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Resumen 

 

El agua contaminada por metales pesados de diversas fuentes antropogénicas es una gran 

preocupación en la comunidad mundial, debido a su impacto en el ser humano y medios 

acuáticos. Los materiales adsorbentes a base de celulosa son de gran interés por su 

característica biodegradable y no tóxica. Entre los métodos de tratamiento de agua, la 

adsorción es de gran importancia por ser un proceso simple, de bajo costo y ser una tecnología 

alternativa sostenible para remover trazas de metales pesados. En este contexto, el presente 

estudio evalúa las propiedades de adsorción de ocho muestras de celulosa no modificadas 

aisladas de la biodiversidad del Ecuador, como un potencial adsorbente de iones metálicos 

presentes en el agua. Las muestras aisladas se caracterizaron utilizando las técnicas de 

espectroscopia infrarroja por transformada de Fourier (FTIR), difracción de rayos X (XRD), 

microscopía electrónica de barrido (SEM), análisis termogravimétrico (TGA) y Brunauer-

Emmett-Teller (BET) para comprender las propiedades fisicoquímicas. La prueba de 

adsorción de metales pesados utilizando 2 mM y 10 mM de solución de cobre demuestra que 

la celulosa no modificada puede adsorber iones de Cu2+ de manera efectiva, logrando una 

capacidad de reducción de 88,75±2,49% y 54,96±2,5, respectivamente.  Además, los estudios 

de isotermas de adsorción revelan que F25 se ajusta mejor al modelo de Langmuir y OP al 

modelo de Freundlich. La máxima capacidad de adsorción fue 40 mg/g utilizando F25 y 60 

mg/g usando OP. Estos resultados indican que el adsorbente a base de celulosa de una fuente 

natural puede ser una posible solución ecológica para el tratamiento del agua por 

contaminación de iones metálicos.   

 

 

Palabras Clave: metales pesadas, agua contaminada, celulosa natural, biodiversidad, 

adsorción.  

 



  

Abstract 
Heavy metals water contamination from various anthropogenic sources is a major concern in 

the globally community due to its negative impact on human and aquatic systems. Cellulose-

based adsorbents have attracted attention as alternative materials due to their non-toxic and 

biodegradable characteristic. Among the water treatment methods, adsorption has gained 

interest due it is simplistic procedure, low-cost, and sustainable alternative technology for 

removing heavy metal traces. In this context, the present study evaluates the adsorption 

properties of the eight unmodified cellulose isolated from the ecuadorian biodiversity as a 

potential heavy metals ions decontaminant. The isolated samples were characterized using 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron 

microscopy (SEM), thermogravimetric analysis (TGA), and Brunauer-Emmett-Teller (BET) 

methods to understand the physicochemical properties. Heavy metals adsorption test using 

2mM, and 10mM of the copper solution, demonstrates that the unmodified cellulose can 

adsorb Cu2+ ions effectively, achieving 88,75 ± 2,49% and 54,96 ± 2,51, at respective 

concentrations. Additionally, adsorption isotherms studies reveal that F25 fits better to 

Langmuir and OP fit to Freundlich models, reaching the maximum adsorption capacity of 40 

mg Cu per gram and 60 mg Cu per gram of adsorbate. These results indicate that the 

cellulose-based sorbent from a natural source can be a potential eco-friendly solution to water 

treatment from heavy metals ions.  
 

 

Keywords: heavy metals, polluted water, natural cellulose, biodiversity, adsorption 
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Chapter 1 
1. Introduction 
 

Introduction 

 
Heavy metals pollution is an unavoidable byproduct of anthropogenic activities, and many 

industries, causing severe environmental and health problems 1 . Heavy metals are elements 

having an atomic density greater than 5 𝑔/𝑐𝑚3. The most frequent metal ions found in 

untreated water are cadmium (Cd), zinc (Zn), lead (Pb), mercury (Hg), arsenic (As), silver 

(Ag), chromium (Cr), iron (Fe), platinum (Pt), and copper (Cu) 1–3. These ion concentrations 

have been found as the main contaminant in European soils and groundwater 4 and exceeding 

the maximum concentration limits (MCL) of Pb and Cr in Guayaquil drinking water5. Among 

the heavy metals, Cu2+ ions are considered a primary pollutant in water. These ions are not 

biodegradable and can bio-accumulate in living beings 6. Therefore, heavy metal ion removal 

from water is a great concern. 

 

Copper is a naturally occurring metal that has an atomic number of 29 and a molecular weight 

of 63,546 uma 7. Cu is easily dissolved in the water and can be found in volcanic rock and 

groundwater. Nevertheless, the major contamination sources are humans, industries, and 

agricultural wastewater. Because of its excellent ductility and electrical and thermal 

conductivity, it is widely employed in the industry. Furthermore, Cu is also used as a 

nutritional supplement for animals and plants, which cause accumulation and eventually 

pollution of groundwater 8. According to the United States Environmental Protection Agency 

(US EPA), the MCL of the copper is 1,25 mg/L (20 uM) 9, while according to World Health 

Organization is 2 mg/L (WHO) for drinking water 10 . Nonetheless, research has revealed 

that a high concentration of Cu in water causes imbalance cellular homeostasis, hemolysis, 

diarrhea, abdominal pain, vomiting, and several neurodegenerative diseases, for instance, 

Wilson, Alzheimer, and Menkes 6,11. Thereby, detection and removal of copper ions trace 

present in water is needed.  

 

Several methods to remove the heavy metals ions, including Cu, have been studied. These 

methods include chemical precipitation, flocculation, electrochemical treatment, membrane 

filtration, photocatalytic, and adsorption/bio-adsorption. Among them, the adsorption-based 

process is very attractive because it is a simple, cost-effective, and sustainable alternative for 

removing heavy metal traces 3. However, some of these methods have been limited by the 

cost, or it is not suitable for drinking water or not possible on a large scale. Materials with 
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high adsorption capacities, such as activated carbon, have been explored, but it is not 

universal for metal ions 12. Then, alternatives methods are still required. In this context, 

biodegradable material such as cellulose has attracted much attention to metal ions removal.  

 

The accumulation of adsorbate on the adsorbent surface is referred to as chemical or physical 

adsorption. Cellulose-based materials have been studied in the field of water remediation via 

the sorption process. However, the adsorption capacity of cellulose is limited due to a lack 

of negative charges13. Additional functionalization is frequently conducted to address this 

constraint, yielding good results but complicating the process and increasing the cost 14. 

Therefore, cellulose having adsorption capability without any additional chemical 

modification has greatly interested the scientific community and industry. In this context, 

some cellulose samples were isolated from various ecuadorian natural sources. Later, the 

materials were subjected to batch heavy metal (copper) experiments under established 

conditions. Copper was used as a model heavy metal to study the adsorption of cellulose 

since the Cu adsorption behaviors are similar to cadmium, palladium, lead, mercury, 

chromium, uranium, and nickel13. Furthermore, its availability in the laboratory and easy 

analysis with conventional equipment available in our laboratory. Finally, these were 

characterized using several techniques to confirm the binding process and statistically 

analyzed to show the significance of the adsorption capacity.   
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Chapter 2 
2. Motivation 
 

Motivation 

 
2.1. Problem Statement 
 

Ecuadorian population is divided into 62% urban and 38% rural. Only 74 percent of rural 

residents have access to a type of water household installation, whereas 96 percent of urban 

residents do5. Inadequate access to safe drinking water, particularly in low and middle-

income nations that include Ecuador, causes health issues. Water pollution from heavy metals 

is rising as a result of human activities such as mining and industry. Several environmental 

pollutions have been caused in Ecuador by artisanal and illegal mining. The heavy metals 

induce toxicity and cause damage to kidneys, liver, and genetic and neurological alterations. 

Some Ecuadorian rivers contain heavy metals derived from mining; for instance, a high 

Pb(II) concentration in Puyango river was found. However, this water is used in agriculture 

and for human consumption15. More research in Ecuador indicates that the concentration of 

several heavy metal ions in drinking water exceeds the World Health Organization guideline. 

For example, Guayaquil has a higher lead content in its drinking water. Cadmium and lead 

are present in the Estero Salado (Guayas province). Finally, the water treatment process in 

Ecuador uses the traditional procedures such as aeration, coagulation, flocculation, 

sedimentation, filtration, and disinfection using chlorine 5,16. In this way, developing an 

effective, low-cost alternative technology for removing contaminants from water is required 

to maintain the amount of drinking water balanced before it is irreparably damaged. 

 

From this perspective, this work proposes using some ecuadorian plants to extract cellulose 

and use it in water remediation from heavy metals. 

 

 

2.2. Hypothesis and Objectives 
 

2.2.1. Hypothesis 
 

Natural cellulose extracted from the ecuadorian biodiversity can exhibits heavy metal 

adsorption properties to use in water treatment.  
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2.2.2. General objectives 
 

To test the heavy metal adsorption capacity of unmodified cellulose extracted from 

different plant sources.  

 

2.2.3. Specific objectives 
 

 To extract cellulose from eight different natural sources using an established 

protocol. 

 To perform physicochemical characterization of extracted cellulose (i.e. F17, F20, 

F25, F27, F28, T1, OP, and CP) using FTIR, XRD, SEM, TGA, and BET. 

 To test copper ions adsorption capacity of natural cellulose using commercial 

cellulose as control. 

 To perform elemental characterization.  

 To fit the data to Langmuir and Freundlich isotherms. 
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Chapter 3 
3. Theoretical Framework 
 

Theoretical Framework 

 
3.1. Cellulose 
 

Cellulose is the most prevalent biopolymer found on the earth and forms the major biomass. 

This polymer can be found mainly in plants in their skeletal wall conformation organized in 

layers. Furthermore, cellulose also can be found in bacteria, fungi, algae, and even tunicates 
17. Wood pulp is the most common raw material source for cellulose 18,19. Cellulose is a 

polymer composed of hundreds to thousands of repeats of 𝛽(1 → 4) linked D-glucose units. 

Chemically is defined as a consistent monomer of (𝐶6𝐻10𝑂5)𝑛 (Figure 1). The length 

depends on the monomeric unit in the formula represented by 𝑛; its number gives the degree 

of polymerization (DP). Cellulose presents good chemical, mechanical, rheological, and 

optical properties, and it is characterized by its hydrophilicity, chirality, biodegradability, and 

broad chemical modifying capacity 20.  

 

 

Figure 1. The chemical structure of cellulose is linked by (1–4) glycosidic bonds, adapted 

from Johnsy George et al. 19.  

 

The cellulose surface has abundant hydroxyl groups (-OH), which allow a functionalization 

enhancing the physicochemical properties. Moreover, -OH groups are responsible to form 

strong hydrogen bonds, giving them crystallinity and amorphous regions. The crystallinity 

region could define the long degradation process. Due to the large bioavailability, easy 

processing, non-toxic, biodegradable, and unique properties which depend on origin, it is 
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interesting to study and use in biomedical applications, optical detection, food packing, 

pharmaceutical, biofuel, and to water remediation, etc 21–24. 

 

 

3.2. Adsorption process 
 

Adsorption is the accumulation of the adsorbate contained in the solution on the adsorbent 

surface. The surface area is the main material property that is influent in this process because 

it gives more available active sites. The adsorption process first involves the transportation 

of the sorbent to the external surface. Later, it is transported within the pores of the adsorbent. 

Finally, some adsorbate is deposited on the surface, forming mono or multilayers (Figure 2) 
25. 

 

Figure 2. Adsorption mechanism adapted from Rahman et al 25. 

  

3.3. Cellulose-based adsorbent for remediation of polluted 

water  
 

Water treatment and safety are concerning global problems. Indeed, it needs to find 

alternatives way to purify. Cellulose is the most abundant polymer, and environmental 

sustainability is of great interest at small and large-scale to remove water pollutants. In water 

purification, this polymer could be applied on large filters to remove heavy metal traces from 

the water after the conventional treatment or a small filter for drinking water on individual 

levels.  

 

In recent years, numerous efforts have been made to prove the adsorption capacity of the 

cellulose-based material particularly, to remove heavy metals ions at low concentrations13. 
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Natural fibers such as coir pitch, rice husk, banana peel, oil palm fiber, sugarcane bagasse, 

and beetroot have been used to remove water pollutants (as heavy metals) due that there are 

abound, low cost, eco-friendly, and available in large quantities. Natural fibers are composed 

of cellulose, hemicellulose, lignin, extractives, and inorganics. Many studies focused on 

cellulose due to its unique properties, such as its hydrophilic, processability, insoluble in 

many solvents, crystalline, and no-toxic behavior 25. Researchers found that pristine cellulose 

has a low adsorption capacity to heavy metals, as a reference in the range of 0,11 – 0,2 

mmol/g of Cu2+ 13. Nevertheless, functionalization can drastically improve the removal 

performance. The functionalized approach includes grafted, alkaline treatment, esterification, 

halogenation, and oxidation methods. Table 1 summarizes studies on copper ion removal 

using cellulose-based adsorbents without any modification and with modifications. The 

research found interesting behaviors of polyethylenimine (PEI) cross-linked paper since it 

shows the high adsorption capacities of copper ions11,22,24. Moreover, this can work for 

anionic and cationic ions because after modification, some amine groups were neutral while 

some were cationic, the neutral bind to metal cations, and the cationic bind to anions 25. 

Table 1. Adsorption capacities of some cellulose-based material. Adapted from Varghese et 

al. 26 and Bethke et al. 13.  

Cellulose-based 

adsorbent 

Modification (binding functional group) Adsorption 

capacity  

Orange peel --- 63 (mg/g) 

Oil palm shell --- 1,75 (mg/g) 

Rice Husk --- 30.0 (mg/g) 

Pomegranate peel --- 30,12 (mg/g) 

Cellulose bead Sodium hydroxide (carboxyl) 70,5 (mg/g) 

Cellulose powder Acrylic acid (carboxyl) 17,2 (mg/g) 

Wood pulp Citric acid (carboxyl) 24 (mg/g) 

Cellulose Succinic anhydride (carboxyl) 0,47 mmol/g 

Cellulose Acrylic acid (carboxyl) 5,17 mmol/g 

Cellulose Methyl benzalaniline 157,3 mg/g 

Sawdust Alkaline treatment 0,040 mmol/g 

Cellulose nanofibrils Mechanical disintegration 0,2 mmol/g 

Wood pulp  cellulose Citric acid ( carboxyl) 0,37 mmol/g 

Cellulose Linked 8-hydroxy-quinolone 0,63 mmol/g 

Cellulose TEMPO oxidation, PEI grafting (carboxyl 

and amine) 

0,82 mmol/g 

Cellulose Triethylenetetramine (amine) 0,94 mmol/g 

Kapok fiber Diethylenetriamine pentaacetic acid 

(DTPA) 

1,6 mmol/g 

Wood pulp Glycidyl methacrylate and imidazole 1,75 mmol/g 

Cellulose sugarcane 

bagasse 

1,3-Diisopropyl-carbodiimide (amine) 1,79 mmol/g 

Cellulose Paper PEI-crosslinked 6,84 mmol/g 
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The adsorption capacity difference of the oil palm shell could be explained by the particle 

size and the purpose of the work, the study used in the range of 6.5-8 mm due to objective to 

use in constructed wetland wastewater treatment system. Larger particle size adsorbs less 

amount of ions due to the reduce surface area, more tortuous and longer diffusion pathway 

to the internal surface and it is explained by the greater diffusional resistance in larger particle 
28. In another study using oil palm shell found a capacity of adsorption around 28 mg/g, 

however they used particle size less than 75 um29. In the case of rice husk authors used a size 

particle size less than 1 mm and also they attribute to the content of lignin and silica which 

have been recognized to facilitate the adsorption process30. 

 

3.4. Common process in wastewater treatment 
 

The wastewater passes through three or four stages. Each stage is involved methods to 

remove pollutants. Primary methods involve the sedimentation of the solid presence in the 

wastewater. For this purpose, the fluid is passed through the tanks where sludge content is 

retained. The secondary methods use the oxidation process to further wastewater purification. 

This process can be done by bio-filtration, aeration, and oxidation ponds. Bio-filtration uses 

sand, contact, or trickling filter to ensure additional sedimentations. Aeration uses 

microorganisms such as microbes converting the matter into energy, carbon dioxide gasses, 

and water. It is a long but effective process. A tertiary method is used to remove the 

impurities, such as small organic compounds, including traces of heavy metals ions, to 

convert them into good quality water and even drinking water. Methods include chemical 

precipitation, electrochemical oxidation, reverse osmosis, ion exchange, membrane 

technologies, and adsorption to remove heavy metals ions 31. Nevertheless, these methods 

are limited by the cost, incomplete removal, selectivity to the pH, fouling, high-energy 

consumption, and not are greener technologies 32,33. 

 

 

3.5. Current innovations to heavy metal removal from water 
 

An important point in water remediation is that the materials used are not pollutants after use. 

Nanotechnologies have shown a great potential to manufacture and improve the efficiency 

of the materials. The literature described metallic and metal oxide (MNMs), carbon-based 

and organic nanomaterials. MNMs include silver, titanium oxide, and iron base nanoparticles 

had been used to remove heavy metals from water. These exhibit fast kinetic and high 

adsorption capacities. Nevertheless, MNMs are challenging due to their toxicity, and it forms 

aggregations affecting the reactivity. Carbon-based nanomaterials, including activated 

carbon, carbon nanotubes, and graphene, have been employed for photocatalytic remediation, 

increasing the cost. Carbon-based materials in their pristine form are inert, thus demanding 

a surface modification, but it is a complex process burdening in industrial applications. The 
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organic nanomaterials include mainly chitin, chitosan, and cellulose; however, the chitin and 

chitosan come from animals. In this way, cellulose nanomaterials (CNMs) have become a 

great interest in the research as emerging alternative technologies because biodegradable 

materials do not generate waste 3,12.  

 

CNMs include nanocellulose, nanocrystalline cellulose, cellulose nanowhiskers, and 

cellulose nanofibers have unique physical properties at the nanoscale. These materials can be 

isolated from different methods and sources. The methods include acidic treatment, TEMO 

oxidation, and enzymatic reaction 17. CNMs are promising due to the high surface-area-to-

volume ratio, low cost, and easy functionalization, increasing the binding sites in the 

adsorption process. Furthermore, CNMs have interesting properties such as being 

environmentally friendly, self-assembly, reinforcing capabilities, and high mechanical 

strength 34. CNMs also have been studied as the main component of membrane filtration. It 

gives high tensile strength to support the water pressure. Furthermore, CNMs can be blended 

to form electrospun nanofibers with a large diameter of the fibers resulting in membrane mats 

with small pores size 14. Nanofibers for water treatment are currently widely studied.  

 

Another innovation for water mediation includes composites and microbial fuel cells (MFC). 

Composites are interesting due to the possibility of combining two or more materials to 

enhance performance. This material could require less time to reach the maximum adsorption 

capacities. Among these materials, the cellulose-based hydrogel has been studied to remove 

copper ions obtaining a maximum capacity of 1.4 mm/g 35. Microbial fuel cells have been 

demonstrated to be a promising technology because they use the organic matter present in 

the water to produce electricity. It is used with metal ions with higher redox potential, 

including copper, mercury, and silver. A study demonstrated the removal efficiency using a 

low concentration of 20 mg/L 36. Then, they present MFC as an alternative method to remove 

heavy metal ions and simultaneously bioenergy recovery. Nevertheless, their challenges are 

in the inability to treat all metals ions, pH depending, and the deterioration or removal 

efficiencies 37.  

 

Among the innovative technologies, the adsorption process to remove heavy metal ions using 

cellulose materials has proven to be an efficient, simple, green, clean and low-cost method 

for wastewater treatment using biodegradable and non-toxic materials as cellulose 26. 

 

 

3.6. Adsorption Isotherms models 
 

3.6.1. Langmuir Isotherms  
 

Langmuir isotherm is used to describe a complete monolayer formation of the sorbent onto 

the surface. It assumes that the sites are equally active and distributed uniformly across the 
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surface and are limited by the number of available places 38. There is no interaction between 

the adsorbent molecules. In addition, this model assumes homogeneous adsorption energy 

upon the surface and no interactions between the adsorbed ions 39. It is defined in equation 1 
40. 

 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

 

(1) 

Where 𝑞𝑒 represent the metal ions adsorbed at equilibrium (mg/g), 𝑞𝑚 is the maximum 
adsorption capacity of the material (mg/g) which express a complete monolayer formation 

𝐶𝑒 is the concentration of metal ions remaining in the solution (mg/L), and 𝐾𝐿 is the empirical 

Langmuir constant (L/mg).  

 

3.6.2. Freundlich isotherm 
 

Freundlich isotherm is not restricted to the monolayer formation and includes heterogeneous 

surfaces with interactions between the adsorbent molecules assuming multilayer adsorption. 

This model analyses the relationship between non-ideal and reversible adsorption process 

with engagement between molecules adsorbed 41. This model is defined in the equation 2 40. 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛𝐹  

(2) 

 
Where, 𝑞𝑒 (mg/g) is the adsorption capacity at equilibrium, Ce is the concentration of the 

metal ion remaining in the solution (mg/L), 𝐾𝐹the empirical Freundlich constants associated 

with the capacity, and 1/𝑛𝐹 is the empirical Freundlich constants associated with adsorption 

intensity. According to the 𝑛𝐹 values is possible to obtain some characteristics: if 2 < 𝑛 <

10, means good adsorption, if 1 < 𝑛 < 2, means poor adsorption, and if 𝑛 < 1, reveals 

difficult adsorption. 

 

 

3.7. Characterization Techniques  
 

The characterization techniques used in this work include: Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), UV-Visible- Near-Infrared Spectroscopy 

(UV-Vis-NIR), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray 

Spectroscopy (EDS), Thermogravimetry analysis (TGA), Brunauer-Emmett-Teller (BET) 

(Figure 3).  

 

The infrared region consists of three regions, near-infrared (12800– 4000𝑐𝑚−1), mid-

infrared (4000 − 400𝑐𝑚−1) and far-infrared (400 − 10𝑐𝑚−1). FTIR is one of the most 
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common techniques used to identify different functional groups constituting a compound. It 

indicates the presence or absence of the functional groups. It is a rapid and not destructive 

technique for the quantitative and qualitative determination of the biomass compound. The 

resulting spectrum comes from the molecular vibration mechanism, which refers to energy-

matter interaction 42,43.  Despite the advantages, FTIR characterization is still challenged due 

to the overlapping bands. In particular, in the fingerprint region, because of several peaks 44.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Characterization equipment (A) FTIR, (B) XRD, (C) UV-Vis-NIR, and (D) 

SEM. 

 

The existence of crystalline in cellulose is one of the most critical factors influencing its 

physical, chemical, and mechanical properties. XRD gathers information on the atomic 

arrangement within the unit cell that repeats infinitely along with all three Cartesian 

coordinate directions. Diffraction occurs the incident beams collide with a periodic array of 

molecules in unit cells. The incident beams are generated by an x-ray source with 

wavelengths around 0.1 𝑛𝑚. The positions of the diffracted beams are governed by the 

positions of the atoms in the unit cell of the crystal, and it satisfies Bragg’s law for 

constructive interference, 𝑛𝜆 = 2𝑑 × 𝑠𝑖𝑛𝜃 45. 

 

A B 

C D 
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SEM is a powerful tool to examine the morphology of the material at micro and nano-scale. 

Images are produced from the reflected electrons after the interaction of the electron beam 

with the specimen surface. At the output, the sample surface topography with a high spatial 

resolution is obtained since the electron waves are 105  times shorter than the visible light. 

The main component of SEM equipment is the electron source that accelerates electrons with 

energy levels in the range of 0,1 − 30 𝑘𝑒𝑉, electromagnetic lenses to control the shape and 

trajectory of the electron beam, and a high vacuum environment that allows moving the 

electrons without scattered or absorbed by the air 46. TGA is a tool used to investigate thermal 

stability, polymer filler content, moisture content, and material composition. TGA measures 

weight changes in materials as a function of temperature or time in a controlled environment. 

It is accomplished by raising the temperature and releasing volatile materials. The output plot 

illustrates the weight of the sample vs. temperature, indicating the thermal transition until 

total material disintegration 47. 

  

EDS, also known as EDX, is an analytic method for the chemical characterization of the 

sample. It can be used in combination with SEM to obtain a near-surface elements component 

and their amount. The amount can be expressed as weight or atomic percentage. Regularly, 

elements in concentrations of at least 1% are detected. The analysis is performed by spot or 

mapping a determinate area map. The output is a colorful image representing each element 

with one color and a spectrum plotted as x-ray counts vs. energy 48. The BET analysis method 

effectively determines the surface area of a particular substance. It aims to explain the 

physical adsorption of gas molecules. This effect is induced by Van der Waals forces 

generated by an adsorbate film. Nitrogen gas is an adsorbent in BET analysis because it does 

not react with the material surface. Specific surface area is proportional to the quantity 

adsorbed and is calculated using BET theory, which assumes multilayer adsorption of the gas 

on the adsorbent surface 49. 
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Chapter 4 
4. Experimental 
 

Experimental 

 
4.1. Materials  
 

4.1.1. Natural Source Raw Material 
 

The natural material studied in this work comes from eight different Ecuadorian sources; the 

codification of the samples is: F17, F20, F25, F27, F28, T1, OP, and CP. The F17 raw 

material was collected from the Botanic Garden of Yachay Tech located at San Miguel of 

Urcuquí. F27, T1 and OP was purchased on fruit section at Mercado Urcuquí (San Miguel of 

Urcuquí, Imbabura, Ecuador). The raw material corresponding to F20, F25, F28, and CP 

were purchased at Mercado Amazonas, located in Ibarra City (Ibarra, Imbabura, Ecuador).  

 

4.1.2. Reagents 
 

Copper (II) sulfate pentahydrate was used to prepare heavy metal solutions. The commercial 

cellulose microcrystal (CMC) was used as a control. Both reagents were supplied by Sigma-

Aldrich (St Louis, MO 63103, USA). 

 

4.2. Methodology 
 

4.2.1. Cellulose Extraction Protocol 
 

Laboratory equipment and chemical reagents were used for the cellulose extraction process, 

including a beaker, analytic balance, centrifuge, falcon tubes, spatula and acid, base, solvents, 

and bleach reagents to treat the raw material to obtain just the cellulose part. It follows an 

established protocol consisting of grinding the samples, acid/base treatment, bleaching, and 

multiple washing to samples purification from the chemicals residuals (more details about 

the protocol and sources are restricted for this thesis). All samples were processed using the 

same protocol to prevent changes in the properties of cellulose due to changes in the 

extraction protocol. 
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4.2.2. Standards Heavy Metal Solutions  
 

In order to get the calibration curve, different amount of the Cu 2SO4-H2O5 was weighted. 

The metal precursor was diluted in distilled water to obtain a concentration in the range 

(Table 2). Later, the solutions were measured using a Uv-Vis-NIR spectrophotometer to 

analyze the wavelength that corresponds to the maximum peak.  

Table 2. Cu2+ ions standard solutions for calibration curve. 

Cu2+ [mM] Cu2+ [mg/L] 

1,01 64,40 

2,08 132,19 

5,68 360,95 

10,23 650,22 

15,01 953,61 

20,86 1325,26 

30,22 1920,32 

40,54 2576,08 
 

Table 2 shows the initial standard concentration used to set the calibration curve expressed 

in mM and ppm. 

 

4.2.3. Batch Adsorption Studies  
 

The cellulose extracted from natural sources (F17, F20, F25, F27, F28, T1, OP, CP) and 

commercial cellulose was used for all batch experiments to absorb heavy metal ions. A 

certain amount of cellulose was weighted (1mg/ml, 3mg/ml, and 5 mg/ml) as appropriate for 

the test and added to the falcon tube (15 ml). After that, 10 ml of initial concentration set at 

2mM or 10mM of Cu2+ was added and stored for the reaction. The mixture was centrifuged 

and separated into the solid and liquid parts. The liquid part, which contained the residual 

concentration of metal ions, was measured using a UV-Vis-NIR spectrophotometer at 

λ𝑚𝑎𝑥 810 𝑛𝑚 to determine the residual concentration. All experiments were repeated three 

times. Finally, the solid part was stored to further characterization. 

 

The heavy metal ions removal percentage (RP) for the given conditions was calculated using 

the following equation 50. 

  

𝑅𝑃 = (1 −
𝐶𝑓

𝐶𝑜
) ∗ 100 

(3) 

 

Where the 𝐶𝑓  represent the final solution concentration (mM or mg/L) at a certain time, and 

𝐶𝑜  express the initial concentration of the metal ions solution used for the experiments. 
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4.2.4. Isotherm studies  
 

Isotherms studies were done similarly to the batch adsorption studies. It was done only for 

the material that shows potential adsorption capacities (OP and F25). The amount of cellulose 

was 3mg/ml, and initial Cu2+ concentrations were set between 2mM and 30mM. (130 mg/L 

– 1900 mg/L) at pH of 5 in environmental conditions (Table 3). The solutions were stored 

for 24 hours to reach the equilibrium time. 

  

The obtained experimental data were fitted to the classic Langmuir and Freundlich models 

defined in the theoretical section. For this purpose, it was based on the linearized forms 

according to equations 4 and 5, respectively 51. Moreover, the non-linear analysis was 

computed using Microsoft excel SOLVER and compared to the data of the linear isotherm. 

The highest correlation coefficient, SSE, and variance analysis indicated which model fitter 

better.  

 

1

𝑞
𝑒

=  
1

𝑞
𝑚

𝐾𝐿𝐶𝑒
+

1

𝑞
𝑚

 
(4) 

 

log 𝑞
𝑒

= 
1

𝑛𝐹
log 𝐶𝑒 + log 𝐾𝐹 

(5) 

 

To verify the linear adjustment of the linear model of Langmuir and Freundlich, the variance 

analyses were performed, obtaining statistical values corresponding to typical error, lower 

and upper limits, probability, F critical, and R2 for both; the intercept and the slope of the 

regression line. In addition, for Langmuir model the equilibrium parameter was calculated 

according to equation 6. It is an adimensional constant and is important for this model 41. 

 

𝑅𝐿 =
1

1 + 𝐾𝑙 ∗ 𝐶0
 

(6) 

 

𝐾𝑙 (L/mg) is Langmuir constant and the 𝐶0 is the intitial concentration (mg/L). 𝑅𝐿 indicated 

the nature and the shape of the adsorption, when 𝑅𝐿 >1, the adsorption is not favorable, when 

𝑅𝐿 = 1 is linear, when the 0 < 𝑅𝐿 < 1, the adsorption is favorable, and when 𝑅𝐿 = 0, the 

adsorption is reversible. 

 

The heavy metal ions uptake quantity for the material was calculated using the following 

equation 39. 

 

𝑄 =
(𝐶0−𝐶𝑡) 𝑉

𝑚
 

(7) 

 

In the equation 7, Q express the material adsorption capacity (mg/g) of metal ion, 𝐶0 (mg/L) 

is the initial concentration of the Cu2+ solutions, 𝐶𝑡 is the Cu2+ concentration at certain time. 



School of Biological Science and Engineering                                                               Yachay Tech University  

 

Biomedical Engineer                                                      16                                                      Graduation Project 

  

V (L) represents the volume used for the reaction, and m(g) is the weight of the dry adsorbent 

material. 

Table 3.  Cu2+ ions initial solutions for isotherms experiments 

Cu2+ [mM] Cu2+ [mg/L] 

2,08 132,19 

4,02 255,48 

6,01 382,00 

10,23 650,22 

11,99 761,80 

15,01 953,61 

20,86 1325,26 

25,06 1592,56 

30,22 1920,32 
 

 

4.2.5. Statistical Analyses  
 

The results of this work were statistically analyzed using a full factorial design (FFD) with 

three factors according to the general equation 8. The full factorial design studied the impact 

of all variables and their interactions on the outcome. Typically, the levels are labeled as high 

and low, or 1 and 0. 

 

In this equation, 𝜇 (%) represents the means of the reduction percentage, 𝐴 expresses the 

cellulose source (CMC, F17, F20, F25, F27, F28, T1, OP, CP), 𝐵 is the amount of cellulose 

mass (1mg/ml, 3mg/ml, and 5mg/ml), 𝐶 represent the heavy metals concentration (2mM and 

10mM) and 𝐴𝐵, 𝐴𝐶 and, 𝐵𝐶 is the second-order interactions, and 𝐴𝐵𝐶 is the third-order 

interactions. The second order of interaction is: A*B means interaction between the source 

and the amount of cellulose, and A*C represents the interaction between the cellulose source 

and the concentration. At the same time, B*C implies the interaction between the amount of 

cellulose and the heavy metal concentrations. In addition, the A*B*C expresses an 

interaction between all factors. 

 

The levels for concentration were high (1) and low (0), while for the amount there were -1, 

0, and 1 to corresponding amount 1mg/ml, 3mg/ml, and 5mg/ml respectively. Data is 

summarized in table 4. 

𝑦 =  𝜇 + 𝐴 + 𝐵 + 𝐶 + 𝐴𝐵 + 𝐴𝐶 + 𝐵𝐶 + 𝐴𝐵𝐶 (8) 
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Table 4. Factors and their respectively levels. 

 

 

 

 

 

 

 

 

4.2.6. Samples Characterization  
 

Extracted cellulose from natural sources and CMC were characterized using several 

techniques: FTIR, XRD, SEM, TGA, and BET. Furthermore, the pellet (cellulose after 

reacting with heavy metal solutions) was characterized by EDS to confirm copper binding. 

 

4.2.7. Fourier transform infrared spectroscopy  
 

FTIR was used to analyze the functional groups present in the samples. The FTIR spectra 

were obtained from the freeze-dried samples, and placed directly in the Cary 630 FTIR 

Agilent spectrometer equipped probe. The spectra were recorded in the range of 400 to 4000 

cm-1 in absorbance mode with a resolution of 4 cm-1 after 8 continuous scans with a threshold 

of 0,002. 

 

4.2.8. X-ray diffraction  
 

XRD was used to determine the extracted cellulose nature and crystallinity using Miniflex-

600, Rigaku powder diffractometer (Tokyo, Japan), with a D/tex Ultra2 detector with CuK(α) 

radiation source at 40 kV and 15 mA. Additionally, data was collected employing a θ/2θ in 

the scan-axis with a 0,05° step width in a scan range of 5-90° in 2θ and the D/tex Ultra2 

detector in 1D scan mode.  

 

The Crystallinity Index (𝐶𝑟𝐼) was calculated by the intensities of the crystalline (𝐼002) and 

amorphous (𝐼𝑎𝑚) regions shown in the patterns according to the empirical method for 

estimating the degree of CrI of native cellulose proposed by Segal et al 52. using the following 

equation.  

 

𝐶𝑟𝐼 =
𝐼(002) − 𝐼(𝑎𝑚)

𝐼(002)
∗ 100  

( 9) 

 

Source 
Concentration 

Levels Mass Levels 

F17, F20, 
F25, T1, 
OP, CP, 

CMC 

 -1 

0 0 

1 1 
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From the equation 9, CrI expresses the relative degree of crystallinity, I002 represents the 

crystalline of the sample at the maximum peak intensity (in arbitrary units) 2𝜃 angle close to 

22° of the 002 lattice diffraction, and the Iam is the counter reading representing the 

amorphous region at the peak intensity 2𝜃 angle close to 18°.  

 

4.2.9. UV-Visible- Near Infrared Spectroscopy  
 

Uv-Vis spectroscopy allows quantifying the concentration of the solution using the value of 

the absorbance. The absorption spectra were measured in the range of 350 to 900 nm using 

a LAMBDA 1050 UV-Vis-NIR spectrophotometer (Perkin Elmer, USA) with quartz 

cuvettes. After analyzing the spectra and finding the maximum peak of adsorption, the 

following measurements in the adsorption test experiments were recorded at a fixed 

wavelength. To measure, 2 ml of the liquid part from the adsorption experiments were used 

 

4.2.10. Scanning Electron Microscopy  
 

The surface morphology and microstructure of the extracted natural cellulose were evaluated 

by SEM microscopy. A small particle was placed on the carbon-coated grid and cleaned 

using compressed air. The samples were then assessed using a Phenom Pro X with a voltage 

excitation of 10 kV on a scale between 200 µm and 80 µm and a sample detector BSD Full. 

 

4.2.11. Energy Dispersive X-Ray Spectroscopy  
 

EDX technique was used to identify the elemental composition of sample material of the 

near-surface. First, the sample was dried down prior to analysis. Then, the characteristic 

energy for each atom was measured using a Phenom Pro X with a voltage excitation of 10 

kV with an x-ray detector. 

 

4.2.12. Thermogravimetry analysis  
 

Cellulose samples (F17, F20, F25, F27, F28, T1, OP, CP, and CMC) were subjected to TGA 

analysis to study the range of weight loss due to the nature. For this purpose, lyophilized 

samples were placed in a thermogravimetry analyzer from 25 °C to 950 °C  

 

4.2.13. Brunauer - Emmett-Teller  
 

To determine the Sample Surface Area (SSA) and the Pore Volume (PV) per gram of the 

material, BET multipoint and BJH desorption method was used, respectively. A small 

amount of the sample was placed in a degassed Quanta chrome instrument, at heat 

temperature of 100°C with 10 °C/min and hold for 1440 minutes in N2 flow. 
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Chapter 5 
5. Results and discussion  
 

Results and Discussion 
 

 

 

5.1. Characterization of commercial cellulose  
 

5.1.1. Fourier transform infrared spectroscopy  
 

Cellulose FTIR spectra are well known and studied. Figure 4 reflects FTIR spectra obtained 

from CMC, with cellulose characteristic peaks; ~1000 cm-1 corresponds to C-C, C-OH, C-H 

ring, and side group vibrational band, a peak ~1105 cm-1 representing a C-O-C glycosidic 

ether band. A great peak is evident at ~3300 cm-1, ~2900 cm-1, ~1638 cm-1, and ~1313 cm-1, 

corresponding to OH stretching vibration mode, sp3 C-H stretching, OH bending of absorbed 

water molecule present in cellulose, and CH2 rocking vibrations at carbon six respectively. 

These peaks are in concordance found in the literature 53,54. Also, there are peaks 

corresponding to β-glycosidic linkage of cellulose, C-O-C stretching ring at ~895 cm-1, and 

at 1053 cm-1,
 respectively. Additionally, more peaks in the fingerprint region are summarized 

in table 5 55,56. 

 

 

 

Figure 4. FTIR spectra for commercial microcrystal cellulose. 

 

0

0,1

0,2

0,3

0,4

400100016002200280034004000

A
b

so
rb

an
ce

 (
au

)

Wavenumber (cm-1)



School of Biological Science and Engineering                                                               Yachay Tech University  

 

Biomedical Engineer                                                      20                                                      Graduation Project 

  

Table 5. Peaks assignments of the vibrational in the FTIR spectra 

Wavenumber (cm-1) Assignments 

661 OH, out–of the plane bending 

895 C-O-C stretching at β-glycosidic linkage 

1053 C-O-C stretching ring 

1165 Anti-symmetrical bridge C-O-C stretching  

1200 C-O stretching 

1334 C-O or CH in-plane vibration 

1364 C-H bending 

1425 C-H2 scisorring  

 

 

5.1.2. X-ray diffraction  
 

XRD analyzed the CMC crystallinity. Figure 5 illustrates the spectra and the CrI (61,3 %), 

similar to the literature53,57. Moreover, it is clear to distinguish two prominent peaks close to 

22° and 18° representing the crystalline and amorphous counterparts.  

 

 

Figure 5. X-ray graph for commercial microcrystal cellulose. 

 

 

5.1.3. Scanning Electron Microscopy  
 

Figure 6 illustrates the SEM observations of commercial cellulose at low and high 

magnification showing a tube and rod-like structure, a compact and slight irregular surface. 

It has a uniform structure and size (20-40 µm).  
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 A B 

Figure 6. SEM micrograph of the commercial microcrystal cellulose at (A) 300X and 

1000X. 
 

5.1.4. Thermogravimetry analysis  
 

The control TGA prolife highlights a uniform weight loss because of the material purity, 

revealing a typical spectrum (Figure 7). CMC has a 6% weight loss until 100 °C, this could 

be attributed to the water evaporation, and the maximum weight loss rate occurs at 340 °C, 

corresponding to 86 %. It is associated with the expected cellulose thermal degradation 51. 

  

 

Figure 7. Thermogravimetry profile analysis of commercial microcrystal cellulose. 
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5.2. Characterization of cellulose samples extracted from 

natural sources 
 

Several techniques were used to characterize cellulose structural, morphological, and 

chemical properties derived from various natural sources. 

 

5.2.1. Fourier transform infrared spectroscopy  
 

 

A typical cellulose FTIR spectra could be divided into two regions. The first region between 

1500 cm-1 and 900 cm-1 is called cellulose fingerprint. The second region is called the 

functional group around 1500 cm-1 and 4000 cm-1  58,59. All extracted cellulose from natural 

sources indicates the characteristic peak of commercial cellulose. It means the purification 

treatment was effective. Figure 8 shows a broad peak between 3000 and 3700, and it is due 

to the OH-stretching coming from hydrogen in cellulose 55. All essential peaks were 

identified according to our previous studies 53,54,57. 

 

 

Figure 8. FTIR spectra comparison samples extracted from natural sources and 

commercial cellulose (CMC). 
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Nevertheless, there is a slight difference between the samples. F17, and F20 have additional 

peaks at 1735 cm-1 attributed to C=O stretching, 1245 cm-1 corresponding to CO of the 

glucuronic acid. These groups could be linked to small quantities of hemicellulose 60,61.  F27, 

F28, T1, and CP share the peaks 1265 cm-1 which could represent C-O linkage in aromatic 

groups 56. Since the natural fibers are composed of cellulose and hemicellulose, lignin and 

extractives 25 the purity of the sample depends on the treatment used. Literature reports that 

the cellulose content in bamboo is 40-55% and 70-75% in flax 13. According to the FTIR 

analysis, the presence of different peaks (1735, 1265, 1245 cm-1) from the control could be 

attributed to a small quantity of hemicellulose or lignin in the sample. 

 

      A 
 

      B 

 

Figure 9. Comparative FITR spectra of cellulose, hemicellulose from literature 48  (A) and 

this work (B). 

 

On the one hand, the peaks at 1420-1430 cm-1 are associated with the amount of crystalline 

structure of the cellulose; then, there can be seen more intensity in F20 and F25 samples. 

This wavenumber corresponds to the symmetric CH2 bending vibration 44, which is in 

concordance with the found crystalline index. On the other hand, the peak at 896 cm-1 

corresponding C-O-C stretching at β-glycosidic linkage is associated with the amorphous 

region in cellulose43,44. It agrees with the XRD-spectra found in OP and F17, which has a 
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low index concerning others. Figure 9 further compares the cellulose and hemicellulose from 

the literature and this study. 

 

Figure 9 illustrates pure cellulose and hemicellulose FTIR spectra and the FTIR of this work. 

According to the previous figure, it was able to speculate the presence of hemicellulose, 

further supporting the idea since the profile of the commercial cellulose is observed to be 

identical to the commercial one. However, in the profile of the extracted sample, a difference 

in the peak can be observed close to a marked about 1600 cm-1. The intensity of this peak 

exceeds the fingerprint at 1100 -1500, and it can be observed in the hemicellulose spectrum. 

However, this comparison tells us that the extracted samples may have a hemicellulose 

content 

 

5.2.2. X-ray diffraction  
 

 

The mechanical and thermal properties of a material are determined by its crystalline and 

amorphous structure. The reinforcing capacity and mechanical strength of cellulose, in 

particular, are decisive factors in its usage in environmental remediation methods 62. The 

crystallinity of the eight samples was examined by the XRD technique. The X-ray 

diffractograms are shown in Figure 10. The samples show major peaks at 2θ=22,7 and 2θ 

=21,7, corresponding to cellulose type I and II crystalline structure, respectively. The second 

peak, around 2θ=18 and 2θ =16, is associated with the amorphous cellulose types I and II. 
45,63. These diffraction peaks correspond to the crystallographic planes (002) and (110). 

Furthermore, a low-intensity peak is present at 2θ =35°, corresponding to the plane (040) 64.  

 

Since all diffractograms patterns of extracted samples show similarity in the peak position in 

𝐼002 and 𝐼𝑎𝑚 corresponding to 21,7° and 15-16°, respectively, they are mainly compound by 

cellulose type II. It is in concordance with the literature that effective treatment can convert 

a native lignocellulose material to cellulose type II 63. 

  

Nevertheless, the samples differ in the crystallinity index: F17 and OP show a low 𝐶𝑟𝐼 (~30 

%), and F20 exhibits a high 𝐶𝑟𝐼 degree (50,3%). A structure with low crystalline can help in 

the adsorption process due to the internal organization of the chain, and the adsorption 

process mainly occurs in the amorphous regions. This occurs because, there is poor 

interaction between the biosorbent and the metal ions in the crystalline region. It is due to the 

low accessibility to the hydroxyl group because there they are more compact 60. That is why 

interactions (physical, chemical, ion exchange, electrostatic, aggregation)3 mainly occurs in 

the amorphous region since it shows more available active sites. Therefore, it agrees with 

F17 and OP, which show a good adsorption capacity but not F25, which also has a significant 

adsorption capacity. In addition, different 𝐶𝑟𝐼 is related to the materials nature since all 

samples were treated with the same protocol.  
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Figure 10.  X-ray diffraction patterns of the natural cellulose particles: (A) F17, (B) F20, 
(C) F25, (D) F27, (E) F28, (F) T1, (G) OP, (H) CP. 
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5.2.3. Scanning Electron Microscopy  
 

SEM analysis was performed to further investigate the eight extracted samples surface 

morphology. The subsequent figures (Figure 11, Figure 12) divide them into two groups. One 

group presents good adsorption properties, and another does not show adsorption properties.   

 A B A 

  

  

Figure 11. SEM micrographs of (A) CMC, and extracted cellulose which was able to 

adsorb copper ions (B) F17, (C) F20, (D) F25, (E) OP, and (F) literature 65.   
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On the one hand, figure 11 shows SEM images of the samples, which show adsorption 

capacities, especially F17, F25, and OP. This figure also includes control SEM images and 

images found in literature from similar sources and treatments. F25 SEM graph depicts a 

porous morphology, giving them a high surface area to interact with sorbate and surface with 

irregularities and too roughness, which allow the adsorption process. Although F17 has no 

high porous structure, it has pretty amorphous. OP clearly shows similar morphology to the 

found in the literature. The amorphous regions are in concordance between the SEM graph 

and XRD profile for F17 and OP, which relate the irregularities and porosity surface structure 

with 𝐶𝑟𝐼.  

 

On the one hand, the SEM graph in F27 and T1 (Figure 12) shows high irregularities and 

rough surfaces. F27 and F28 show uneven, pleated, and shriveled structures. On the other 

hand, CP offers a compact with slight irregularities at the fiber surface. F28 is a compact 

mass without porosities on the surface.  

 
  

  

Figure 12. SEM micrographs of extracted cellulose which was not able to adsorb copper 

ions (A) F27, (B) F28, (C) T1, and (D) CP. 

 

The SEM images present a unique structure of each sample, appearing as uneven pores, 

smooth, shriveled, and rugged, giving them highly irregular surfaces. Therefore, they can 

present a unique adsorption property and process that need contrast with another 
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physical/chemical characterization. The isolate differences could be associated to the 

material sources despite the fact the same treatment was used on each sample. 

 

One of the main differences between the sample that show adsorption capacity and those that 

do not is the presence of porous and surface irregularities form. Although F27, F28, T1, and 

CP show uneven, pleated, and shriveled surfaces, these irregularities are very smooth. 

Moreover, the particle size is large. Instead, F25, F20, and OP present porous, and the surface 

morphology is too rough. Furthermore, the particle size is smaller. For example, the F20 

SEM image shows size particles in 50 to 500 um. According to the SEM image, the OP pore 

size ranges from 50 um to 100 um. Additionally, OP microstructure is different from others 

since they illustrate layer-by-layer formation with porous structure. This could help a vital 

role in the sorption process since they can allow a multilayer formation of the ions 

 

 

5.2.4. Thermogravimetry analysis  
 

Thermogravimetry analysis results show different thermal degradation profiles for each 

sample with certain similitudes. Therefore, the analysis was performed in two ways: A) 

general for all spectra divided into four regions, and B) separated into two groups that present 

adsorption capacities and do not present bio-adsorption properties for better understanding. 

The results are shown in figure 13. 

 

All samples spectrum could be divided into three-stage of weight loss. The first stage occurs 

between 25-100 °C revealing a weight loss in the range of 6-13 %, which may be ascribed to 

the moisture traces released 66. Another evident weight loss was found at 200-270 °C, which 

could probably mean the presence of hemicellulose degradation because it has a random 

amorphous structure that promotes easy hydrolyzed. The samples that present a significant 

degradation in this region are F17, F20, F25, and OP, between 11% and 26 %. The third stage 

indicates a major weight loss occurred in the range of 270-400 °C between 20-65%. It is 

related to cellulose degradation since it is composed of a long polymer of glucose units with 

crystalline parts, enhancing thermal stability 47. All samples have a significant loss in this 

stage. An interesting peak is found for OP in the second stage, with the same weight loss in 

the first and second stages. F17 and OP are in concordance with 𝐶𝑟𝐼, meaning the amorphous 

regions drive more easy degradation. Finally, after 400°C, the TGA profile indicates that 

there is still a noticeable weight change. This may be explained by the presence of lignin. 

Lignin decomposes a maximum rate observed at 350–450 °C, according to the literature67,68. 

Additionally, this has been confirmed in the characterization studies of Ceiba aesculifolia 

fibers, where lignin decomposition was observed above 377°C 69. 
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Figure 13. Thermogravimetry analysis profile and its derivate respectively (A, C) which 

presents and (B, D) and not present adsorption effect. 

 

 

Figures 13A, 12C represents a samples profile with adsorption properties. They show a rapid 

thermal weight loss rate of around 250 °C. In addition, the TGA profile has a left shift, and 

the total mass loss occurs close to over the 950 °C. There is an important mass reduction in 

the range of 400-600 °C, which could be explained because of the volatile matter related to 

lignin 70. In contrast, in Figures 13B, 12C, all samples have a maximum weight loss rate in 

the third stage, and the total mass loss starts from 650 °C. 

 

Table 6 summarizes the significant thermal degradation temperature and the interval with the 

maximum weight loss rate with the respective percentage. 
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Table 6. Thermal degradation temperature of significant weight loss. 

Source Temperature 

Interval  (°C) 

Maximal weight 

loss rate 

Temperature (°C) 

Estimate 

percentage 

(%) 

Total weight loss 

(°C) 

CMC B 340 86 855 

F17 A 251 20 950+ 

B 280 23 

F20 A 253 11 926 

B 315 45 

F25 A 245 25 950+ 

 B 360 20 

F27 B 312 60 653 

F28 B 334 65 919 

T1 B 343 55 861 

OP A 250 26 930 

B 293 30 

CP B 315 55 950+ 

*A=(200-270)°C  *B=(270-400) °C 

 

The water content and the extractives can initiate the degradation process at low relativity 

temperatures and accelerate the degradation process reducing the thermal stability. A lower 

crystallinity can reduce the thermal stability in the degradation process. In this way, the 

thermal decomposition is shifted to a higher temperature when the 𝐶𝑟𝐼 increases, highlighting 

a direct relationship between the thermal stability and crystallinity of the samples, which act 

as a barrier for heat transfer 47. 

  

 

5.3. Batch adsorption studies 
 

5.3.1. Standards Heavy Metal Solutions  
 

To understand if there are heavy metal adsorption properties on some of the eight extracted 

samples, a bath study using two different concentrations and three different adsorbent 

dosages was performed according to the methods section.  

 

Figure 14 shows the characteristic Uv-Vis-NIR spectrum for Cu2+ obtained from the copper 

sulfate aqueous solutions. Later, the spectrum was analyzed using its derivate, and the 

wavelength corresponding to the maximum peaks was found at 810 𝑛𝑚. In addition, the 

spectrum clearly shows that when the concentration increases, the absorbance intensity 

increase.  
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Figure 14. Uv-Vis-NIR absorption spectrum of Cu2+ions aqueous solution. 
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Figure 15.  (A) Calibration curve of copper solutions and (B) the residual graph (at max 

peak: 810 nm). 
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As mentioned in the methods section, the remaining concentration was calculated using a 

calibration curve. Figure 15, illustrated the calibration curve and the residual plot. The result 

shows a strong linear correlation between the initial concentration and the absorbance values, 

which is demonstrated by the correlation coefficient 𝑅2 = 0,9999. Moreover, the residual 

plot shows a random distribution confirming the previous statement.  

 

The method limit of detection (LD) using the described spectrophotometer was calculated 

as three times the standard deviation of the blank. The computed value was 0,1184 𝑚𝑀. 
The concentration used in this study starts from 2mM, and the maximum reduction 

percentage using this concentration is above the LD. Therefore the feasibility of the method 

is confirmed, and  together with the 𝑅2 of the calibration curve and the residual plot. 

 

 

5.3.2. Raw material - Heavy Metals Removal Percentage Studies  
 

To understand whether the extraction protocol plays an important role in the adsorption 

process. This is due to that the treatment removes the extractive and inorganic content. A 

batch study using the raw material (biomass) was performed. Figure 16 indicates the 

percentage of reduction of copper ions at an initial concentration of 10mM. The results 

indicate as expected the complete biomass was not able to remove. The reduction is exhibited 

by F17 and F25 when the mass is increased however statistically it is not reliable. RSD is 

greater than 5%, indicating that these data have high variability and may be due to error, and 

not by the property of the material at all. Figure 17 show SEM graph of the raw material.  

Figure 16. Percent of reduction of Cu2+ions at high concentration (10mM), using the raw 

materials. 

 

0

20

40

60

80

100

F17 F20 F25 F27 F28 T1 OP CP CMC

C
o

p
p

er
 R

em
ai

n
in

g 
(%

)

1mg/m 3mg/ml 5mg/ml



School of Biological Science and Engineering                                                               Yachay Tech University  

 

Biomedical Engineer                                                      33                                                      Graduation Project 

  

A B 

Figure 17. SEM graph as raw material for (A) F25, and (B) OP.  

 

A SEM characterization was performed to understand the surface morphology of the raw 

material (Figure 17). The SEM image clearly shows a different surface with respect to the 

SEM image after treatment in Figure 12. F25 shows, a rougher and has many irregularities 

on the surface, this can be explained by the lignocellulose content before the cellulose 

extraction process. OP shows no porous surface, but it appears after the purification process. 

This result indicates that a complete surface transformation by the cellulose extraction 

process enhances the adsorption behavior. 

 

5.3.3. Cellulose - Heavy Metals Removal Percentage Studies  
 

In order to investigate which samples shows an adsorption property, batch studies were 

performed under fixed conditions. At low concentration (2mM ), the isolates F17, F20, F25, 

F27, F28, T1, OP and CP show adsorption capacities of 52,54 ± 1,15%,  57,62 ± 5,48%, 

88,75 ± 2,49%, 37,30 ± 2,96%, 34,84 ± 5,60%, 44,35 ± 6,03%, 88, 45 ± 1,70%, 

45,31 ± 4,03%, respectively (Figure 18). Results, suggested that at low concentration all 

samples show a quite adsorption capacity. Nevertheless, the relative standard deviation 

(RSD) reveals that the data for F17, F25 and OP are more confident.  
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Figure 18. Percent of reduction of copper ions (2mM) after treatment with control and 

natural cellulose using 5mg/ml. 

 

 

Results of the adsorption test at high concentration (10mM) can be observed in figure 19. 

According to these findings, F17, F25, and OP demonstrated an important reduction capacity 

than other samples. These samples were capable of removing copper ions in 37,44 ± 1 

54,96 ± 2,51 and 40,72 ± 1,47, respectively. The other samples show a specific removal 

capacity; nevertheless, the significance of these values is further analyzed in the statistical 

section.  

 

Adsorption test results at 2mM and 10mM using different sorbent amounts (1mg/, 3mg/l and 

5mg/L) are presented in figure 20 and figure 21, respectively. The different dose of the 

material is represented by the color as follows: 1 mg/ml blue, 3mg/ml as green, and orange 

for 5 mg/l. The highlighting color indicates the remarkable reduction percentage of heavy 

metal ions at each dose. These results clearly show a tendency to increase the removal 

percentage when the sorbent dose increases. This could be explained by the fact that more 

amount of mass increases the available active sites to interact with the adsorbate71. However, 

it does not occur in the capacity of removal expressed in 𝑞𝑒 since the same amounts of metal 

ions are distributed to the more sorbent mass.  
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Figure 19. Percent of reduction of copper ions (10mM) after treatment with control and 

natural cellulose using 5mg/ml. 

 

 

 

Figure 20.  Percent of reduction of Cu2+ions at low concentration (2mM), using three 

different mass (1mg/ml, 3mg/ml 5mg/ml). 
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Figure 21. Reduction percentage of Cu2+ ions at high concentration (10mM), using three 

different mass (1mg/ml, 3mg/ml 5mg/ml). 

 

5.4. Brunauer- Emmett-Teller 
 

The BET multipoint method was employed to determine adsorbent surface area and pore 

size. This method used nitrogen physisorption adsorption and desorption mechanism on the 

surface. On the one hand, the BET surface was between 0,2 𝑚2/𝑔 and 1,3 𝑚2/𝑔. The result 

in table 7 indicates T1 and OP present a higher SSA area corresponding to 1,3 𝑚2/𝑔 and 

1 𝑚2/𝑔, respectively. On the other hand, the pore volume was between 0,3 𝑐𝑐/𝑔 and 

1,4 𝑐𝑐/𝑔. OP and T1 present high pore volume, 1,2 𝑐𝑐/𝑔, and 1,4 𝑐𝑐/𝑔, respectively. It 

represents around two times less than the control. All these values correspond to the porous 

radius until 11 𝑛𝑚. 

Table 7. Pore volume, sample surface area, and crystallinity index of samples. 

Source SSA (m2/g) PV (cc/g) x10-3 CrI (%) 

CMC 1,447 2,986 61,4 

F17 0,800 0,795 30,8 

F20 0,284 0,396 50,3 

F25 0,506 0,627 42,8 

F27 0,975 1,130 36,4 

F28 1,041 1,189 49,2 

T1 1,380 1,498 48,8 

OP 1,010 1,210 30,4 

CP 0,428 0,662 42,5 
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Figure 22 shows a correlation graph between SSA and PV. All samples show lower surface 

area and pore volume concerning the control. The differences between the OP and F25 are 

in concordance with SEM images linked to irregularities in surface morphology and porosity. 

Considering that a higher area gives more available adsorption sites, it can assume that the 

T1 sample can perform better. Nevertheless, other parameters can promote adsorption 66. 

Table 7 summarizes the result, including CrI. 

 

 

Figure 22.  Distribution of the SSA correlated to the PV of the samples and the control 

 

Results suggest adsorption capacities highlight no direct correlation of the SSA and PV, 

Nevertheless, according to our previous work the surface is the great important in the sorption 

process53, suggesting that the BET measurement could have error.  

 

 

 

5.5. Elemental composition analysis  
 

Figure 23 shows the SEM images of the extracted samples before the adsorption test and 

after the adsorption test. It can be observed a change in the surface to rougher. Furthermore, 

it can be seen that the surfaces morphology becomes more uniform after absorption.  
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Figure 23.  SEM image of F25 cellulose: (A) before and (B) after adsorption. 

 

In order to confirm the copper ions adsorption onto the F25 surface, EDS analysis was 

performed. During the EDS measurement, an area of 12 µm x 9µm was focused and mapped. 

It is shown in figure 24. According to the analyzed area, the results reveal the main cellulose 

element composition (carbon and oxygen) and the presence of copper.  
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B 
 

 

  

Figure 24. F25 elemental analysis after reaction with Cu2+ solutions (map resolution 

32x20 pixel). 
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Figure 25 shows the spectrum where a peak for copper appears, and the quantity of C, O, and 

Cu is 36,8, 46,42, and 16,99 in weight concentration, respectively. The presence of peaks 

corresponding to Cu ions in the spectrum strongly indicated that Cu2+ ions bind to the F25 

surface. Details of the EDX spectra values measured in atomic, weight, and stoichiometric 

concentration are in figure 25. 

 

  

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

Oxide 

Symbol 

Stoich. 

Conc. 

C 49.01 36.58 C 91.93 

O 46.69 46.42   

Cu 4.30 16.99 Cu 8.07 

Figure 25. F25 spectrum of elemental analysis. 

 

To confirm that not all sample exhibits a good copper ions adsorption properties, EDS 

analysis was performed for cellulose control and F27. Figure 26 illustrates an SEM image 

after the test and the composition for CMC. These analyses were performed in two spots 

where was no evidence of peaks corresponding to the metal ions. The found peaks correspond 

to carbon and oxygen. Results show C and O in 60,27, and 39,73 weight percentages, 

respectively. More details related to weight, atomic and stoichiometric concentration are in 

the table into the figure. 
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A 

 

B 

 

Element 

Symbol 

Atomic 

Conc. 

Weight 

Conc. 

Oxide 

Symbol 

Stoich. 

Conc. 

C 66.89 60.27 C 100.00 

O 33.11 39.73   

Figure 26. CMC elemental analysis after reaction, (A) SEM image with spots, and (B) spot 

1 spectrum and elemental percentage.  

 

Figure 27 indicates the SEM image of F27 after the reaction with heavy metal solutions. The 

analyses performed in two spots show main elemental peaks corresponding to cellulose 

components (C and O). Nevertheless, the result shows other elements that could be ascribed 

to the following reason: a) the limitations of the available EDX equipment and b) the 

contaminations during the experimental process 72. 

Figure 27.  F27 elemental analysis after reaction, (A) SEM image with spot, and (B) 

spectrum and elemental percentage.  
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The EDS results clearly show a high amount of Cu ions on the F25 surface. While CMC does 

not show, copper ions and F27 indicate just a small amount. These results are in concordance 

with the adsorption studies since the percentage of reduction of F27 is just 10,18 %, and the 

reduction percentage of F25 is 54,96 % at high concentrations (10mM).  These results 

indicate a good capacity for adsorption of F25. Furthermore, the adsorption properties related 

to OP and F25 could be explained by the physisorption process due to the physical 

characteristic found in the SEM image. However, isotherms studies could confirm prove this 

statement.   

 

5.6. Isotherms studies  
 

Two samples (F25 and OP) that have shown good adsorption behaviors were investigated to 

understand the interactions between the ions, surface, and maximum adsorption capacity. In 

this way, the results of the relationship between the equilibrium concentration (𝐶𝑒) and the 

equilibrium removal capacity (𝑞) were fitted to Langmuir and Freundlich adsorption 

isotherm models. The constant of these adsorption models could explain the material surface 

properties and the affinity between the adsorbate and the adsorbent. 

 

5.6.1. F25 Langmuir and Freundlich model fitting 
 

Langmuir Model to fit F25 

 

The Linearized Langmuir model is widely used to fit experimental data 46. In this context, 

F25 was fitted to the Langmuir model in linear and not linear forms. Figure 28 represents the 

data linearized by the least-squares method according to details in the methods sections. 

According to the linear form, the plot  be 1/𝐶𝑒 vs. 1/ 𝑞𝑒 must follow a straight line where the 

slope is 1/𝑞𝑚 and the intercept is 1/(𝐾𝐿𝑞𝑚).  

A B 
 
 

  
  

Slope Intercept  

0,3638 0,0249 

Typical Error 0,0432 0,0004 

Lower Limit 95% 0,0257 0,0238 

Upper Limit 95% 0,4697 0,0259 

Probability 0,0001 1,7E-09 

Value Fc 0,0001545 

R² 0,9217095 

Figure 28.  (A) Linear regression graph corresponds to Linearized-Langmuir function, and 

(B) table of covariance analysis values of F25. 
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The statistical values of the variance analyses of the regression are shown (Figure 28B.). 

According to the result, R2 = 0,92 is significant since both the probability and Fc are less than 

0.05, indicating that the adjustment is acceptable 

 

Since the linear fit was significant, their parameters (𝑞𝑚 and 𝐾𝐿) were calculated and later 

used to fit the experimental data. The results are shown in figure 29. 

 

To compare the linear and not linear model, the data were fit to the non-linear model using 

software to minimize the SSE. The result is exhibited in figure 29A. There is no difference, 

and it contrasts with the residual plot, which has a random distribution. In addition, linear 

and non-linear residual overlap, which confirms no difference. 

 

A 

 

B 

 
 

Figure 29.  (A) Cu2+ Langmuir isotherm adsorption Linearized and not Linearized of F25 

(B) and their residual respectively. 

 

Freundlich Model to fit F25 

 

Similarly to the previous, the data were fitted to Freundlich linear model where the linear 

form plot is given by log (𝐶𝑒) vs  log (𝑞𝑒) and it must follow a straight line where the slope 

is 1/𝐿𝑜𝑔 (𝐾𝐹) and the intercept is 1/𝑛𝐹. The results are illustrated in figure 30. To verify the 

correct adjustment to the linear regression; variance analysis was performed, indicating that 

although the R2 = 0,70 is lower, it is significant since the Fc is lower than the 0,05.  

 

The compare the linear and non-linear Freundlich model, a non-linear adjustment was 

performed. Nevertheless, it was not impossible to find any difference since the residual 

distribution overlapped each other (Figure 31). 
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A B 
 
 

  

Slope Intercept  

0,0725 1,3795 

Typical Error 0,0192 0,0525 

Lower Limit 95% 0,0254 1,2508 

Upper Limit 95% 0,1197 1,5081 

Probability 0,0093 2E-07 

Value Fc 0,009329 

R2 0,702750 

Figure 30.  (A) Linear regression graph corresponds to Linearized-Freundlich function, and 

(B) of covariance analysis values of F25. 

 

A  B 

 

Figure 31. (A) Cu2+ Freundlich isotherm adsorption linearized and non-linearized of F25 

(B) and their residual, respectively. 

 

Figure 32 shows a final graph with Langmuir and Freundlich isotherms fitting. The SSE was 

employed to determine the best fit model, considering a lower SSE value between Langmuir 

and Freundlich. In addition, the equilibrium parameter (𝑅𝐿) value was found in the range of 

0,87 and 0,32 for the initial 𝐶𝑜 (130 mg/L – 1900 mg/L) for Langmuir model. These values 

indicate that the adsorption is favorable. Although the n values, which is the coefficient of 

the Freundlich equation, indicate good adsorption, the correlation coefficient of the linear 

model suggests that the removal of copper ions fits better with the Langmuir model. 

According to this result, the maximum adsorption capacity for F25 was around 40 mg/g. 
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Figure 32. Experimental data fitted to Cu2+ ions adsorption isotherms models using F25 

adsorbent. 

 

5.6.2. OP Langmuir and Freundlich fitting 
 

Another bio-adsorbent that demonstrated a good adsorption characteristic was OP. Therefore, 

it was investigated fitting the isotherm models to find approximated values to maximum 

adsorption capacity. 

 

Langmuir Model to fit OP 

 

The result of the linear fit can be found in figure 33. The Linear least-squares parameters and 

their statistical values are located in the table inside the figure. The critical F value implies 

that the R2= 0,874924 is significant. Nonetheless, this should compare with the Freundlich 

statistical values. Later, the non-linear fitting was performed to compare with the linear 

model. Figure 34 indicates that there is no difference because the respected residual plot is 

overlapped each other.  
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A 

 

B 
 

 

 
 

  

Slope Intercept  

0,1114 0,0160 

Typical Error 0,0159 0,0005 

Lower Limit 95% 0,0737 0,0149 

Upper Limit 95% 0,1490 0,0171 

Probability 0,0002 4,2E-09 

Value Fc 0,000212 

R^2 0,874924 

Figure 33.  (A) Linear regression graph corresponds to Linearized-Langmuir model, and 

(B) table of covariance analysis values of OP. 
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Figure 34.  (A) Cu2+ Langmuir isotherm adsorption Linearized and not Linearized of OP, 

and (B) their residual respectively. 

 

 

Freundlich Model to fit OP 

 

The graph and the statistical values found exposed in figure 35 reveal that the data could fit 

well with the Freundlich isotherm. According to the variance analyses, the R2=0,92 is 

significant since the Fc is 0,000029, which gives a great linear correlation between the data.  
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A B 
 
 

  

Slope Intercept  

0,1029 1,5018 

Typical Error 0,0108 0,0287 

Lower Limit 95% 0,0773 1,4340 

Upper Limit 95% 0,1285 1,5696 

Probability 3,0E-05 2E-10 

Value Fc 2,955E-05 

R2 0,928306 

Figure 35.  (A) Linear regression graph corresponds to Linearized-Freundlich function, and 

(B) table of covariance analysis values correspond to OP. 

 

 

The non-linear fit further confirmed the applicability of the Freundlich model. The removal 

results of copper ions from the aqueous solution using an OP sample in a non-linear 

Freundlich isotherm are illustrated in figure 36. The same initial concentration as for F25 

was used. The experimental data seem to fit this model, further corroborated by the residual 

plot. In addition, there is no significant difference between linear and no linear forms in this 

case.  
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Figure 36. (A) Cu2+ Freundlich isotherm adsorption linearized and non-linearized of OP, 

and (B) their residual respectively. 

 

The result indicated that the amount of copper ions adsorbent increased when the initial 
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interactions between active sites and Cu2+ ions. Furthermore, a high concentration of Cu2+ 

ions over the adsorbent might hasten the diffusion process 35. Finally, the fitted results reveal 

that OP tends to be a multilayer adsorbent with a maximum capacity of around 60 mg/g.  

 

 

Figure 37. Experimental data fitted to Cu2+ ions adsorption isotherms models using OP 

adsorbent. 

 

A list of the adsorption parameters and the statistical values for OP and F25 obtained from 

the Langmuir and Freundlich isotherms and the linearized forms, respectively, can be found 

in table 8. For the Linearized fit, the correlations coefficient (R2) was used to determine the 

better fit, while for the non-linear model, the SSE and the residual distribution were used to 

determine the better fit. There is not much difference between the Linear and non-linear 

analysis for both models, indicating that the linear model can fit correctly. Nevertheless, it 

can introduce errors in the data transformation; then, the non-linear model may be used 

preferentially.   

 

It can be seen that the 𝑅2 of F25 is greater than the  𝑅2 of OP, indicating that F25 could be 

well described by Langmuir isotherm. The SSE of the non-linear analysis confirms it. The 

SSE of Langmuir is significantly lower than Freundlich. Additionally, the statistical value 

𝑅2  for Langmuir is higher than 𝑅2  for Freundlich in the correspond linear fit. Based on these 

data, Langmuir isotherm can effectively describe the adsorption behaviors of F25, indicating 

a monolayer and uniform adsorption on the surface. 
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Table 8. Isotherms parameters recovered from F25 and OP data.  

Isotherm Parameters F25 OP 

Linear Langmuir 

qm (mg/L) 40,0981 62,3989 

KL 0,0685 0,1439 

R2 0,9217 0,8749 

Linear Freundlich 

KF  23,9622 31,7519 

n 13,7761 9,7183 

R2 0,7028 0,9208 

Non-Linear 

Langmuir 

qm (mg/L) 40,1639 63,0545 

KL 0,0681 0,1267 

SSE 15,5827 129,0790 

R2 0,8632 0,7958 

Non-Linear 

Freundlich 

KF  25,0127 32,6924 

n 15,1503 10,1762 

SSE 38,2817 49,6006 

R2 0,6642 0,9215 

 

In the case of the OP, the 𝑅2 of linear Freundlich is higher than linear Langmuir, indicating 

that OP can be described quite better by Freundlich isotherm. Another parameter that 

confirms that OP tends to follow a Freundlich model is the SSE. The SSE for Freundlich is 

much smaller than the Langmuir in non-linear models. The results show that the fit model is 

in concordance with the literature 51. 

 

According to the statistical parameters, the 𝑅2  was not able to compare the linear and non-

linear forms. Since the 𝑅2  in the linearized model is the correlations coefficient obtained 

from the linear regression and the variance analysis, while 𝑅2  for the non-linear fit is 

obtained from the validation of the residual between experimental values and the values 

predicted by the model.  

 

Figure 38 highlights a comparison between the samples fitted to the isotherms models. 

Although in the characterization, OP and F25 show certain similitudes in the 𝐶𝑟𝐼 values (both 

have low 𝐶𝑟𝐼), indicating that they are formed for a great amorphous region. In the same 

way, during the thermal degradation profile (first derivate), these bio adsorbents show an 

important percentage of degradation in the second stage (200-270°C), indicating that these 

samples have a similar composition percentage. 
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Figure 38. Cu2+ ions adsorption isotherms models comparison between F25 and OP 

extracted from the natural source 

 

As mentioned above, the maximum capacity of adsorption was around 40 mg/g and 60 mg/g 

for F25 and OP, respectively. The differences in the 𝑞𝑚 value and the good fit model for F25 

and OP could be explained by SEM images. There is a significant difference in the surface 

morphology and porous. F25 shows a flat and less porosity while OP shows a great porosity 

and high SSA, giving them more area to interact and form multilayer sorption. 

 

 

5.7. Statistical analysis  
 

A full factorial design analysis was performed to prove the reduction percentage according 

to method sections. Table 9 shows the result of the FFD, and it summarizes statistical values 

for corresponding samples and the meaning of interaction between the factors.  

 

The intercept is the means of low levels. In this case, a concentration of 2mM and mass of 

adsorbed corresponding to 1mg/ml for CMC. The result of a complex model, which includes 

a third level interaction, shows that the third interaction was not significant, the reason why 

the model was reduced only for the exchange of the second level. All samples show 

substantial differences concerning to the control, which implies that the samples reduction 

percentage was acceptable. F25 and OP, as expected from the previous section, have shown 

better performance. They reflected over two times adsorption capacity to respect others.  
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The mass and concentration do not exhibit a level of significance. This implies that when 

mass or concentration is changed, the material behaviors are the same. The percentage of 

reduction could change, but the samples work in the same way for both concentrations. The 

concentration variation could not affect, but there is an interaction between the material and 

the aqueous solution concentration, indicated by the significant codes. There is an inverse 

relationship between the material and the concentration, indicating that the percentage of the 

reduction decreases when concentration increases. This is exhibited in the table as a negative 

value. It could be explained because of the sample surface saturation. The result indicated 

that the material has a saturation point and it is in the concentration range used in this work. 

In addition, it is important to mention that the interaction between the F17 and the 

concentration is not significant also the CP interaction with the mass.  

Table 9. Statistical values of the full factorial design. 

  Estimate Std Error t value Pr (>|t|) Significant 

(Intercept) 2.164 2.766 0.782 0.44318  

CP 32.086 3.911 8.204 7.89e-08 *** 

F17 34.128 3.911 8.726 2.97e-08 *** 

F20 43.327 3.911 11.078 5.51e-10 *** 

F25 68.963 3.911 17.632 1.18e-13 *** 

OP 63.257 3.911 16.173 5.96e-13 *** 

T1 31.018 3.911 7.931 1.33e-07 *** 

Mass 3.544 2.560 1.384 0.18157  

Con -1.739 3.911 -0.445 0.66139  

CP:Mass 5.787 3.387 1.709 0.10301  

F17:Mass 12.768 3.387 3.769 0.00121 ** 

F20:Mass 9.659 3.387 2.852 0.00986 ** 

F25:Mass 15.788 3.387 4.661 0.00015 *** 

OP:Mass 18.391 3.387 5.429 2.58e-05 *** 

T1:Mass 7.115 3.387 2.100 0.04857 * 

CP:Con -19.763 5.531 -3.573 0.00190 ** 

F17:Con -9.994 5.531 -1.807 0.08585 . 

F20:Con -30.499 5.531 -5.514 2.13e-05 *** 

F25:Con -33.412 5.531 -6.041 6.63e-06 *** 

OP:Con -36.073 5.531 -6.522 2.34e-06 *** 

T1:Con -21.102 5.531 -3.815 0.00108 ** 

Mass:Con -4.824 1.811 -2.664 0.01489 * 

*** = 0,001      ** = 0,01      * = 0,05  . = 0,1 

 

The equation 10 was found from the significant values of the samples and their interactions 

with the mass and concentration. According to the result in table 9, the mass, concentration, 

interaction between the F17 and concentration, and CP interaction with mass are not 
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significant. Therefore, it is not included in the final equation. This equation describes a 

function to obtain a removal percentage value under the given conditions.  

 

𝑌 = 2,164 + 34,128𝑪𝑷 + 43,327𝑭𝟐𝟎 + 68,963𝑭𝟐𝟓 + 63,257𝑶𝑷 + 31,018𝑻𝟏
+ 12,768𝑭𝟏𝟕 ∗ 𝑩 + 9,659 𝑭𝟐𝟎 ∗ 𝑩 + 15,788𝑭𝟐𝟓 ∗ 𝑩
+ 18,391𝑶𝑷 ∗ 𝑩 + 7,115𝑻𝟏 ∗ 𝑩 − 19,763𝑪𝑷 ∗ 𝑪 − 9,994𝑭𝟏𝟕
∗ 𝑪 − 30,499𝑭𝟐𝟎 ∗ 𝑪 − 33,412𝑭𝟐𝟓 ∗ 𝑪 − 36,073𝑶𝑷 ∗ 𝑪
− 21,102𝑻𝟏 ∗ 𝑪 − 4𝑩 ∗ 𝑪 

 

(10) 

Some predicted values using the mentioned model were calculated and summarized in table 

10. The results indicate that the function predicts well. It was further validated with the 

parameters of the residual found in figure 39. The residual plot follows a random distribution 

and it associated to normal residual histogram. In addition, it was corroborated with the 

statistical parameters of the model, indicating a good adjustment of the function to 

experimental data.  

 

A 

 

B 

 

C 

 
 

 

D 
 

Parameters  Values DF 

Residual Standard  

Error 4,79 20 

F-statistic 46,37 20 or 21 

P-value 1.202e-12 

Multiple R2 0,9799 

Adjusted R2 0,9587 

Figure 39. (A) Residuald randon distrubion plot, (B) residual histogram, (C) regresion of 

experimental and predicted values and (D) statistic parameters values. 
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Table 10. Some predicted values of OP and F25 

Samples  Mass Concentration Experimental  Predicted  

OP 1 1 40,72 42,915 

OP 0 1 29,34 29,348 

OP 1 0 88,45 83,812 

F25 1 1 54,96 48,679 

F25 0 1 38,12 37,715 

F25 1 0 88,75 86,915 
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Chapter 6 
 

6. Conclusion & Outlook 

Conclusion & Outlook 
 

In this present work, eight unmodified celluloses from Ecuadorian plant biodiversity were 

successfully isolated. Rigorous, physicochemical characterization was performed on the 

isolated cellulose samples using FTIR, XRD, SEM, TGA, and BET, indicating that the source 

directly affects their characteristic. F17 and OP show low crystallinity degrees, whereas F17, 

F25, and OP exhibit similar thermal degradation profiles. These properties are directly 

correlated since low CrI indicates that the samples are composed of a great amorphous region, 

and it is a critical factor that significantly affects the metal ions adsorption.  

 

The heavy metals ions adsorption test was performed effectively, highlighting that F25 and 

OP demonstrate better Cu2+ ions adsorption due to their amorphous structure, which increases 

the surface area. Later, EDS analysis confirmed the Cu2+ adsorption, which was contrasted 

to the CMC, which does not show adsorption capacities. Since some samples show 

similitudes in the characteristic such 𝐶𝑟𝐼 nevertheless reveals different adsorption capacity, 

their unique physicochemical properties could play a critical role in the sorption process. 

Furthermore, according to the TGA profile certain amount of the hemicellulose content could 

influence during adsorption of heavy metals.  

 

Additionally, F25 fit better to the Langmuir adsorption model, whereas OP fits better to the 

Freundlich model. It could be explained by the SEM image since OP shows a great porosity 

and large surface area that allows a multilayer formation, and F25 exhibits a monolayers ions 

deposition. The maximum capacity of Cu2+ ions adsorption was around 40 mg/g and 60 mg/g 

for F25 and OP, respectively. Finally, this work demonstrates that the intrinsic 

physicochemical properties are directly associated with the Ecuadorian material source in 

order to generate particular cellulose-based material as an alternative for effective water 

treatment.  

 

For future work, more studies must be done to understand better the material capacity and 

adsorption mechanism. These studies could include a change in reaction conditions, for 

instance, pH and temperature. The rate of the reaction could be studied throughout kinetic 

studies. Moreover, the sample must be test using another metals ion. Additionally, a PEI-

functionalization could be performed to enhance the adsorption capacity. Finally, the BET 

result differs from our published work; therefore, it requires repeating the experiment to 

better explain the adsorption process and efficiency.  
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Annex A 
 

 

 

Figure 40. X-ray diffraction patterns graph comparison between samples extracted from 

natural sources and commercial cellulose (CMC). 

 

 

Figure 41. Uv-vis spectra after reaction C2+ions (2mM) with the cellulose F25 and F25 

using 3mg/ml  
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Figure 42. Uv-vis spectra after reaction C2+ions (10mM) with the cellulose F25 and F25 
using 3mg/ml  

 

 

Figure 43. Percent of reduction of Cu2+ions at low concentration (2mM), using the raw 

materials (without treatment).  
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Figure 44. Fourier-transform infrared spectra of cellulose particles from natural sources: 

(A) F17, (B) F20, (C) F25, (D) F27, (E) F28, (F) T1, (G) OP, (H) CP. 
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Figure 45. Thermogravimetry analysis profile of the (A) extracted cellulose, and the (B) 

peaks with the high weight loss. 
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Annex B 

Annex B 

Table 11. Data of adsorption test using 1mg/ml. 

 

1mg/ml 

2mM 

Samples B0 B1 B2 mean 
Standard 
Deviation  

Cu Remaining 
(%) 

F17 23,529 25,820 15,652 21,667 5,333 78,333 

F20 23,529 28,689 27,391 26,536 2,684 73,464 

F25 59,664 60,820 63,043 61,176 1,718 38,824 

F27 19,328 23,361 16,087 19,592 3,644 80,408 

F28 10,084 12,705 13,478 12,089 1,779 87,911 

T1 15,966 20,697 20,870 19,178 2,782 80,822 

OP 37,815 40,164 36,957 38,312 1,660 61,688 

CP 11,765 24,590 21,739 23,165 2,016 76,835 

CMC -0,420 6,967 -3,043 1,168 5,191 98,832 

10mM 

F17 11,419 11,960 14,750 12,710 1,788 87,290 

F20 5,626 6,717 8,583 6,975 1,496 93,025 

F25 15,281 14,535 14,750 14,855 0,384 85,145 

F27 6,885 6,645 6,250 6,593 0,321 93,407 

F28 4,282 6,229 5,750 5,420 1,015 94,580 

T1 5,290 7,143 7,250 6,561 1,102 93,439 

OP 12,091 13,040 13,167 12,766 0,588 87,234 

CP 9,320 11,130 8,083 9,511 1,532 90,489 

CMC -1,175 -2,409 -0,750 -1,445 0,861 101,445 
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Table 12. Data of adsorption test using 3 mg/ml. 

 

3mg/ml 

2mM 

Samples B0 B1 B2 mean 
Standard 

Deviation 

Cu Remaining 
(%) 

F17 29,41 31,56 43,04 34,67 7,33 65,33 

F20 50,00 50,41 56,52 52,31 3,65 47,69 

F25 64,71 64,34 61,30 63,45 1,87 36,55 

F27 33,19 34,84 26,52 31,52 4,40 68,48 

F28 26,89 30,33 28,70 28,64 1,72 71,36 

T1 38,66 38,52 30,87 36,02 4,46 63,98 

OP 69,33 67,21 71,96 69,50 2,38 30,50 

CP 36,97 32,38 33,48 34,28 2,40 65,72 

CMC 9,24 6,56 -8,26 2,51 9,43 97,49 

10mM 

Samples B0 B1 B2 mean 
Standard 
Deviation 

Cu Remaining 
(%) 

F17 20,24 23,59 26,75 23,52 3,26 76,48 

F20 10,08 15,37 15,75 13,73 3,17 86,27 

F25 40,22 36,63 37,50 38,12 1,87 61,88 

F27 10,41 9,63 9,75 9,93 0,42 90,07 

F28 7,05 8,64 7,33 7,67 0,85 92,33 

T1 7,14 12,04 11,08 10,09 2,60 89,91 

OP 31,65 27,24 29,13 29,34 2,21 70,66 

CP 100,00 13,54 13,83 13,69 0,21 86,31 

CMC 1,26 2,66 -0,08 1,28 1,37 98,72 
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Table 13. Raw data of adsorption test using 5 mg/ml. 

 

5mg/ml 

2mM 

Samples B0 B1 B2 mean 
Standard 

Deviation 

Cu Remaining 
(%) 

F17 51,26 52,87 53,48 52,54 1,15 47,46 

F20 60,50 61,07 51,30 57,62 5,48 42,38 

F25 91,60 87,70 86,96 88,75 2,49 11,25 

F27 38,66 39,34 33,91 37,30 2,96 62,70 

F28 33,61 40,98 30,00 34,87 5,60 65,13 

T1 41,18 40,57 51,30 44,35 6,03 55,65 

OP 89,08 89,75 86,52 88,45 1,70 11,55 

CP 48,74 46,31 40,87 45,31 4,03 54,69 

CMC 2,94 9,84 -4,35 2,81 7,09 97,19 

10mM 

Samples B0 B1 B2 mean 
Standard 
Deviation 

Cu Remaining 
(%) 

F17 37,70 38,29 36,33 37,44 1,00 62,56 

F20 18,81 21,01 17,33 19,05 1,85 80,95 

F25 52,06 56,48 56,33 54,96 2,51 45,04 

F27 8,98 10,80 10,75 10,18 1,03 89,82 

F28 6,30 9,88 9,67 8,62 2,01 91,38 

T1 12,01 16,03 15,08 14,37 2,10 85,63 

OP 39,21 41,86 41,08 40,72 1,36 59,28 

CP 14,02 15,45 15,67 15,05 0,89 84,95 

CMC -0,25 2,33 2,25 1,44 1,47 98,56 
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Table 14. Data of isotherms adsorption studies and fitting. 

 
 

F25 Langmuir  Freundlich 

Ce 
(mg/L) 

qe 
(mg/g) 1/Ce 1/qe Lineal Non Lineal Log(Ce) Log(qe) Lineal 

Non 
Lineal 

37,490 28,864 0,0267 0,0346 28,8656 28,8593 1,5739 1,4604 31,1729 31,7722 

142,463 36,684 0,0070 0,0273 36,3733 36,4106 2,1537 1,5645 34,3449 34,6990 

266,931 36,647 0,0037 0,0273 38,0201 38,0695 2,4264 1,5640 35,9466 36,1673 

644,833 40,549 0,0016 0,0247 39,2110 39,2696 2,8094 1,6080 38,3233 38,3353 

832,284 42,289 0,0012 0,0236 39,4073 39,4675 2,9203 1,6262 39,0398 38,9865 

1201,563 38,942 0,0008 0,0257 39,6171 39,6789 3,0797 1,5904 40,0944 39,9430 

1475,242 37,994 0,0007 0,0263 39,7054 39,7680 3,1689 1,5797 40,6961 40,4876 

1793,909 39,393 0,0006 0,0254 39,7746 39,8378 3,2538 1,5954 41,2780 41,0137 

 OP Langmuir  Freundlich 

Ce 
(mg/L) 

qe 
(mg/g) 

1/Ce 1/qe 
Lineal Non Lineal Log(Ce) Log(qe) Lineal 

Non 
Lineal 

11,622 39,375 0,0860 0,0254 39,0503 37,5548 1,0653 1,5952 40,8682 41,6035 

100,849 55,546 0,0099 0,0180 58,3765 58,4786 2,0037 1,7447 51,0440 51,4452 

213,507 52,107 0,0047 0,0192 60,4321 60,8071 2,3294 1,7169 55,1396 55,3803 

459,631 62,893 0,0022 0,0159 61,4696 61,9902 2,6624 1,7986 59,6662 59,7143 

570,227 61,043 0,0018 0,0164 61,6477 62,1938 2,7560 1,7856 61,0047 60,9930 

767,613 62,768 0,0013 0,0159 61,8391 62,4129 2,8851 1,7977 62,8995 62,8009 

1138,579 66,143 0,0009 0,0151 62,0204 62,6205 3,0564 1,8205 65,5037 65,2817 

1414,508 64,204 0,0007 0,0156 62,0939 62,7047 3,1506 1,8076 66,9828 66,6887 

1722,303 67,721 0,0006 0,0148 62,1482 62,7669 3,2361 1,8307 68,3536 67,9915 
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Annex C 

Annex C 

 

   

   

   

   

Figure 46. Photographs taken during the research project. 

 


