in Ecuador have triggered
an increase in heavy metal pollution (i.e. Cu(ll), Pb(ll), Cd(ll), Hg(ll)), thus affecting
many water sources located in the surroundings of mining human settlements (Gonzéalez
etal., 2018; Oviedo-Anchundia et al., 2017; Unemi, 2016). These metal contaminants are
daily released into Ecuadorian rivers generally in water-insoluble forms resulting in an
accumulation of metals that could lead to a decrease in aquatic biodiversity (Tarras-
wahlberg et al., 2001). For instance, gold mining in Portovelo and Zaruma, cities of
Ecuador, is producing toxic mercury residuals, cyanide-rich tailings and liquid effluents
that are dispensed into local rivers. This fact has contributed to elevated levels of mercury
in fish and humans in the region. In addition, waterways where these contaminant
materials are discharged are connected to agricultural and aquaculture sectors (Velasquez
et al., 2010). Another city affected by mining activity is Ponce Enriquez, where many
heavy metal pollutants from mining have accumulated in river ecosystems and
agricultural areas. Further downstream, the large shrimp farming industry is impacted too
as contaminants are in high concentrations; this has affected estuarine regions and
mangrove areas where mercury methylation can occur (Enr et al., 2019). Similarly, many
rivers in north Ecuador, in Esmeraldas Province, have been contaminated with several

heavy metals due to illegal gold mining and poor management of toxic wastes. Most of



the rivers analyzed by Rebolledo et al presented alarming concentrations of heavy metals
(Rebolledo & Jiménez, 2012).

Table 4. Percentage of Ecuadorian Population covered with basic services (Harari
& Harari, 2006).

Public Services

Region : -

Sewage system Waste collection  Drinking water
Costa 36.1% 62.7% 85.2%
Sierra 61.9% 64.2% 80.2%

Table 4 evidences that there is a lack of around 15-20% of drinking water in Costa and
Sierra regions of Ecuador, and this percentage can increase to 30% in rural areas
according to Ramirez et al., 2019, which implies that many Ecuadorians are consuming
polluted water that increase the risk of contracting infectious diseases due to the toxicity
of pollutants present in water (e.g. heavy metals). In addition, the deficiencies of sewage
system and waste collection create sanitary consequences and generate a worse scenario
to deal with water pollution. In fact, literature has placed Ecuador as the most harmed
country in Latin America due to the contamination of aquatic environment (Harari &
Harari, 2006). Therefore, in order to improve these aspects, several remediation programs
have been implemented in the country, like “Programa Agua Segura y Saneamiento Para
Todos”. This is a national program funded by Ministerio de Economia y Finanzas (MEF)
and Banco de Desarrollo del Ecuador (BDE) aiming at improving the quality, coverage
and continuity of drinking water services and sanitation through the funding of projects

that guarantee human rights to water and sanitation (BDE, 2017).

Even though many programs for controlling the water pollution are being carried out in
Ecuador, the existence of contaminated aquatic environments due to heavy metal and
other contaminants still poses serious concern. Therefore, there is a necessity of
developing greener and sustainable solutions for the effective treatment of polluted water,

considering the biodiversity of Ecuador.
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3. Hypothesis, General and Specific Objectives
3.1.  Hypothesis

Untreated cellulose extracted from Ecuadorian natural sources can be a solution to reduce
the concentration levels of heavy metals present in polluted water. These natural cellulose

particles exhibit suitable physicochemical properties for capturing copper (I1) ions.
3.2.  General Objective

To extract from different Ecuadorian natural sources cellulose particles capable of
capturing heavy metal ions, through standard extraction protocols, followed by
characterization and tests to monitor their physicochemical properties and evaluate their

efficiency.

3.3.  Specific Objectives (Scheme 1)

I Test adsorption capacities of commercially available cellulose (i.e. cellulose
microcrystals, CMC) as a control.

1. Extract cellulose particles (i.e. F20, F25, F28 and T1) from Ecuadorian native
plants and fruits by following standard protocol of chemical extraction of
cellulose in order to remove lignin and hemicellulose residual molecules.

I11.  Perform the physicochemical characterization of natural cellulose particles by
using FTIR, XRD, SEM and BET techniques.

IV.  Perform the UV-Vis-NIR tests of Cu (1) and Ag (1) solutions non-treated and
cellulose-treated to obtain important data about the adsorption capacity of

samples.

Scheme 1. Flow-chart of the objectives of this research
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4. Methodology
4.1. Materials

The cellulose samples F20, F25, F28 and T1 extracted from different Ecuadorian natural
sources were obtained in the cities Ibarra and Urcuqui, Ecuador. The raw material of F20,
F25 and F28 cellulose samples were obtained at Mercado Amazonas on Avenue Alfredo
Perez Guerrero, Ibarra, in the section of vegetable and fruits. The raw material T1 was
purchased at Mercado Urcuqui located on Antonio Ante Street, Urcuqui, in the fruit
section. For cellulose extraction and heavy metal solutions (treated and non-treated),
many laboratory equipment and materials are utilized including analytical balance,

sonicator, vortex, centrifuge, and sterile assay tubes.
4.2.  Cellulose samples preparation

Cellulose extraction was carried out following established protocols of chemical
extraction followed by acid/base treatment, bleaching, and multiple washings with water
to remove residual chemicals. The same process was used for each sample to prevent any
effect of the protocol on the cellulose property. Control sample of cellulose microcrystals

(CMC) was supplied by Sigma-Aldrich. (detailed protocol is restricted in this thesis).
4.3.  Cellulose samples characterization

Purified cellulose samples were characterized by using several techniques such as
Fourier-Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), and
Scanning Electron Microscopy (SEM).

Fourier Transform Infrared Spectroscopy (FTIR) is a characterization technique
commonly used in material and biomedical analyses to obtain an infrared spectrum of
absorption, emission, photoconductivity of liquid, solid samples or gases (Dwivedi et al.,
2017). Principle of working of FTIR involves the emission of a bright ray from an
incandescent source of light within the infrared wavelength range (Alawam, 2014). FTIR
data were recorded using Spectrum Spotlight 200 FTIR instrument (Perkin Elmer, USA).
First a spectrum of the gold-plated sample holder was acquired as background, and then
the spectra of the samples were collected. The wavenumber range for the analysis was

between 4000 to 600 cm™ with a total number of scans of 36 and at a 4-cm resolution.
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X-ray diffraction (XRD) is a powerful characterization technique of qualitative analysis
of crystalline solids that exhibit long range order. It is based on the use of radiation
produced by X-rays on a crystalline solid sample to observe the crystal lattice and
determine the structure of the atoms and molecules. Thereby, XRD allows to distinguish
the structural arrangement; even having the same elementary profile is possible to detect
slight differences between different samples (Day, 2016). In this research, XRD patterns
were gathered on an EMPYREAN diffractometer (PANalytical, NL) in a Bragg-Brentano
configuration at 40kV and 45A and monochromatic X-rays of Cu K-o wavelength (A =
1.541 A) using a Ni filter. The crystallinity index (Crl) was determined for each cellulose
sample following the method described by Segal et al. using the equation (1):

Equation (1):  CrI(%) = 222" x100%

002

Where I, is the counter reading at peak intensity at a 20 angle close to 22° representing
crystalline material, I, is the counter reading at peak intensity at a 26 angle close to 18°
and stands for the amorphous material (Costa et al., 2015; Roncero Vivero, 2000).

Finally, Scanning Electron Microscopy (SEM) is considered as one of the most versatile
tools to study and analyse the microstructure morphology and chemical composition
(Zhou, Apkarian, & Wang, 2006). SEM was used in this investigation in order to image
the surface structure and morphology of cellulose samples, for the posterior analysis of
physico-chemical properties related to the reduction of heavy metal concentrations in
prepared solutions. SEM observations of the different cellulose samples were examined
by using a MIRA 3 (TESCAN, CZ) Field Emission Gun Scanning Electron Microscope
(FEG-SEM). Pore size distributions were determined using Density Functional Theory
(DFT) and the calculated specific surface areas were deduced from the Brunauer—

Emmett-Teller (BET) equation.
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4.4.  Aqueous solutions of heavy metals

Heavy metals tested in this research include copper (11) and silver (1), and were obtained
from sources such as copper sulphate pentahydrate from Sigma-Aldrich and silver nitrate
purchased from Novaquem and Representaciones Venegas, respectively. Heavy metal
precursors were diluted in water and many different concentrations were prepared for
each heavy metal source (Table 5). Equipment such as analytical balance and vortex were

used for the preparation.

Table 5. Concentrations of heavy metal solutions

[Cu(11)/H:0] (M) | [Ag(1)/Hz0] (M)
0.004 0.029
0.02 0.058
0.04 0.088
0.06 0.117
0.08
0.1

Heavy metal concentrations lower than the concentrations listed in Table 5 are difficult
to measure using UV-Vis-NIR equipment, and greyer £ values of concentrations were

prepared and measured to have more data to obtain the calibration curve.
4.5.  Cellulose-treated solutions

Purified cellulose samples after characterization and commercially available cellulose
(i.e. CMC) were used to prepare cellulose-treated solutions, which contain a certain
amount of cellulose sample in the different heavy metal solutions previously prepared. 1
and 10 mg of CMC, F20 and F28 were tested on each 10 mL heavy metal solution in
triplicate. Moreover, 1 mg of F25 and 10 mg of T1 were taken and placed in the different
10 mL heavy metal solutions in triplicate. Permanence time of cellulose in solution was

not evaluated in this research.
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4.6. UV-Vis-NIR assays

Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectroscopy is a widely used tool for
qualitative and quantitative characterization and analysis of materials and solutions. UV-
Vis-NIR is sensitive for aqueous solutions due to transparency of water in the spectral
region between 200 and 800 nm. In the UV range, absorption coefficients can be
considerably high, therefore sensitivity is outstanding (Dai et al., 2016). In this research,
different wavelength ranges were used depending on the heavy metal source to be
measured. Heavy metal solutions were directly measured in a LAMBDA 1050 UV-Vis-
NIR spectrophotometer (Perkin Elmer, USA). In contrast, cellulose-treated solutions
needed to be vortexed, centrifuged and, to avoid possible interference of any residual
cellulose particles, supernatant was placed in other assay tube (Scheme 2). Then, 2 mL
of the liquid supernatant was placed in a quartz cuvette and measured in the UV-Vis-NIR
equipment at maximum wavelength. Pellets of samples were stored for future research

and analysis.

Reduction percentages of copper in cellulose-copper suspensions were readily calculated
by using the Lambert-Beer Law illustrated in equation (2) and the maximum absorbance

of characteristic absorption peaks of heavy metals.
Equation (2): A= ¢lC

In equation (2), A stands for the absorbance value, ¢ is a constant value that represents
the molar absorptivity, | is the length of cuvette the light is passing through, and C is the
concentration of the solution associated with the absorbance measured. According to
equation (2), absorbance is directly proportional to the concentration, which means that
any decrease in absorbance will result from a reduction in the concentration (Swinehart,
1962).
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Scheme 2. Flow-chart of the UV-Vis-NIR procedure for cellulose-treated

suspensions

Centrifugation

& A

@Q-@ =

10 mg.
Heavy metal Cellulose Cellulose-treated
solution solution Vortex 5000 rpm
5 min.
/ o >/\
v Supernatant

4.7.  Statistical analysis

The research project results are statistically analysed by using an ANOVA model of two

factors considering two types of effects: first and second order, by using the equation (3):
Equation (3): y=u+a+b+(a*b)

In equation 3, u stands for mean, a is the effect of the cellulose sample (different
precursors: CMC, F20, F25, F28 and T1), b is the effect of the amount of cellulose used
(1 and 10 mg/mL) and a = b is the interaction between both factors and its effect on the
adsorption capacities of cellulose. The second (a) and third (b) terms in equation 3 are
first order effects, whereas the last term (a * b) is second order effect. Since three
different concentrations of copper (1) were tested (0.004 M, 0.02 M and 0.04 M), one
ANOVA assay was performed separately for each set of results. ANOVA model is
applied to know whether there is a significant difference between the means of the
adsorption capacities parameter of isolates compared with control sample (CMC). In
addition, Honest Significant Difference (HSD) Tukey test was conducted for each first
order factors. This test allows to have a thorough analysis of the influence of those
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parameters on the adsorption capacities of cellulose samples. For the statistical analysis
(ANOVA and HSD Tukey), a significance level of p>0.05 was considered. R-studio
software was used for ANOVA and HSD Tukey tests (agricolae package), and regression
analysis of calibration curves for heavy metal solutions was carried out using Microsoft
Excel.

Results
5.1. Characterization of commercially available cellulose (i.e. Cellulose Micro-
Crystals (CMC)) as a control

The Fourier Transform-Infrared (FTIR) spectrum of commercial CMC sample, illustrated
in Figure 1, indicates characteristic peaks for cellulose including C-C, C-OH, C-H ring
and side group vibration bands which clearly arise at ~1000 cm™, and also C-O-C
glycosidic ether band notably appear at ~1105 cm™. Additionally, important peaks are
evident at ~1300 cm™, ~1600 cm™, ~2900 cm™, and ~ 3300 cm™ which correspond to
CH: rocking vibrations at C6 band, OH bending of adsorbed water, sp3 C-H stretching
and OH stretching frequencies, respectively (Auta et al., 2017).

100
.90
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e 80 OH bend
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E
e 70
m -
S C-C ring
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F 60

FTIR-CMC
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Wavenumber (cm1)

Figure 1. FTIR spectrum of the control sample: Cellulose microcrystals

Generally, cellulose composition includes crystalline and amorphous phases. The XRD

pattern of the control sample CMC and the peaks intensity (Figure 2) exhibits a well-
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defined main peak around 20 = 22°. Using equation (1), a crystallinity index of 78.1% is

deduced.
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Figure 2. XRD pattern of the control sample: Cellulose microcrystals

SEM observations of commercially available cellulose (CMC), displayed in Figure 3,

showed that surface structure of CMC presents roughness similar to a tree bark formation

and its morphology is slightly tubular.
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Figure 3. SEM micrographs of the control sample: Cellulose microcrystals
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5.2.  Characterization of cellulose samples extracted from natural sources

It is important to remark that natural cellulose particles were extracted from different
biodiverse sources using the same extraction process to prevent any possible effects of
the extraction on their physicochemical properties. Cellulose exhibited various
physicochemical properties, as shown in Figure 4. FTIR spectra were useful to identify
cellulose content and residual molecules of cellular wall components, such as
hemicellulose or lignin.
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Figure 4. FTIR spectra of F20, F25, F28 and T1 cellulose samples

X-ray diffraction (XRD) tests on the four cellulose samples depicted distinct graphs and
different degrees of crystallinity (Figure 5). The major peaks around 26 = 20 — 25 ° are
attributed to cellulose crystalline structure, while the peaks around 20 = 15 — 18 °,

represents the samples amorphous region (Segal, Creely, Martin, & Conrad, 1959).
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Figure 5. XRD patterns of F20, F25, F28 and T1 cellulose samples

Scanning Electron Microscopy (SEM) pictures of the new isolates, illustrated in Figures
6-9, reveal that each cellulose sample presents a unique morphology, porosity, and size
despite that the same extraction process was used for all samples. As displayed in Fig 6
and 8, the external structure of F20 and F28 fibers are porous with an irregular surface
presenting roughness. Figures 7 and 9 show that F25 and T1 samples present a more

compact surface and similar degree of porosity compared with F20 and F28 samples.
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Figure 7. SEM micrographs of F25 cellulose sample
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Figure 9. SEM micrographs of T1 cellulose sample
5.3. UV-Vis-NIR assays on standard heavy metal solutions.

Maximum values of absorbance for each peak depicted on UV-Vis-NIR absorption
spectra served as a reference for the posterior measurements of cellulose-treated heavy
metal solutions. For the evaluation of adsorption capacities of cellulose samples, the three

solutions with the lowest concentration were tested, therefore the characteristic peaks of
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copper solutions presented in Figure 10 correspond to 0.004 M, 0.02 M and 0.04 M

solutions.
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Figure 10. Absorption spectra of copper aqueous solutions

As mentioned in methodology, 4.4 section, extra solutions of heavy metals were prepared
in order to have more data to obtain the calibration curve. Calibration curve of copper
standard solutions obtained from UV-Vis-NIR measurements was set at maximum

wavelength, which is 813 nm, as shown in Figure 11.
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Figure 11. Calibration curve of copper standard solutions (max wavelength: 813 nm)
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In the case of silver solutions, the characteristic peaks evaluated correspond to silver
standard solutions with the lowest concentration, which are 0.029 M, 0.059 M and 0.088
M solutions. UV-Vis-NIR absorption spectra of those solutions is presented in Figure 12.
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Figure 12. Absorption spectra of silver aqueous solutions

For the obtainment of the calibration curve of silver standard solutions, one more solution
was prepared with a concentration of 0.117 M. Calibration curve of those solutions was

set at the maximum wavelength, which is 302 nm, as shown in Figure 13.
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Figure 13. Calibration curve of silver standard solutions (max wavelength: 302 nm)



24

5.4. Percentages of removal of copper in cellulose-copper adsorption assays

Copper remaining in CMC-copper suspensions is presented as only one bar which
involves every single copper concentration in contact with 1 and 10 mg/mL of CMC,
respectively. Each of these analyses were carried out in triplicate, as shown in Annex A.
Most of the values of absorbance of CMC-copper suspensions are above the values of the
detection limits and lower values presented a slight difference, therefore they were
negligible. There was no standard deviation for CMC, since it depicted no adsorption

capacities in all tests (100% copper remaining in each measurement).
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Figure 14. Percentages of removal of copper in F20-copper suspensions
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Figure 15. Percentages of removal of copper in F28-copper suspensions
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Figure 16. Percentages of removal of copper in F25-copper suspensions
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Figure 17. Percentages of removal of copper in T1-copper suspensions
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5.5.  Statistical analysis

Results of ANOVA by using the equation (3) allow to compare the mean different
adsorption capacities of cellulose particles, in order to stablish whether a difference exist
or not. Considering the probability shown in Table 6, at least one of the treatments
(cellulose samples) differs from the controls. Furthermore, the Table 6 indicates that the

same behavior is depicted regarding the amount of cellulose.

Table 6. ANOVA of the absolute concentration values of copper-cellulose
suspensions (0.004 M)

ANOVA of absolute concentration values of 0.004 M cellulose-copper

mixtures
Df| SumSq | MeanSq | Fvalue | Pr(>F)
Treatment 4| 1.57E-05| 3.93E-06 16.54 | 1.54E-05 | ***
Amount 1| 4.76E-06| 4.76E-06 20.01| 0.000384 | ***
Treatment:Amount 2| 4.76E-06| 2.38E-06 10| 0.001522 | **
Residuals 16| 3.80E-06| 2.38E-07

ISignif. codes: 0 “*** (0.001 ***> 0.01 “** 0.05°” 0.1° 1 ‘

The validation graphs obtained from ANOVA model of values of absolute concentration
(Annex A) of cellulose-copper suspensions with an initial concentration of 0.004 M are
displayed in Figure 18. The first validation graph permits to have a better idea of the
normality of the residuals. Furthermore, the normality graph depicted shows that the
majority values lies over the theoretical behavior line. Figure 18 C displays a linear

correlation between measured and predicted values.
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Figure 18. Validation graphs of (A) square root of the standardized residuals and the
fitted values, (B) the standardized residuals and the theoretical quantiles, and (C)

measured vs predicted values of ANOVA of cellulose-copper suspensions (0.004 M).

The adsorption capacities vary according to the cellulose sample used and the supplied
amount of cellulose on cellulose-copper suspensions. In fact, HSD Tukey tests present
statistic information about the influence of those parameters on the values of absolute
concentration (Annex B) in cellulose-copper suspensions with an initial concentration of
0.004 M, as noticed in Figure 19.
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Figure 19. Significance differences among the means of first order effects.
(A) Cellulose samples, and (B) amount of cellulose used in cellulose-copper
suspensions (0.004 M).

Similarly, ANOVA on cellulose-copper suspensions with an initial concentration of 0.02
M was conducted. Data obtained from ANOVA model is illustrated in Table 7.
Significance codes in Table 7 prove that the interaction of treatment (cellulose samples)
and amount of cellulose, as well as the first order effects have a significant difference on

the mean adsorption capacities of cellulose particles.

Table 7. ANOVA of the absolute concentration values of copper-cellulose

suspensions (0.02 M)

ANOVA of absolute concentration values of 0.02 M cellulose-copper
mixtures
Df| SumSq | MeanSq | Fvalue | Pr(>F)
Treatment 4| 150E-04| 3.75E-05| 233.58| b5.72E-14|***
Amount 1| 9.37E-06| 9.37E-06 58.42| 9.97E-07 | ***
Treatment: Amount 2| 6.71E-06| 3.35E-06 20.92| 1.60E-07 | ***
Residuals 16| 2.57E-06| 1.60E-07

| Signif. codes: 0 “**** 0.001 “**> 0.01 “** 0.05°" 0.1°’ 1 |

Figure 20 illustrates the validation graphs of square root of standardized residuals and

fitted values, standardized residuals and theoretical quantiles, and the measured against
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the predicted values of ANOVA model carried out on values of absolute concentration

of cellulose-copper solutions (0.02 M).
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Figure 20. Validation graphs of (A) square root of the standardized residuals and the
fitted values, (B) the standardized residuals and the theoretical quantiles, and (C)

measured vs predicted values of ANOVA of cellulose-copper suspensions (0.02 M).

HSD Tukey tests present statistic information about the influence of first order effects on
values of absolute concentration (Annex B) in cellulose-copper suspensions with an
initial concentration of 0.02 M. As shown in Figure 21, there are significant differences
between the cellulose samples used. T1 exhibits the highest significant difference
compared with control (CMC) samples and the other cellulose samples. Additionally, the

amount of cellulose used has a significant effect on the adsorption capacities of cellulose.
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Figure 21. Significance differences among the means of first order effects.

(A) Cellulose samples, and (B) amount of cellulose used in cellulose-copper

suspensions (0.02 M).

Finally, ANOVA model applied in the set of values of absolute concentration of

cellulose-copper suspensions with an initial concentration of 0.04 M reveals the

information illustrated in Table 8, which indicates that only the type of cellulose influence

on the adsorption capacities. In contrast, amount of cellulose and its interaction effect

with treatment factor do not exhibit any type of influence on the adsorption properties of

cellulose particles.

Table 8. ANOVA of the absolute concentration values of copper-cellulose

suspensions (0.04 M)

ANOVA of absolute concentration values of 0.04 M cellulose-copper

mixtures
Df| SumSqg | MeanSq | Fvalue | Pr(>F)
Treatment 4| 6.45E-05| 1.61E-05| 8.731| 6.16E-04 |***
Amount 1| 2.97E-06| 2.97E-06| 1.608| 0.222879
Treatment:Amount 2| 1.31E-06| 6.53E-07| 0.354| 0.707439
Residuals 16| 2.96E-05| 1.85E-06

‘Signif. codes: 0 “*** (0.001 “*** 0.01 “** 0.05°” 0.1’ 1

The validation graphs obtained by plotting the ANOVA model used for cellulose-copper

suspensions (0. 04 M) are presented in Figure 22.
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Figure 22. Validation graphs of (A) square root of the standardized residuals and the

fitted values, (B) the standardized residuals and the theoretical quantiles, and (C)

measured vs predicted values of ANOVA of cellulose-copper suspensions (0.04 M).

Further analyses of factors that affects the values of absolute concentration in cellulose-

copper suspensions with an initial concentration of 0.04 M were carried out by using

HSD Tukey test. As seen in Figure 23 A, T1 emerges as the cellulose sample with the

highest significant difference compared with control (CMC) sample. On the other hand,

Figure 23 B suggests that there is a significant difference when using a higher amount of

cellulose.
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Figure 23. Significance difference among first order factors. A) Cellulose samples, and

B) amount of cellulose used in cellulose-copper suspensions (0.04 M).

Statistical analysis of copper remaining percentages including means and standard
deviations are presented in Tables 9 and 10 based on data collected from UV-Vis-NIR

measurements for each cellulose-copper suspension.

Table 9. Statistical analysis (mean, standard deviation, coefficient of variation (CV)
and statistical significance) of copper remaining percentages for the different

cellulose-copper suspensions using 1 mg/mL of cellulose samples.

Cellulose samples Copper remaining (%)
(Img/mL) 0.004 M| 0.02M | 0.04 M
Mean 100 100 100
— Std. Deviation 0 0 0
Mean 92.86 94.33 95.7
F20 |Std. Deviation 6.51 1.48 2.43
CV (%) 7.01 1.57 2.54
Sig. probability 0.137 0.003 0.038
Mean 100 100 100
cMC Std. Deviation 0 0 0
Mean 72.2 89.32 98.1
F25 |Std. Deviation 24.54 3.06 1.7
CV (%) 33.99 3.43 1.73
Sig. probability 0.152 0.004 0.126
Mean 100 100 100
S Std. Deviation 0 0 0
Mean 62.34 91.77 93.72
F28 |Std. Deviation 7.33 3.58 1.99
CV (%) 11.76 3.90 2.12
Sig. probability 0.001 0.017 0.005
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Table 10. Statistical analysis (mean, standard deviation, coefficient of variation

(CV) and statistical significance) of copper remaining percentages for the different

cellulose-copper suspensions using 10 mg/mL of cellulose samples.

Cellulose samples Copper remaining (%)
(10mg/mL) 0.004 M| 0.02M | 0.04 M
Mean 100 100 100
Gwle Std. Deviation 0 0 0
Mean 33.83 79.28 92.63
F20 |[Std. Deviation 5.3 1.12 5.19
CV (%) 15.67 1.41 5.60
Sig. probability 0 0 0.072
Mean 100 100 100
— Std. Deviation 0 0 0
Mean 38 85.38 90.75
F28 | Std. Deviation 18.99 2.49 1.8
CV (%) 49.97 2.92 1.98
Sig. probability 0.006 0.001 0.001
Mean 100 100 100
e Std. Deviation 0 0 0
Mean 51.19 57.12 87.4
T1 |Std. Deviation 1.95 0.1 6.82
CV (%) 3.81 0.18 7.80
Sig. probability 0 0 0.034

5.6.  Nanoparticles formation in cellulose-silver suspensions

Cellulose-silver suspensions exhibited parasite phenomena due to silver nanoparticles

(Ag-NPs) formation plus sedimentation. This phenomenon interferes with the correct

measurements of silver solution standard peaks, therefore peaks around ~300 nm are

higher than reference characteristic peaks. On the other hand, T1-silver suspensions

displayed peaks attributed to the formation of these unstable Ag-NPs as shown in Figure

24. To be more specific, peaks around ~460 and ~490 nm appear in the spectra for

different T1-copper suspensions, corresponding to the formation of unstable Ag-NPs

(Nakamura et al., 2011).
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Figure 24. Absorption spectra of T1-silver suspensions

5.7. Samples surface properties

Surface analysis and volume pore data was only measured for control (CMC), F20, F25

and F28 cellulose samples, as illustrated in Table 11. Results showed that extracted

cellulose samples present higher specific surface area and pore volumes compared to

commercially available cellulose. To be more specific, F28 sample exhibit the largest

specific surface area.

Table 11. Specific surface area (SSA) and pore volume (PV) of cellulose samples.

Sample | SSA (g/m?) | PV (m%g)
CMC 3 0.018
F20 12 0.072
F25 9 0.061
F28 48 0.072

Moreover, in order to have a better understanding of the physicochemical properties that

influence the adsorption capacities of cellulose samples, the correlation of specific

surface area (SSA) and pore volume (PV) values is displayed in Figure 25.
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6. Discussion

Cellulose is a biopolymer available worldwide from a variety of biodiverse sources, which
the literature has considered as a sustainable and environmental friendly biomaterial. Four
different unmodified cellulose samples were successfully extracted from native natural
sources of Ecuador. Seemingly, extracted cellulose samples present distinct and unique
physico-chemical properties in comparison with the commercially available cellulose used
as a control counterpart (CMC). Every sample was extracted following strictly the same
protocol and characterized by using several techniques including FTIR, XRD, and SEM.
Additional BET measurements were performed for three of the samples (F20, F25 and F28).

FTIR data of cellulose samples presented the same characteristic peaks of commercial
cellulose control which demonstrates that F20, F25, F28 and T1 samples are mainly
composed of cellulose and do not contain any other residual biopolymer such as
hemicellulose and lignin. XRD diffraction showed the typical cellulose diffraction patterns
and are similar to the control sample pattern. This fact indicates that the different crystallinity
indexes depicted from cellulose samples may be attributed to the natural source from which
they were extracted, since every sample was extracted and purified using the same procedure.
CMC, the control sample, exhibited the highest crystalline index (78.1%) but did not reduce
any heavy metal concentration. On the other hand, F20 (Crl: 28.2%), F25 (Crl: 36.8%) and
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F28 (Crl: 56.2%) did reduce the concentration of copper (1) in aqueous solution. Thus,
values of crystallinity appear to be a critical variable affecting the adsorption capacity of
cellulose. However, in order to establish the suitable range of crystallinity degree in which
cellulose presents the highest adsorption of copper cations, more experiments and analysis
of other diverse cellulose samples should be conducted to have further information about
ideal crystallinity degree. According to SEM observations, each cellulose sample presented
unique morphology and structure differing in size, porosity and shapes. Therefore, the source

is the main factor affecting the physico-chemical properties of the extracted cellulose.

Characteristic peaks of copper sulphate and silver nitrate solutions are similar to those
presented in literature (Adadey & Sarfo, 2016; Aravinda et al. , 2012; Nakamura et al., 2011).
Maximum absorbance values for each peak were collected to establish the calibration curves.
Moreover, linear regression of calibration curves confirms that our tendency is totally linear
and heavy metal concentrations can be readily measured using the linear equation with
respect to the absorbance values of the solutions. Percentages of removal of cationic copper
in cellulose-copper suspensions show that F20, F25, F28 and T1 samples adsorption
capacities increase when the concentration of copper decreases. F20 fiber depicted the
highest reduction percentage (66.17+5.3%) followed by F28 with a slightly lower percentage
(62+18.99%) and T1 with the lowest (48.81+3.81%) when using 10 mg/mL cellulose
concentration in 0.004 M solution. In contrast, statistical analysis suggests that T1 sample is
the most effective cellulose particle for the removal of copper cations, since it presents the
lowest coefficient of variances. On the other hand, when 1 mg/mL of cellulose concentration
was applied, F28 sample emerged as the best adsorption agent (37.66+7.33%). In this case,
statistical analysis supports that F28 sample will present the most efficient performance for
removal of copper cations, since it exhibits a low coefficient of variance. Results suggest that
adsorption capacities of cellulose particles are much better for lower copper concentrations
and the ideal amount of cellulose should be above 10 mg in 1 mL solution. Indeed, HSD
Tukey tests proved that the amount of cellulose is a significant effect factor that influences
the adsorption capacities of cellulose particles, the higher the amount, the better the removal
percentages. Additionally, it is important to highlight that cellulose samples were
unmodified, therefore their adsorption capacities are directly attributable to their

physicochemical features, such as the pore volume and the specific surface area. More
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importantly, compared to functionalized cellulose-based materials described in literature
(Rhaman et al., 2016; Setyono & Valiyaveettil, 2016), extracted cellulose particles presented
in this research exhibits considerable adsorption capacities of copper cations, even though
they were not modified. In contrast, the same cellulose samples did not show reliable results
for silver nitrate solutions due to parasite phenomena (i.e. Ag-NPs formation plus
sedimentation). Nonetheless, UV-Vis-NIR spectra of T1-silver suspensions depicted
different peaks compared to the characteristic peaks of silver standard solutions, which is
attributable to the formation of Ag-NPs, possibly due to the interaction between cellulose
particles and silver nitrate molecules. Characteristic peaks of Ag-NPs are commonly reported
in literature and values obtained in this research are identical (Nakamura et al., 2011,

Rodriguez-ledn et al., 2013).

Sample surface characteristics were recorded in order to evaluate their influence on reduction
capacities of cellulose samples (CMC, F20, F25 and F28). Figure 19 shows a correlation
between pore volume and sample surface area from which it is clearly notable that cellulose
particles exhibiting higher pore volumes are better for reduction of copper concentrations.
On the other hand, sample surface areas demonstrated that this property is a crucial parameter
for the adsorption capacity of cellulosic materials as F28 displayed the highest reduction
percentage when using 1 mg/mL in 0.004 M copper sulphate solution. According to this data,
the important factors to be considered to evaluate adsorption properties of cellulose-based

materials are related to the surface and porosity degree.
7. Conclusion

The present investigation is about untreated cellulose extracted from Ecuadorian natural
sources as a possible solution to reduce the concentration levels of heavy metals present in
water pollution, evaluating reduction capacities of cellulose samples. Unmodified cellulose
isolates were successfully extracted and purified from different biodiverse sources of
Ecuador, and called F20, F25, F28 and T1. Physicochemical characterization was performed
on cellulose samples using FTIR, XRD, SEM and BET, and proved that every cellulose
sample was obtained from different natural sources, which directly influences the physico-
chemical properties of the samples. Surface properties including sample surface area and

pore volume are crucial factors affecting the heavy metal decontamination capabilities of the
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samples. In fact, F28 and F20 samples exhibited the best performances in reduction capacities
of copper concentration due to their surface area and pore volume parameters. However, F20
sample is more effective and reliable for cellulose-copper suspension with an initial
concentration of 0.004 M, since it has a lower coefficient of variation. Seemingly, T1 sample
presents low coefficient of variation as well as the best percentages of removal for higher
concentrations of copper (II). Thereby, T1 emerges as the best cellulose particle for
adsorption of copper cations due to its repeatability. Additionally, crystallinity degree might
be considered as an important factor affecting decontamination properties of the cellulose

samples.

The proposed hypothesis was partially demonstrated since all the results obtained from
cellulose-silver suspensions were not precise due to the influence of parasite phenomena in
heavy metal concentration. Indeed, the removal of silver in this case does not occur through
an adsorption process; it happens via a reduction route that promotes the production of
unstable Ag-NPs that sediment; this way, cationic silver is removed from the reaction
mixture. However, further work, including deconvolution, is needed to thoroughly monitor
this phenomenon. In spite of that, results data proved that T1 cellulose sample could be a
potential agent for Ag-NPs formation. On the other hand, results obtained from cellulose-
copper suspensions did show excellent results. Considering that MCL levels of heavy metals
in drinking water are lower than the lowest concentration of Cu (Il) used in this research,
extracted cellulose samples emerged as good candidates for reduction of copper
concentrations in aqueous solutions. Finally, this research clearly demonstrates the promising
potential for exploring the biodiversity of Ecuador in order to create a wide range of unique

cellulosic materials for environmental remediation.
8. Recommendations

In order to have reliable and good UV-Vis-NIR measurements, it is recommended to
centrifuge cellulose-treated samples at a speed higher than 5000 rpm for at least 5 min. After
this, removing supernatant is imperative to avoid any possible cellulose particle when
measuring the absorbance, because this can significantly interfere with UV-Vis-NIR

measurement. Furthermore, atomic absorption spectroscopy may help in measuring very low
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concentrations of heavy metals in aqueous solutions, and test solutions within the maximum

contaminants levels.

It is also suggested to test cellulose samples for the removal of many other heavy metals
present in polluted water. Thus, evaluating if cellulose can capture other heavy metal cations
in aqueous solutions. Moreover, contaminated water samples containing many pollutants
including a variety of heavy metals can be studied before and after treatment with cellulose
particles. More importantly, the reusability of cellulose can be considered as a parameter for
evaluation in future studies and the influence of permanence time of cellulose in polluted
water solutions. As mentioned in the methodology, section 4.6, pellets were stored since

elemental analysis can be carried out on samples.
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Annex A

Table 12. Maximum values of absorbance of cellulose-copper suspensions

Maximum values of absorbance

Concentrations of copper

solutions
Cellulose Sample 0.004 M 0.02 M 0.04 M
0.0531 0.2558 0.5022
1 mg/mL 0.0524 0.2556 0.5029
e 0.0527 0.2561 0.503
0.0601 0.2543 0.5022
10 mg/mL 0.0513 0.256 0.5008
0.0518 0.2559 0.5032
0.0453 0.2434 0.4917
1 mg/mL 0.0525 0.2365 0.4828
o 0.0478 0.2426 0.4676
0.0175 0.201 0.4362
10 mg/mL 0.0206 0.2005 0.4858
0.0151 0.2057 0.475
0.0362 0.2435 0.4667
1 mg/mL 0.0286 0.2345 0.4821
F28 0.0329 0.2252 0.4634
0.0106 0.2107 0.4454
10 mg/mL 0.0245 0.2214 0.4614
0.0297 0.222 0.4606
0.052 0.2328 0.5083
F25 1 mg/mL 0.0265 0.2191 0.4902
0.0384 0.2325 0.4857
0.0261 0.1461 0.4505
T1 10 mg/mL 0.0278 0.1456 0.4675
0.026 0.1458 0.4015
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Table 13. Copper remaining percentages in cellulose-copper suspensions

Copper remaining percentages (%)
Concentrations
Cellulose Sample 0.004 M 0.02 M 0.04 M

100 100 100
1 mg/mL 100 100 100
100 100 100
cMmC
100 100 100
10 mg/mL 100 100 100
100 100 100
87.12 95.34 97.91
1 mg/mL 100 92.64 96.14
91.92 95.03 93.11
F20

33.65 78.73 86.86
10 mg/mL 39.62 78.54 96.73
29.04 80.57 94.58
69.62 95.38 92.93
1 mg/mL 55 91.85 96
63.27 88.21 92.27

F28
20.38 82.53 88.69
10 mg/mL 47.12 86.72 91.88
57.12 86.96 91.72
100 91.19 100
F25 1 mg/mL 50.96 85.82 97.61

73.85 91.07 96.71
50.19 57.23 89.71
T1 10 mg/mL 53.46 57.03 93.09
50 57.11 79.95




Table 14. Values of absolute concentration in cellulose-copper suspensions

Values of Absolute Concentration

Cellulose Sample

Concentrations of copper solutions

Treatment

Amount

0.004 M

0.02 M

0.04 M

cmC

1 mg/mL

0.00408462

0.02004702

0.04

0.00403077

0.02003135

0.04005575

0.00405385

0.02007053

0.04006372

10 mg/mL

0.00462308

0.01992947

0.04

0.00394615

0.0200627

0.03988849

0.00398462

0.02005486

0.04007965

F20

1 mg/mL

0.00348462

0.01907524

0.03916368

0.00403846

0.01853448

0.0384548

0.00367692

0.01901254

0.03724413

10 mg/mL

0.00134615

0.01575235

0.03474313

0.00158462

0.01571317

0.03869375

0.00116154

0.01612069

0.03783353

F28

1 mg/mL

0.00278462

0.01908307

0.03717244

0.0022

0.01837774

0.03839904

0.00253077

0.0176489

0.0369096

10 mg/mL

0.00081538

0.01651254

0.03547591

0.00188462

0.0173511

0.0367503

0.00228462

0.01739812

0.03668658

F25

1 mg/mL

0.004

0.01824451

0.04048586

0.00203846

0.01717085

0.03904421

0.00295385

0.018221

0.03868578

T1

10 mg/mL

0.00200769

0.01144984

0.03588212

0.00213846

0.01141066

0.03723616

0.002

0.01142633

0.03197929
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Annex B

Raw data of HSD Tukey tests
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0.004121 6 0.003946 0.004623 a
0.002549 1.32E-03 | 6 0.001162 0.004038 b
0.002997 9.81E-04 |3 0.002038 0.004000 b
0.002083 6.92E-04 | 6 0.000815 0.002785 b
0.002049 7.78E-05 |3 0.002000 0.002138 b

0.003323

7.81E-04

0.002038

0.004085

0.002315

1.21E-03

12

0.000815

0.004623

0.020033 5.23E-05 |6 0.019929 0.020071 a
0.017368 1.67E-03 | 6 0.015713 0.019075 b
0.017879 6.13E-04 | 3 0.017171 0.018245 b
0.017729 8.94E-04 | 6 0.016513 0.019083 b
0.011429 1.97E-05 |3 0.011411 0.011450 c

0.018793

9.42E-04

0.017171

0.020071

0.016098

3.24E-03

12

0.011411

0.020063

0.040015 6 0.039888 0.040080

0.037689 1.59E-03 | 6 0.034743 0.039164 abc
0.039405 9.53E-04 | 3 0.038686 0.040486 ab
0.036899 9.40E-04 | 6 0.035476 0.038399 bc
0.035033 2.73E-03 |3 0.031979 0.037236 c
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0.038807

1.23E-03

0.036910

0.040486

0.037104

2.42E-03 |12

0.031979

0.040080




