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In this Doctoral Thesis, the preparation of various series of photocatalysts based on 

titanium oxide is presented. Different approaches to improve the TiO2 performance, 

including the preparation of composites with different composition and crystalline phase, 

and no-stoichiometric Ti-oxides are used. All these materials are exhaustively characterized 

and these properties are related with their potential as photocatalysts for the degradation of 

Orange G dye, which is used as a model of organic pollutant in an aqueous solution. All the 

photocatalytic results obtained with these innovative photocatalysts improve those obtained 

with commercial samples used as references. 

This Doctoral Thesis has been developed in the Carbon Materials Research Group, 

Adsorption and Catalysis Laboratory, Inorganic Chemistry Department, University of 

Granada. The work developed during the realization of this Doctoral Thesis has been 

organized in different Chapters whose contents are the following: 

Chapter I: Introduction and Objectives.  

This chapter is devoted to the study of bibliographic review on the various types of titania 

composites for photocatalytic application and the state of the art of the alternative strategies 

for improving the photocatalytic activity. It begins with the literature review of the 

photocatalytic degradation of organic pollutants and the types of materials that used for this 

application is presented together with the physicochemical characteristics of the material 

used. Also, clarifying the importance and need to obtain solar – light – driven photocatalysts, 

the difficult that photocatalytic reaction implies and the possible strategies to obtain the 

target goals. Finally, the objectives of the work are described.  

Chapter II: Materials and Methods.  

This chapter described the preparation of the different materials developed in this Thesis, 

the used characterization techniques, and the experimental conditions of photocatalytic 

procedures and analysis used in chapters III, IV, V and VI.  

Chapter III: Physicochemical properties of new cellulose-TiO2 composites for the 

removal of water pollutants: Developing specific interactions and performances by 

cellulose functionalization (published in Journal of Environmental Chemical 

Engineering).  
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This chapter deals with the preparation of novel sustainable and green cellulose-titania 

hybrid composites with enhanced photocatalytic performance. The interaction of cellulose 

and Ti-precursors is initially too low due to the closed microcrystalline cellulose structure. 

For that, the synthetic strategy involves two determinant steps: (i) dissolution of MCC by 

acid treatments using HNO3 or H3PO4 and (ii) TiO2 impregnation by a single-step sol-gel 

method. We deeply study the influence of the both acids treatments on the properties 

(porosity, composition, crystalline structure, etc) of the corresponding cellulose – TiO2 

composites and the interactions between phases, which are a function of the nature of the 

surface groups generated on the cellulose structure during each acid treatment. These 

physicochemical and crystalline properties are correlated with the photocatalytic 

performance of the samples. 

Chapter IV: Novel carbon-Ti composites based on functionalized cellulose for 

photocatalytic water decontamination.  

In this work, carbon-Ti hybrid composites are obtained by carbonization of materials 

prepared in the previous Chapter III. Microcrystalline cellulose (MCC) works as structure-

directing agent and carbon precursor to tailor the physicochemical properties and 

interactions between both phases. The chemical functionalization of the cellulose chains 

with phosphorous- or oxygen-containing surface groups strongly determines the 

morphological, chemical, porous and crystalline transformations during carbonization. The 

novel poly-hierarchical structured TiP2O7/carbon or TiO2/carbon hybrid composite are 

obtained respectively from the MCC pretreated with H3PO4 or HNO3, by a facile single-

step in situ sol-gel method and subsequent carbonization at different temperatures. To the 

best of our knowledge, the role of cellulose chemical functionalities on the characteristics 

of carbon-Ti composites and their photocatalytic performance has not been explored. Here, 

a deep analysis of chemical, crystalline, porous and morphological transformations of each 

composite as a function of the carbonization temperature, as well as a correlation with its 

photocatalytic performance is investigated. 

Chapter V: On the interactions and synergism between phases of carbon–phosphorus–

titanium composites synthetized from cellulose for water treatment (published in 

Materials).  
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Taking into account the results obtained in Chapter IV, a deep analysis on the transformation 

of the system cellulose-phosphorus-Titania during carbonization was carried out in this 

Chapter. For that, a series of samples with different Ti-precursor/functionalized cellulose 

ratio was designed and prepared. The physicochemical properties, including the nature of 

the titanium polyphosphate formed, and evidently, the photocatalytic performance is 

strongly influenced by this ratio. 

Chapter VI: Synthesis of TixOy nanocrystals in mild synthesis conditions for the 

degradation of pollutants under solar light (published in Applied Catalysis B: 

Environmental)   

This work presents an alternative of synthesis to obtain non-stoichiometric black titania 

nanoparticles (TixOy) with controlled morphology in mild conditions. Titania nanoparticles 

and nanofibers were synthesized at temperature of 180 ºC and pressure of 8 bar by a stirred 

solvothermal method in presence of nitrogen, or hydrogen, for improving the visible and 

infrared optical absorption. Black titania was deeply characterized and tested in the 

photodegradation of pollutants under solar light. 

Part of the results of the research work has been already published during the development 

of this Thesis that is included in the following dissemination articles: 

1. Hesham Hamad, Esther Bailón-García, Sergio Morales-Torres, Francisco Carrasco-

Marín, Agustín F. Pérez-Cadenas, Francisco J. Maldonado-Hódar, "Physicochemical 

properties of new cellulose-TiO2 composites for the removal of water pollutants: 

Developing specific interactions and performances by cellulose functionalization", 

Journal of Environmental Chemical Engineering, 2018, Vol. 6, pp. 5032-5041. doi: 

10.1016/j.jece.2018.07.043. 

2. Hesham Hamad, Jesica Castelo-Quiben, Sergio Morales-Torres, Francisco Carrasco-

Marín, Agustín F. Pérez-Cadenas, Francisco J. Maldonado-Hódar, "On the interactions 

and synergism between phases of carbon-phosphorus-titanium composites synthesized 

from cellulose for water treatment", Materials, 2018, Vol. 11(9), pp.1766-1776. doi: 

10.3390/ma11091766.  

3. Hesham Hamad, Esther Bailón-García, Sergio Morales-Torres, Francisco Carrasco-

Marín, Agustín F. Pérez-Cadenas, Francisco J. Maldonado-Hódar, "Functionalized 

https://www.sciencedirect.com/science/article/pii/S2213343718304226
http://www.mdpi.com/1996-1944/11/9/1766
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cellulose as biotemplate in the synthesis of carbon-Ti composites for photocatalytic 

water decontamination", In progress.  

4. Hesham Hamad, Esther Bailón-García, Francisco Carrasco-Marín, Agustín F. Pérez-

Cadenas, Francisco J. Maldonado-Hódar, "Synthesis of TixOy nanocrystals in mild 
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prospectives into the progress of cellulose nanocrystals to fabricate hybrid titania 

photocatalysts: Understanding mechanisms and future trends ", In progress. 

The most relevant results of this Thesis have been also presented at the following national 

and international conferences: 

1. Hesham Hamad, Esther Bailón-García, Francisco J. Maldonado-Hódar, Francisco 
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1.1. Photocatalysis for water treatment. 

Air, water, and sunlight are three basic elements for people to live on earth. As a 

result of the destructive nature of mankind, both water and air systems are highly 

contaminated. Nowadays, the wastewater of textile dyeing and finishing factories causes 

various environmental problems, due to its huge quantity of poisonous organic pollutants, 

to the large degree of aromatics present in dyes, high stability and high consumption water 

in this industry [1]. The dye pollutants in water causing the releasing toxic, and potential 

carcinogenic substances. 

1.1.1. Photocatalysis. 

In recent years, photocatalysis has also been actively used in environmental 

applications, since the semiconductor can be photoexcited to form electron-donor sites 

(reducing sites) and electron-acceptor sites (oxidizing sites). Photocatalytic destruction of 

organic contaminants like textile dyes has several important advantages rendering it an 

attractive process for the treatment of aqueous and gaseous wastes [2]. First, the reaction is 

nonspecific capable of degrading / destroying wide variety of organic molecules. This 

advantage is not available in biological processes in which organic degradation are 

dependent upon compound-specific enzymes. Second, photocatalytic reaction is immune to 

organic toxicity. Therefore, the process can be used to treat high strength wastes without 

any concern of process inhibition or upset. Third, the rate of photocatalytic oxidation is 

very fast; thereby, a high throughput is possible even for high strength wastes. Fourth, the 

reaction is so powerful that organic molecules are often destroyed completely, or 

mineralized, leaving no intermediates beside without forming polycyclic products. Fifth, 

the agent of treatment (UV and catalyst) can be removed easily leaving no residues in the 

effluent. Finally, highly active catalyst adaptable to specially designed reactor system. 

1.1.2. TiO2 as a photocatalyst. 

The photocatalytic splitting of water into hydrogen and oxygen under ultraviolet (UV) 

irradiation on TiO2 electrodes was discovered by Fujishima and Honda in 1972 [3]. TiO2 is 

the most UV active photocatalyst, followed by ZnO, since TiO2 is highly stable chemically, 

and highly oxidizing. Other metal oxides, such as ZrO2, SnO2, WO2, and MoO3 are much 
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less active and do not have the same application prospects as TiO2. In addition, TiO2 is 

relatively inexpensive compared to others [4]. The advantages of using TiO2 photocatalysts 

in drinking water include [2-4]: 

1- Readily available and relatively inexpensive. 

2- Highly stable in abroad range of pH and no addition of other chemicals.  

3- Requirement of mild reaction conditions, non-toxic and resistance to the corrosion.   

4- Little or no inhibitory effects by common water ions.  

5- Strong oxidative and reductive potentials at the TiO2 surface may lead to 

simultaneous oxidation and reduction of organic species. 

6- Lower disinfectant dosages compared to traditional water treatment methods, 

which require massive usage of chemicals like chlorine. 

7- Trace organics such as pesticides, hydrocarbons, chlorinated hydrocarbons, and 

taste and odour compounds may be mineralized. 

8- Pathogenic bacteria can be removed by photocatalytic reactions. 

9- Solar activation of the catalyst may be possible, (there is a small UV portion in 

solar energy, which can be utilized to trigger photocatalytic reactions). 

10- The TiO2 photocatalytic process is characterized by high reaction rates and short 

treatment times due to rapid oxidation reactions by hydroxyl radicals. 

1.1.3. Mechanism of the TiO2 photocatalysis. 

a) Electron – hole generation. 

When a photocatalyst such as TiO2 is irradiated with light of sufficient energy equal 

to or larger than photocatalyst band gap (hν ≥ Eg), an electron is excited from valence band 

(VB) to conduction band (CB), leaving an electron vacancy (“hole”) in VB. The holes 

generated are very oxidative, so they can directly attack and oxidize substrate molecules, or 

can oxidize hydroxyl groups into hydroxyl radical; electron-hole pair generated is capable 

of participating in chemical reactions with adsorbed molecules. The photocatalytic 

decomposition reaction can be summarized in equation 1. A schematic overview of the 

photocatalytic mechanism is depicted in Figure 1.1 [6].  

 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑂2
𝑇𝑖𝑂2    ℎ𝜈  ≥.𝐸𝑔
→          𝐶𝑂2 + 𝐻2𝑂 +𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝑎𝑐𝑖𝑑  (1) 

The key of photocatalysis is the electron-hole pair. According to Mills, in order to 
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photoreduce a chemical species, the CB of the semiconductor must be more negative than 

the reduction potential of the chemical species; to photo-oxidize a chemical species, the 

potential of VB of the semiconductor must be more positive than the oxidation potential of 

the chemical species [7]. The VB hole is an excellent oxidant (+1.0 to +3.5 V versus the 

normal hydrogen electrode (NHE) depending on pH and the oxide) compared to the smaller 

reducing capability of the CB electron (+0.5 to -1.5 V vs. NHE).  

 

Figure 1.1. Schematic representation of photocatalytic reaction over a semiconductor 

nanoparticle [7]. 

In a photocatalytic reaction, the rate of oxidation by the holes or hydroxyl radicals 

must be balanced by the rate of reduction by the electrons. Figure 1.2 depicts the band 

structures of several oxides relative to the NHE at pH =1.0 and several redox couples [8]. 

b) Hole trapping from VB. 

The trapped holes have been proposed to directly oxidize adsorbate substrate. The 

surface of VB is that surface bound –OH groups or surface adsorbed water molecules can 

be easily oxidized into hydroxyl radicals (·OH). The hydroxyl radical potential is positive 

enough to oxidize most organic substrate.  
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Figure 1.2. Diagram showing band gap energies and band edges of different 

semiconductors and relative energies with respect of the absolute vacuum scale (AVS) and 

normal hydrogen electrode level (NHE) in the electrolyte of pH = 1 [8]. 

c) Electron transferring from CB. 

Additionally, most reducible species are not as efficient as adsorbed oxygen at 

trapping the photogenerated electrons. The rate of oxidation of organic molecules has shown 

to be affected by the type and concentration of the electron scavenger. Electron scavengers 

can be molecular oxygen, O2, or hydrogen peroxide, H2O2, and ozone O3 trap a 

photogenerated electrons e-
cb to produce more hydroxyl radicals ·OH [9]. The enhancement 

of photocatalytic degradation in the presence of oxygen may be attributed to the charge 

injection from the dye into the semiconductor. The electron from the excited dye molecule 

is injected into the CB of the TiO2 and the cation radical formed at the surface quickly 

undergoes degradation to yield stable products as shown in equation 6-9 [10]. Oxygen 

adsorbed on the surface of TiO2 prevents the recombination process by trapping the 

electrons according to the reaction are showed in equation (10). Carp later discussed the 

possible production of hydrogen peroxide via the reduction of the superoxide radical (O•2-). 

H2O2 and O2 can be generated by the O2- fading reaction as shown in equation 8 [11]. The 

superoxide radical, formed when oxygen is reduced by a CB electron via equation 9, is 

highly reactive and can act as both a reducing and oxidizing agent. It is highly active and 

can attack either organic molecules or adsorbed intermediates or, after protonation, can 
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provide an additional source of surface –bound hydroxyl radical. Hoffmann et al. suggested 

and confirmed by O18 isotope labelling experiment, that H2O2, the most frequently detected 

intermediate species in the photocatalytic oxidations, is partially produced from adsorbed 

oxygen [2].  

d) Oxidation of organic compounds (hydroxyl radical attack).  

A hydroxyl radical attacks an organic compound by either removing an available 

hydrogen atom to form water or adding itself to any unsaturated carbon bonds. Mao et al. 

found that the rate of oxidation of organics correlated with the C-H bond strength, proving 

that H atom abstraction by hydroxyl radical may be a rate-limiting step. Consequently, from 

these primary reactions, an organic radical is formed [12]. The subsequent radical 

transformations and radical-to-radical interactions lead to an array of intermediate products, 

eventually resulting in CO2 and H2O.  

e) Charge carrier recombination. 

During photocatalytic oxidations, the hole can also undergo an e-/h+ recombination 

process with a CB electron. The recombination (inside the volume of a semiconductor or on 

the surface (Figure 1.1) is a problem since it decreases the quantum yields of the 

photoelectron degradation reactions [13]. The recombination of the photogenerated electron 

and hole is so rapid (occurring on a time scale of nanoseconds) that interfacial electron 

transfer is kinetically competitive only when a relevant electron donor or acceptor is pre-

adsorbed prior to irradiation [13]. 

Volume recombination is a dominating process in well-crystallized large TiO2 

particles, which can be decreased by reducing particle size. Surface recombination becomes 

an important process. In the regime of ultrafine particle size, most of the e-/h+ pairs are 

generated sufficiently close to the surface that may quickly reach the surface, and undergo 

rapid surface recombination mainly due to abundant surface trapping sites and the lack of 

driving force for e-/h+ separation [6,9,13]. Since the characteristic time for surface e-/h+ 

recombination is much faster than that of the interfacial charge carrier transfer processes, 

the increase in the interfacial transfer rate will be out-weighed by the increased surface 

recombination rate in ultrafine particles beyond a certain size. The critical issue governing 
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the efficiency of photocatalytic oxidative degradation is the minimization of the electron–

hole recombination rate by maximization the rate of the interfacial electron transfer to 

capture photogenerated charge carriers [6,9,13]. The following reactions summarize the 

possible mechanistic steps. Generally speaking, from irradiation on TiO2 photocatalyst to 

reduction of contaminants, the process undergoes five steps: (i) electron-hole generation; 

(ii) hole trapping from VB; (iii) electron transferring from the CB; (iv) oxidation of organic 

contaminants; and (v) charge carriers recombination.  

(i) Electron–hole (charge-carrier) generation: 

 TiO2 + hν     →     TiO2 (h
+

vb + e-
cb), 10 -15s    (2) 

(ii) Hole trapping from VB (10 ×10-19 s):  

  TiO2 (h +) + H2Oads     →     TiO2 + H++˙OHads  (3)          

  TiO2 (h +) + OHads        →             TiO2 + ˙OHads                                                  (4)  

  TiO2 (h +) + R     →     TiO2 + ˙R+
ads              (5)           

(iii)Electron transferring from CB (100 ×10-12 s ):  

  O2 + e-       →     O2
-                                            (6)  

  TiO2 (e
-)+ O2 ˙ads       →       TiO2 +·O2

-  (10 -3 s)                                                          (7) 

  2 ˙O2
-   + 2H+      →     H2O2 + O2                                                          (8)  

  ˙O2
-   + 2H+      →      2 ˙OHads                                                                                  (9)  

  TiO2 (e
-) + H2O2       →     TiO2 + OH- + ˙OHads                                                                       (10)  

(iv) Oxidation of organic contaminants (10-3 s): 

·OH ads + RH ads        →      ˙R
+ 

ads +H2O                                     (11) 

TiO2 (h +) +·R+ 
ads        →       TiO2 +˙R

+ 
ads                                                                                   (12)  

(v) Charge carriers recombination (100 ×10-9 for (e-) and 10 ×10-9 for (h+): 

TiO2 (e
-) + TiO2 ( h +)      →      heat ( recombination )           (13) 

TiO2 (e
-) + ˙OHads       →       TiO2 + OH-              (14) 

In above mechanism, the primary e-/h+ pairs are derived from the UV irradiation in 

equation (5). Equation (3 – 5) are the three means of the hole trapping on the adsorbed 

organic species, adsorbed water molecules, and the surface hydroxyl groups. Dissolved 

oxygen can accept the excited electrons to form superoxide radical ions, which is another 

possible source of hydroxyl radicals (equation 6– 9). Thus, hydroxyl radical ˙OHads species 
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can be generated not only from VB hole trapping processes (equation 3 – 4), but also from 

the CB electron scavenging steps (equation 7-9). The highly oxidizing hydroxyl radicals or 

holes provide the main power for contaminant degradation (equation 11 – 13). Meanwhile, 

the hydrogen peroxide produced from equation 8 is also a strong oxidant, which can directly 

attack contaminant substrate or produce another source of hydroxyl radicals through the UV 

irradiation process. Equations 13 – 14 are the main reasons for the low quantum yield of 

TiO2 [9,11,13]. 

1.1.4. Disadvantages of the TiO2 photocatalysis.  

It is unavoidable to face five issues for its practical applications. Firstly, is to 

improve the low photo-quantum efficiency of TiO2 which is the ratio of the number of moles 

of contaminants degraded to the number of moles of irradiation photons, which is very low 

(usually less than 5 %) in aqueous reactions that arises from high band gap energy and the 

fast recombination of photo-generated electrons and holes [14]. Secondly, is to further 

extend its photoresponse into visible light regions since its 3.2 eV band gap results in only 

a small overlap of its action spectrum (<400 nm) with the solar spectrum. Thirdly, easy and 

cheap liquid – solid separation and recovery, due to very difficult photocatalyst separation 

from solution after reaction [14]. Fourth, this technology is now only efficient for low 

contaminant in ppm to ppb levels in the area of water treatment, which is why its research 

has been more focused on drinking water purification [15]. Finally prevent ultrafine 

powders will agglomerate into larger particles, resulting in an adverse effect on catalyst 

performance.  

1.1.5. Modification of TiO2 photocatalysts.  

The rapid and extensive growth in this research activity may be attributable to the 

new chemical and physical properties observed in nanosized titania nanopowders which 

enhance the photocatalytic activity. This improvement results from changes in grain size, 

crystal size, crystal structure, morphology, surface area, phase composition, defect sites, 

extent of surface hydroxylation, light absorption properties, and resistance to mechanical 

stresses and surface modification [2,5]. Significant effort has been directed towards the shift 

of optical response of TiO2 from UV to visible light region through modifications to TiO2 

surfaces, including addition of metal, dopants, surface sensitization and combinations with 
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other lower band gap semiconductor or with different carbon phases like activated carbons, 

Graphene, fullerenes or carbon nanotubes [16-19]. These modifications are beneficial in 

decreasing the recombination rate of electrons and holes, indicating increased quantum yield 

of photocatalytic process. The benefits of surface modification are: (i) inhibiting 

recombination by increasing the charge separation and therefore the efficiency of the 

photocatalytic process; (ii) increasing the wavelength response range (i.e. the photocatalyst 

can be excited in the visible light region; and (iii) changing the selectivity or yield of a 

particular product.  

1.2. TiO2 / cellulose hybrid nanocomposite. 

1.2.1. Molecular structure of cellulose. 

The main components of lignocellulosic biomass resources include carbohydrates 

polymers (e.g., cellulose (40-50%) and hemicelluloses (20-45%)), and an aromatic polymer 

(e.g., lignin (10-25%) (Figure 1.3) [20] which are vary depending on many factors such as 

the species and location of cultivation. However, cellulose is usually the dominant of the 

three biopolymers [21]. 

In plant cells, biopolymer chains are generally organized into microfibrillar bundles 

where nanometer diameter fibers of cellulose are encased in a thin layer of amorphous 

hemicellulose which serves to protect and separate it from the outer layer composed of lignin 

acting as the adhesive to bind together the microfibrils and provide mechanical strength to 

the cell wall (Figure 1.4a) [22]. Microfibrils are assembled into macrofibrils having 

dimensions on the order of hundreds of nanometers to microns (Figure 4b) which serve as 

the building units of the cell wall (Figure 1.4c). Such a complex structure therefore requires 

special processes to separate and recover desired lignocellulose biopolymers [23]. 

In general, cellulose is a condensed, chiral, crystalline, biodegradable, water-

insoluble and fibrous compound. The general formula of cellulose is (C6H10O5)n where ‘n’ 

is the number repeating monomeric β-D-glucopyranose units and the value of ‘n’ differs 

from source to source [24]. Cellulose is polydisperse, with a degree of polymerization (DP) 

based upon D-anhydroglucose units (AGUs). 
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Figure 1.3. Chemical components of lignocellulosic biomass [20]. 

The structure of cellulose is shown in Figure 1.5 [25]. Cellulose is a higher molecular 

weight (106 or more) homolinear polysaccharide of glucose residues (AGUs) which are 

linked by β-1, 4-glucosidic bonds formed between the carbon atoms C(1) and C(4) of 

adjacent glucose units (Figure 1.5a) [25]. The β-D-glucose units combine together by 

covalent bonds between the equatorial OH group of C-4 of one glucose unit and the C-1 

carbon atom of the next glucose unit to form cellulose [26]. The fully equatorial 

conformation of ß-linked glucopyranose residues stabilizes the chair structure and 

minimizes its flexibility. 

Each cellobiose unit is rotated 180° with respect its neighbours, resulting in a 

sterically stable and linear configuration [27]. The neighbouring glucose residues interact 

via intra-molecular hydrogen bonds, which give rigidity to the chains, and the polymer 

chains link via intermolecular hydrogen bonds to form microfibrils which results in 

crystalline cellulose. The microfibrils are bound together by van der Waals forces and 

hydrophobic interactions and are embedded within hemicellulose and lignin to form the 

basis of the plant cell wall [28]. The complex network of intra- and inter- molecular 

hydrogen bonds and van der Waal interactions stabilize the chains and microfibrils [28]. 

The associative nature of cellulose chains gives rise to a highly crystalline extended 

structure which, though hydrophilic and moisture responsive, is entirely insoluble in water 

and most other common solvents. 
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Figure 1.4. Cross-section of a lignocellulose: (a) microfibril, (b) macrofibril, and c) plant 

cell wall and membrane [22]. 

It is interesting to note that each cellulose chain has two ends which are chemically 

different, one with an original C4-OH group is called the non-reducing end, which the 

anomeric carbon atom is involved in a closed ring structure (glycosidic linkage) whereas 

the other end has a D-glucopyranose unit in which the anomeric carbon atom is part of a 

cyclic hemiacetal functionality while the other with an original C1-OH is called the reducing 

end [29]. The terminal hemiacetal group is in an equilibrium in which a small proportion is 

an aldehyde group which can act as a reducing group (can engage in a 2-electron reduction 

and transform into a carboxylic acid group) properties and hence called the terminal 

reducing end. The opposite end with the closed ring structure is termed as the non-reducing 

end [30]. 

The hydroxyl groups at C-2 and C-3 are secondary while the one in C-6 is primary. 

Due to the large presence of hydroxyl groups in the cellulose polymer the main 

derivatization reactions are based on alcohol chemistry, thus giving the cellulose molecule 

a high degree of functionality [31]. Naturally, cellulose can be randomly formed in 

amorphous and crystalline structure with different ratio in grassy and woody plants. It 

contains closely and regular packed crystalline regions along with loosely and randomly 

packed amorphous regions [32] (Figure 1.5b).  
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Figure 1.5. Schematics of (a) linear structure of single cellulose chain repeat unit, showing 

the directionality of the 1 - 4 linkage and intrachain hydrogen bonding (dotted line), (b) 

cellulose microfibril showing the crystalline and amorphous regions, and (c) cellulose 

nanocrystals after acid hydrolysis dissolved the disordered regions [25]. 

1.2.2. Supermolecular structure of cellulose.  

Besides cellulose molecular level, the understanding of cellulose at the 

supermolecular level is also important to the dissolution mechanism study. This includes 

hydrogen bonding, crystalline types, crystallinity, crystallite size, and pore sizes and 

structures, which are reviewed in the following paragraphs.  

a) Hydrogen bonds in cellulose crystal. 

Despite the highly hydrophilic characteristics of cellulose due to the plentiful of 

hydroxyl groups, it is insoluble in the most common solvents due to the extensive strong of 

strong inter- and intra-molecular hydrogen bonding and highly crystalline structure 

(Figure 1.6) [33]. Generally, the hydrogen bonding organizes the chains together in a highly 

ordered crystal-like structures which minimizes the flexibility and increases the strength of 

cellulose polymer by hindering the free rotation of the pyranose rings to their adjacent 

glycoside bonds. So, the location of hydrogen bonds in cellulose is very decisive and 

determine the nature and type of different crystalline forms of the cellulose [34,35]. Because 

the existence of equatorial conformations of the β-D-glucopyranose units and –OH groups 

and electronegative O–atoms, different cellulose chains are held together by two types of 
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hydrogen bond to form a network which increases the thermal durability of cellulose [34]. 

The intra molecular hydrogen bond is high relevance with regard to the single chain 

conformation and stiffness. On the other hands, the intermolecular dipole-dipole 

interactions are responsible for the formation of microfibrils with physical and chemical 

stabilities along with high tensile strength. Despite the comprehensive efforts by many 

investigators, the exact structure of the strong hydrogen bonding network between the 

hydroxyl groups has not been fully resolved. 

 

Figure 1.6. Inter (------) and intermolecular (------) hydrogen bonding between cellulose 

chains [33]. 

The chains of cellulose I (native cellulose) are held together which are proposed the 

two major intramolecular hydrogen bonds. One is between the C3 hydroxyl groups and the 

pyranose ring oxygen of an adjacent glucose residue (C3-OH.....O5') with bond length 

2.707 Å and the other one is between the C2 hydroxyl group and the C6 oxygen of a 

neighbouring glucose residue (C2-OH…..O-C6) with bond length of 2.802 Å (Figure 1.6). 

The intra-chain hydrogen bonding between hydroxyl groups and oxygens of the adjoining 

ring molecules stabilizes the linkage and results in the linear configuration of the cellulose 

chain. On the other hands, the major inter chain hydrogen bond is between C6 hydroxyl 

group and C3oxygen (C6-OH…..O-C3) along the b axis with bond length of 2.874 Å 

(Figure 1.6) which is responsible for the sheet like nature of the native polymer [33,36]. The 

intermolecular hydrogen bonding in cellulose II is insignificantly more complex compared 

to that of cellulose I. Other polymorphic forms IIII, IIIII, IVI, and IVII have the same 



Introduction and objectives 15 

 

hydrogen bonding network as the native cellulose [37]. Also, the free hydroxyl groups 

present in the equatorial position in the cellulose macromolecule are likely to be involved 

in a number of intra and inter molecular hydrogen bonds, which gives rise to a variety of 

ordering crystalline arrangements [31,38].  

Part of a cellulose preparation is amorphous between these crystalline regions. In the 

amorphous or less ordered regions the cellulose chains are not so tightly packed making 

them more available for hydrogen bonding to other molecules, such as water. Aqueous 

solutions are not capable to dissolve cellulose. However, the hydrogen bonding with water 

makes cellulose swell, i.e., to absorb rather large quantities of water. 

The hydroxyl groups in cellulose are arranged in radial orientation while the 

aliphatic hydrogen atoms in axial positions. Therefore, the strong inter chain hydrogen 

bonding between neighbouring chains are easily formed and between cellulose sheets, some 

weaker hydrophobic interaction exist [39]. Researchers proposed that the cellulose 

resistance to acid hydrolysis is due to the hydrophobic face of cellulose sheets where a dense 

layer of water formed near the hydrated cellulose surface [40] and the resistance to 

enzymatic hydrolysis is due to the inter-chain hydrogen bonding [41]. Also, both alkali 

mercerization and ammonia treatments reduced the void fraction. So, the research groups 

are motivated to design solvents for dissolving cellulose by breaking, at least, the inter-

cellulose and inter-sheet dispersive force. 

b) Crystal structure of cellulose.  

The amorphous regions are distributed as chain dislocations on segments along the 

elementary fibril where the microfibrils are distorted by internal strain in the fiber and 

proceed to tilt and twist. The ordered regions, on the other hand, are crystalline as a result 

of the tight packing of cellulose chains. The relative amounts of crystalline and amorphous 

cellulose, are origin dependant and pretreatment of the cellulose [37].  

Different chemicals can easily penetrate into the amorphous regions of cellulose, 

making them more susceptible to reactions, while the crystalline regions remain un-

attacked. Additionally, amorphous regions can easily absorb water and become more soft 

and flexible [42,43]. On the other hands, the affinity to water of cellulose is greatly different 
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from that of amylose, another polysaccharide that has the same chemical composition. The 

reason is that amylose is a poly (l,4-a-D-glucan). Its stereochemistry makes a much higher 

proportion of hydroxyl groups not hydrogen bonded, thus are available for solvation. The 

hydrogen-bonding network and molecular orientation in cellulose can vary widely, which 

can give rise to cellulose polymorphs or allomorphs. Four polymorphs of cellulose have 

been characterized so far in the literature [33,37,44]. The crystal structure of native 

celluloses is cellulose I, whereas non-native celluloses (i.e. regenerated or derivatized) have 

different H-bonding patterns. There are several polymorphs of crystalline cellulose, but the 

currently known and accepted crystalline allomorphs are I, II, III and IV with parallel chain 

packing, II, IIIII and IVII with anti-parallel packing [44]. The characteristics of different 

polymorphs of cellulose are summarized in Table 1.1. 

Table 1.1. Different types of cellulosic forms, their origin, and other important 

characteristics [37,45-47]. 

Types of cellulose Origin 
Crystal structure & type of 

unit cells 

Native cellulose 

exists as Cellulose I 

in two crystal 

phases Iα and Iβ 

Iα rich specimens have been 

found in cell wall of algae. 

Iβrich specimens have been 

found in cotton, wood and ramie 

fibers. 

Crystal structures of Iα and Iβ 

are different. Iα has triclinic 

unit cell with one chain. Iβ has 

monoclinic unit cell with two 

chains. 

Cellulose II 

Thermodynamically stable form 

which is obtained from the 

alkali treatment of cellulose I. 

Anti-parallel arrangement of 

cellulose chains with modified 

hydrogen bonding network. 

Cellulose III1, IIIII 

It is obtained from treatment of 

ammonia and a number of 

mono, di, tri amines with 

cellulose I and cellulose II, 

respectively. 

One chain monoclinic unit cell 

with an asymmetric unit that 

contains one glucosyl residue. 

Cellulose IVI, IVII 
Obtained from heating cellulose 

III1, IIIII in glycerol at 206 ºC. 
Orthogonal unit cells 

 

1.2.3. Nanocellulose. 

Nanocellulose is a term referring to nano-structured cellulosic materials with one 

dimension in the nanometer range. Considering the hierarchical structure of cellulose fibers 

which starts from glucose chains elementary fibrils (3-5 nm), microfibrils (5-30 nm) and 
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ultimately forming the cellulosic wood fibers by aggregating many microfibrils (Figure 1.7) 

[25,48]. The nanostructures of cellulose are a broad to refer several of the particle types 

which depend on the distinct morphology, aspect ratio, crystallinity, crystal structure and 

properties. There is a distribution of length, width, and crystallinity of cellulose fibers as a 

result of various factors which are, (i) type and severity of the extraction process, (ii) the 

originality of variable biological process results in statistical variability in the production of 

the crystals [49]. 

 

Figure 1.7. A simplified illustration of the morphological hierarchy in cellulose: the 

elementary fibrils contain both crystalline and amorphous regions. 

Based on their sources, dimensions, functions, and preparation methods, 

nanocelluloses may be classified into three main subcategories of microfibrillated cellulose 

(MFC), cellulose nanocrystals (CNCs), and bacterial nanocellulose (BNC) (Table 1.2) 

[25,50]. CNCs have also been referred to in the literature as cellulose nanowhiskers or 

nanocrystalline cellulose (NCC), and MFC is also sometimes called nanofibrillated 

cellulose (NFC) or cellulose nanofibrils (CNF) (Figure 1.8) [57-59]. 

Microfibrillated cellulose (MFC). 

MFC is composed of more or less individualized cellulose microfibrils, expanded 

high –volume cellulose, very high aspect ratio (length/diameter), 100 % cellulose, contain 

amorphous and crystalline regions, greatly expanded in surface area [25,54]. Also, typical 

lateral dimension of MFC are 20-60nm and longitudinal dimension is in a wide range, 

typically several micrometers. So, each microfibril is composed of 10-50 microfibrils if we 

consider that the microfibrils have a 2-10 nm-thick fibrous structure. Another noteworthy 

difference between these two kinds of nanoparticles is that MFC presents a web like 

structure [54].  
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Table 1.2. The family of nanocellulose materials [8,15,56]. 

Type of 

nanocellulose 
Synonyms Typical sources 

Formation and average 

size 

Microfibrillated 

cellulose 

(MFC) 

Nanofibrils, 

microfibrils, 

nanofibrillated 

cellulose 

Wood, sugar, 

beet, potato 

tuber, hemp, 

flax 

High pressure 

homogenizer diameter:5-

60 nm 

Length: several 

micrometers 

Acid hydrolysis 

Cellulose 

nanocrystals 

(CNCs) 

Nanocrystalline 

cellulose (NCC), 

crystallites, whiskers, 

rodlike cellulose 

microcrystals 

Wood, cotton, 

hemp, wheat 

straw, mulberry 

bark, ramie, 

Avicel, tuncin, 

algae, bacteria 

Diameter:5-70 Length: 

100-250 nm (from plant 

celluloses; 100 nm to 

several micrometers (from 

celluloses of tunicates, 

algae, bacteria) 

Bacterial 

nanocellulose 

(BNC) 

Bacterial cellulose, 

microbial cellulose, 

biocellulose 

Low-molecular-

weight sugars 

and alcohols 

Bacterials synthesis 

Diameter :20-100 nm, 

different types of 

nanofiber networks 

 

 

Figure 1.8. TEM of a) MFC [51] and b) CN [52]; c) SEM of BNC [53]. 

  

MFC may be isolated from the cellulosic fibers using the mechanical shearing forces 

to rip the larger fibers apart into nanofibers [55]. Different mechanical treatment procedures 

have been reported to prepare MFC. These processes are responsible for the high energy 

consumption over 25000 kWh per ton in the production of MFC as a result of the required 

multiple passes through the homogenizers [56]. Pre-treatments are therefore used to address 

this problem. Different pre-treatments such as mechanical cutting, acid hydrolysis, 

enzymatic degradation, and the introduction of charge groups have been proposed to 
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facilitate this homogenization process and thus decrease the energy consumption [51]. By 

combining the mechanical treatment with certain pre-treatments, it is possible to decrease 

the energy consumption.  

Cellulose nanocrystals (CNC). 

Cellulose nanocrystals are also sometimes referred to as nanocrystalline cellulose 

(i.e. NCC), whiskers, needles, microcrystals, monocrystals or crystallites. with the chosen 

term often, a question of author preference or trend. It has recently been argued that CNCs 

are the most dominant fundamental building block of the biosphere [57].  

Indeed, here we distinguished NFC from traditional MFC not only to emphasize the 

size, but also that a pre-treatment is applied in the fibrillation process, which enables the 

nanoscale and more individual fibrils as the aggregation is reduced. The cellulose 

nanocrystals (CNCs) are used for the rod-like cellulose nanocrystals and tunicate 

nanowhiskers with the width of a few nanometers and length between 100 nm and several 

micrometers, are produced by the removal of amorphous sections of a purified cellulose 

source by acid hydrolysis, often followed by ultrasonic treatment [58]. The origin of the 

cellulosic material demands which of the specific hydrolysis and separation protocols are 

used. In addition, the geometrical dimensions (length and width) as well as the morphology 

of the forming CNCs are found to vary widely depending on the source of the cellulosic 

material, and the conditions under which the hydrolysis is performed [59].  

Bacterial nanocellulose. 

The biosynthesis of cellulose takes place not only in plants, but also in bacteria, with 

Acetobacters. strains being one of the most common. Bacterial nanocellulose, also called 

bacterial cellulose, microbial cellulose, or biocellulose, is produced by the respective 

bacteria strains in response to specific environmental conditions [60]. The aerobic bacteria, 

such as acetic acid bacteria of the genus Gluconacetobacter, are cultivated in common 

aqueous nutrient media with low-molecular weight carbon and nitrogen sources, forming 

highly porous nanofiber network structures (fiber diameter: 20-100 nm) with culture 

medium filling the voids. Unlike MFC and CNCs isolated from cellulose sources, BNC is 

excreted by bacteria as exopolysaccharide through biotechnological assembly processes 
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from nutrient media. The molar mass, molar mass distribution, and the supramolecular 

structure of BNC can be controlled by selecting the substrates, cultivation conditions, 

various additives, and bacterial strain. Although identical to cellulose from plant origins in 

terms of molecular formula, BNC is very pure cellulose with a high degree of 

polymerization (DP values of 2000-8000), high crystallinity (60-90%), and good 

mechanical properties [61]. As a result of the nanostructured network and morphological 

similarities with collagen, BNC has been extensively tested for cell immobilization, cell 

migration, production of extracellular matrices, and other medical applications [49]. 

Previous in vitro and in vivo evaluation showed that the BNC implants elicited no foreign-

body reaction. In addition, fibrosis, capsule form, or giant cells were not detected around 

the implants, and connective tissue was nicely integrated with the BNC implants. BNC-

based membranes were also functionalized with platinum nanoparticles and multiwalled 

carbon nanotubes to produce electrocatalytic and electrically conductive materials, 

respectively [61,62]. 

1.2.4. Dissolution mechanisms of cellulose: macroscopic aspects.  

The high crystalline structure of native cellulose is stabilized by a strong intra-and 

intermolecular hydrogen-bond network. Therefore, the dissolution of cellulose is very 

difficult by chemicals or even bio-enzymes and this poses an obstacle for the easy utilization 

of cellulose especially in the large scale for its applications in materials science. The 

chemical modification of cellulose is an important avenue for the synthesis of novel and 

new hybrid materials with the improved the performance and value-addition [63]. So, the 

dissolution of cellulose is necessary for impregnation of metal oxides to produce highly 

active hybrid materials. All of the publications related to the TiO2/ cellulose, are synthesized 

without dissolving of cellulose. In order to discuss the dissolution mechanism of cellulose, 

it is very essential to know several aspects of issues needs to be addressed as follows:  

a) Degree of polymerization (DP). 

Many properties of cellulose depend on its chain length or degree of polymerization 

(DP) which based on the source and isolation treatment [37]. In general, the DP of cellulose 

based upon anhydroglucose units (AGUs) of up to 12,000 for cotton, but significantly lower 

for the wood pulps (DP = 600-1200) and man-made fibers (DP = 250-500) [64]. Molecules 
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with very small chain length, resulting from the breakdown of cellulose are known as 

cellodextrins; in contrast to long chain cellulose, cellodextrins are typically soluble in water 

and organic solvents [48]. 

b) Cellulose swelling vs. cellulose absorption. 

The strong hydrogen bonding network within the cellulose molecules greatly affects 

to the properties of cellulose polymer. For instance, properties such as swelling, absorption 

and optical behaviour are influenced by the hydrogen bonding. Swelling of cellulose is to a 

certain extent reversible when the surrounding humidity level is increased or decreased. 

However, there is a distinct hysteresis effect in the absorption/desorption curves. Desorption 

curves typically show higher moisture content values than absorption curves [65]. 

Hysteresis is caused by the inaccessible hydroxyl groups of the cellulose in the dry state that 

can become accessible only after more water is absorbed, i.e., at dry state hydroxyl groups 

satisfy each other through adjacent free hydroxyl groups, but as the moisture increases the 

hydrogen bonding breaks while more water is absorbed [66]. 

c) Cellulose dissolution vs. cellulose swelling.  

Cellulose dissolution and cellulose swelling are two completely different reactions. 

Although the significant change in the physical properties of cellulose and increase the 

volume of sample due to the uptake of the swelling agent, the cellulose swelling process 

maintains the overall crystalline structure of cellulose such as the moiety of solid cellulose 

phase particles, films or fibers [67]. On the other hand, cellulose dissolution is a transition 

of a two-phase system to a one system with high clarity of the solution due to the solvent 

induces the changes in the molecular order of superstructure of the native polymer by 

chemically derivatizing or the original supermolecular structure of cellulose is destroyed 

[68]. However, there is no visual difference between the swelling and dissolution process 

due to we have the same system which can act swelling or dissolution agent that are based 

on the operation condition and crystalline structure of cellulose [68].  

d) Cellulose dissolution vs. cellulose hydrolysis.  

In order to discuss the dissolution mechanism of cellulose in an aqueous solvent, it 

is very essential to know the difference between the cellulose dissolution and hydrolysis.  
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Firstly, cellulose hydrolysis or cellulose degradation is to break down the molecular 

weight by cutting the middle of cellulose molecule or from two ends of cellulose to obtain 

very low molecular weight cellulose or even cellobiose or glucose. The physical, chemical, 

physico-chemical and biological treatment is done for the hydrolysis step [74]. On the other 

hands, the cellulose dissolution is to break the intra-and inter molecular hydrogen bond, 

destroy the long-range order of crystalline regions of cellulose to form a molecular solution 

of cellulose with these novel solvents. The phenomenon of cellulose dissolution is more 

similar to the solid melting. Cellulose dissolution may require the certain degree of 

hydrolysis as a pretreatment for high molecular weight cellulose, while in the case of 

moderate and lower molecular weight, it is not necessary to make a pretreatment of 

cellulose. The ultimate research goal is to dissolve cellulose without using the hydrolysis 

pretreatment.  

Secondly, the dissolved cellulose is used in the form of macromolecular solution, 

can be reformed into fiber or other shapes, and regenerated, while the complete hydrolysis 

of cellulose is devoted to smaller sugar molecules which cannot be regenerated back into 

the macromolecules of cellulose   

Thirdly, the fiber dissolution does not chemically consume the solvent, but 

hydrolysis does. Most of the chemicals added to dissolve cellulose can be recycled.  

1.2.5. Chemical modification of cellulose nanocrystals.  

The poor solubility of cellulose in common solvents is due to the strong inter- and 

intramolecular hydrogen- bonding network and the crystallinity of cellulose. There are very 

few solvent systems affected on the dissolution of cellulose which are operated under 

restriction of temperature and composition conditions [71]. On the other hands, cellulose is 

amenable to chemical functionalization due to the presence of three hydroxyl groups of the 

cellulose polymer. It can be partially or fully reacted with various reagents to produce 

modified cellulosic materials for our daily and industrial needs [37,68]. To date, only a 

handful of solvents are known for cellulose, including more recently ionic liquids (ILs).  

Cellulose solvents can be separated into two main categories: derivatizing and non-

derivatizing. Derivatizing solvents, like the Viscose process, rely on a chemical reaction and 

bond formation for solvation, while non-derivatizing solvents are capable of dissolution 
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solely through physical interactions between the solvent and substrate. The chemical 

modification and dissolving the cellulose have been performed under homogenous and 

heterogeneous conditions via various solvent systems. 

a) Homogenous derivatization. 

One way to improve the catalytic accessibility and reduce the chemical recalcitrance 

of cellulose is to homogeneously dissolve it in a non-derivatizing solvent [72]. 

Homogeneous derivatization involves dissolution or, at least, by the swelling of cellulose in 

the reaction medium and modification of the entire cellulose chains. This remains extremely 

challenging as a result of the limited solubility of cellulose in common solvents [73].  

Ionic liquids as greener solvents. 

It has been difficult to achieve a homogeneous solution of cellulose without using 

harsh conditions, which in turn often affects negatively to the DP. In addition, the hydrogen-

bonding pattern diminishes the reactivity of cellulose, and often the DS values achieved 

from heterogeneous modification reactions which have ranged from poor to moderate. To 

overcome these obstacles, the ILs are the new class of green solvents that has been a 

phenomenal burst of interest and research at both academic and industrial level in the 

solubilization, separation, and processing of cellulosic materials because these are highly 

versatile [74]. 

Not only do ILs have very unique properties that very few other liquids have, such 

as being non-volatile, having very large electronic and ionic conductivities, a wide range of 

miscibilities and wettabilities, and broadly variable optical behaviour, but their properties 

are highly switchable and tuneable [75]. The ILs is capable of disrupting the hydrogen bonds 

between different cellulose chains. This interaction decreases the crystallinity of cellulose 

and makes the cellulose fraction more susceptible to derivatization reactions [76]. The 

chemical modification of cellulose in ILs is relatively straightforward and products such as 

cellulose acetates, tosylates and benzoates have been achieved with high degrees of 

substitutions [77]. 

ILs is a pure liquid phase composed mostly if not solely of ions having a melting 

point near room temperature which is commonly referred to as room temperature ionic 
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liquids (RTILs) [78]. Biomass dissolution in ILs was discovered in the 1930’s by 

Graenacher using N-ethylpyridiniumchloride with nitrogen-containing bases [79]. This was 

considered to be of little practical interest and the use of ILs for cellulose dissolution was 

largely abandoned until 2002 when Dr. Robin Roger’s group demonstrated solvation of 

cellulose by dialkyl substituted imidazolium-based ILs [79]. Generally, ILs are 1:1 

electrolyte salt where the cation is a bulky, organic molecule based on nitrogen or 

phosphorous in its first oxidized state, which provides the positive charge, while the anion 

can be either mono atomic or polyatomic, organic or inorganic, can have metals, and be 

acidic, neutral, or basic. Since the cationic species are usually less variable than the anionic 

species, ILs are commonly distinguished and referred to by their type of cation. 

Although the dissolution is greatly affected by the source of cellulose, different DP, 

and the dissolution conditions (heating methods, irradiation, heating temperature, time, 

etc.), generally, with the same cation, the solubility of cellulose in ILs decrease in the order: 

[(CH3CH2)2PO4]
- ≈ [OAc]-> [SHCH2COO]-> [HCOO]->Cl-> Br- ≈[SCN]-[80]. By choosing 

or modifying ions, improvement in the notable physical properties of ILs such as non-

volatility, non-flammability, high dissolution capacity, chemical and thermal stability, wide 

liquid range, low melting point and vapor pressure, low viscosity and low/no toxicity which 

needed for specific tasks will be achieved, and subsequently, followed by the development 

of advanced materials through the synthesis of new ILs with specific chemical properties. 

Some enzymes are catalytically active in ILs. But, these studies have focused mainly 

on the use of hydrophobic ILs such as [C4mim] [PF6], where enzyme activity is similar to 

that in hydrophobic organic solvents because hydrophobic media do not strip the enzymes 

of the thin layer of surrounding water which is essential to their functionality [81]. ILs which 

are capable of dissolving cellulose, in contrast, tend to be hydrophilic and capable of 

forming strong hydrogen bonds. Unfortunately, the interactions needed to dissolve 

biopolymers (the ability to form hydrogen bonds with the biopolymer to disrupt its internal 

hydrogen bonding) also tend to denature enzymes. The investigations into cellulase activity 

in ILs thus far have determined that cellulase enzymes are not viable in aqueous IL mixtures 

(for ILs capable of dissolving cellulose) and enzymatic hydrolysis after the removal of the 

IL is instead preferred. 

As an alternative to enzymatic hydrolysis, acid catalysts can be used to hydrolyze 
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the cellulose in the IL-phase [82]. But for this process, a separation step to isolate cellulose 

from the IL is necessary, and, because the ILs are miscible with water and the sugars are 

soluble in the IL/water system, a cost-effective and easy separation of sugars is required for 

this process to be advantageous over enzymatic hydrolysis. Such a separation process has 

not yet been demonstrated. 

There is no question that the ability of ILs to directly dissolve cellulose has generated 

intense worldwide academic and industrial interest in a relatively short period of time, but 

ILs solvents still have not been commercialized because of the high cost involved and 

solvent recovery problems. Intensive research is going on to come up with the effective 

solvents for dissolving the cellulose. 

Sodium hydroxide (NaOH). 

The native cellulose (cellulose I) can be converted into cellulose II by one of two 

processes, mercerization and regeneration [37]. 

Mercerization: It is the process of treating cotton cellulose I with concentrated 

sodium hydroxide solution to form cellulose II. In 1850, Mercer is patented for treatment of 

cotton fabric by highly concentrated NaOH to improve the reactivity with chemicals and 

strength of the fibers. During the mercerization process, the sodium hydroxide concentration 

was high around 18-20% because of which NaOH stayed close to the cellulose chains 

forming Na/cellulose crystal [83]. Many decades later, Sarko´s group created a possible 

mechanism of mercerization of cellulose by sliding chain model [84]. The native cellulose 

(cellulose I) has a parallel arrangement of crystal structure. In order to state the direction of 

chains, the vector was defined from cellulose reducing end to the non-reducing end (C4-

C1). But the crystallites were distributed along the fiber axis with equal probability in up 

and down direction. The cellulose chains consist of some amorphous region in between the 

crystalline regions in both directions. When the NaOH was introduced in this structure, it 

disturbed the amorphous region first without affecting the crystalline region and the 

cellulose fibers were swollen in this region. The chain mobility increased due to which they 

were rearranged into antiparallel Na cellulose I. After the initial conversion step, the NaOH-

cellulose I adsorbed the additional NaOH to form Na-Cell II. The sodium hydroxide was 



26 Chapter I 

 

then washed from the cellulose structure to form two-fold helical conformation of Cellulose 

II. [84]. 

Regeneration: This involves dissolving of cellulose I in a alkali solvent followed 

byre-precipitation via diluting in water to form cellulose II. In details, NaOH-water mixture 

is regarded as a potential solvent for dissolving cellulose. It has not been commercialized 

due to minimal solubility, chemical degradation of cellulose and recovery problems. The 

dissolution of cellulose in aqueous sodium hydroxide solution is not well understood. 

In order to better understand the NaOH dissolution process, it is essential to describe 

the phase diagram of NaOH-water alone (Figure 1.9) [85]. There is strict operating 

conditions of composition of sodium hydroxide and temperature to dissolve cellulose. 

NaOH can cause cellulose to swell and in a narrow range of the phase diagram, even can 

dissolve cellulose. The liquidus curve represents the melting of ice. At the concentration 

range of 20% NaOH- 80% water there was no pure ice melting at higher temperature. Only 

the eutectic mixture of NaOH ·5H2O and 4H2O was formed at the melting temperature of 

around -33 to -34 ºC [85]. The presence of sodium pentahydrate is important to dissolve 

cellulose [83,85]. The interaction of cellulose and NaOH-water mixture takes place in a 

limited range of NaOH concentration of 6-10% at temperature from - 10 to -5 °C [86]. 

Noticeably, there is small triangle region marked as cellulose-Q region. 

Later, the scientists found that NaOH can be a direct solvent of cellulose. In swelling, 

the soda hydrates can penetrate the amorphous area of cellulose. Then, solvate the cellulose 

to destruct the neighbouring the crystalline regions. The formation of complex Na-cellulose 

is a temporary reaction step from crystalline cellulose I to cellulose II. Cellulose I and Na-

Cellulose I coexisted between NaOH concentration in the range 10-14% [87].  

The molecular weight, crystalline form and degree of crystallinity of cellulose 

samples also play a great role in the solubility values. Isogai suggested that the optimum 

conditions for dissolving microcrystalline cellulose and other cellulose samples in sodium 

hydroxide solution. This involved swelling cellulose in 8-9 wt% NaOH, then freezing the 

mixture at -20 ºC to form a tight mass, followed by thawing at room temperature and diluting 

with water to 5% NaOH [88]. After their investigation, they found some conclusions. 

Firstly, the cellulose with DP ˂ 200 could easily dissolve in NaOH solution. Secondly, most 

regenerated cellulose could dissolve in NaOH solution; Thirdly, cellulose I has a higher than 
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levelling-off DP which can be partially dissolved; fourthly, the presence of lignin reduces 

the solubility, whereas the hemicellulose does not affect much. Finally, the dimension over 

100 nm in the long-range order of solid cellulose is preventing the cellulose dissolution in 

caustic soda solution. Table 1.3 clearly indicated that the high DP cellulose samples have 

lower solubility in aqueous sodium hydroxide solution irrespective of their crystal form and 

crystalline index [88]. 

 

Figure 1.9. NaOH-water binary phase diagram at the sodium hydroxide concentration of 0-

30% [85]. 

Cuissinat and Navard presented a series of five papers on the concept of swelling 

and dissolution of cellulose in the novel organic, aqueous and ionic liquids. The five modes 

of dissolution were as follows [89]: 

Mode 1: fast dissolution by disintegration into fragments. 

Mode 2: large swelling by ballooning and dissolution of the whole fiber. 

Mode 3: large swelling by ballooning and partial dissolution of the fiber. 

Mode 4: homogeneous swelling and no dissolution of any part of the fiber. 

Mode 5: no swelling, and no dissolution. 

The swelling and dissolution mechanism of cotton and wood cellulosic fibers were 

studied at different sodium hydroxide concentrations and temperatures [89c]. They were 

then categorized into one of the five modes as described above [89c]. They identified that 

optimum condition for dissolving cellulose was by Mode 3 mechanism at -5 °C and 7.6% of 

NaOH. There was no dissolution of the fibers by increasing the NaOH concentration and 
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the temperature [89c]. 

Table 1.3. Solubility values of linter cellulose –derived samples with different crystal forms 

[88]. 

Samples Crystal form 
Crystallinity 

index (%) 
Dp 

Solubility 

(%) 

Original linter cellulose Cellulose I 75 850 32 

Mercerized linter Cellulose II 50 800 32 

Regenerated linter from cuen Cellulose II - - 100 

Regenerated linter from SO2-

diethylamine-DMSO (dried) 
Amorphous 0 850 99 

Mercerized and EDTA treated linter Cellulose IIIII 25 750 37 

 

In the last decade, many research groups have found that the composition of 

NaOH/urea, LiOH/urea and NaOH/ thiourea have been regarded as a better solvent than 

NaOH alone for dissolving cellulose at low temperatures [90]. They advised the 

compositions are 6% NaOH /4% Urea, 7% NaOH /12% Urea, and 6% NaOH /5% thiourea. 

In these percentages, they explored novel fibers and after that lead to the new composites 

[90]. Cai investigated behaviour and the solubility of cellulose in different alkali solvent 

systems such as LiOH/urea, KOH/urea and NaOH/ urea [90c]. The cellulose was in the form 

of cotton linters having the concentration of 4 wt%. The dissolution power followed the 

order LiOH/urea>NaOH/Urea>KOH/urea. The KOH/urea was regarded as a weak solvent 

while the NaOH/urea and LiOH/urea were the good non-derivatizing cellulose solvent 

systems. 

The mechanism of treatment of cellulose is that when put solvents and cellulose in 

water, NaOH hydrates –urea hydrates –free water –cellulose form a special complex in the 

solution. NaOH or LiOH destroys the inter- and intra- hydrogen bonds between the cellulose 

molecules. Urea hydrates are used as a hydrogen bond donor and receptor between solvent 

molecules and prevents the reassociation of cellulose molecules. The hydrates from alkali 
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hydroxide and urea were bound to cellulose due to which it was swollen in the solution. 

Stable and transparent cellulose solution was formed as the cellulose was surrounded by an 

overcoat of alkali hydrates, urea hydrate and free water [90c and g]. 

Qi [90d] investigated the dissolution of cellulose in the 7 wt. % NaOH/ 12 wt.% urea 

aqueous solution at different range of temperature and molecular weight. The viscosity 

average molecular weight (Mn) of cellulose varied from 3.1×104 to 13.1×104 and 

temperature from -60 ºC to -12.6 ºC. They reported following observations for the cellulose 

sample (4wt.%) having Mn equal to 13.1×104 dissolved in 7wt. % NaOH/12 wt.% at 

different temperature for 2 mins. a) The degree of swelling in the cellulose fibers increased 

with lowering of temperature and the solubility values increased from 17.7% to 100% for 

temperature varying from 0 to -12.6 ºC. b) There was hardly any change in the cellulose at 

temperature of 0 to 25 °C. The solubility value was at the constant value of 7.6-8.3%. The 

molecular weight of cellulose was directly related to the crystallinity value. If the 

crystallinity value is greater than it would be very difficult to break the inter and intra 

molecular hydrogen bonding, this would affect the solubility of cellulose. Ramos [91] 

proposed that the dissolution of cellulose in solvents is a heterogeneous polymer dissolution 

which takes place in a number of steps starting from breaking of cellulose crystalline region, 

change in an amorphous region to the highly elastic state, interaction/salvation of polymer 

molecules followed by diffusion of the solvated polymers into solvents. Jin [90b] studied 

the dissolution mechanism of cellulose in the ternary solvent system. The solvent used was 

the combination of NaOH/urea/thiourea for dissolving the untreated cellulose. This 

confirmed that the NaOH/urea/thiourea was a better solvent in comparison to NaOH/urea 

and NaOH/thiourea. In conclusion, various parameters need to be studied and optimized 

simultaneously such as NaOH concentration, addition of urea and thiourea, cooling bath 

temperature and time to obtain the best dissolution conditions for cellulose. 

b) Heterogenous derivatization (chemical functionalization). 

As most of these limitations and drawbacks are related to the chemical nature of 

nanocellulose surface, they can be suppressed or limited by chemical functionalization. For 

instance, the introduction of surface charge by oxidation can be a successful pathway to 

limit the aggregation of the nanofibres upon drying and subsequently reduce the shipping 
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cost of NFC. In another approach, hydrophobic functions can be grafted at the NFC surface 

to decrease the interfacial energy and improve their interaction with hydrophobic 

environments (physical or chemical interactions). A decrease in the hydrophilicity of the 

NFC composites and foams can be also obtained by this method. 

By virtue of the hydroxyl groups of cellulose polymers, it can be partially or fully 

reacted with various reagents to yield derivative which is the actual applied ones in the 

industrial production. The reducing end of the cellulose contains three hydroxyl groups and 

a free hemi-acetal group at C-1 whereas the non-reducing end contains four hydroxyl groups 

at C-2, C-3, C-4 and C-6. Moreover, each of the anhydro glucopyranose repeating units 

contains three hydroxyl groups at C-2, C-3 and C-6. The hydroxyl groups at C-2 and C-3 

are secondary while the one in C-6 is primary. 

The reactivity of the three hydroxyl groups under heterogeneous methods can be 

affected by their inherent chemical reactivity as well as the steric effects due to the 

supramolecular structure of cellulose. For example, it has been found that the primary 

alcohol group can react ten times faster than the other two secondary alcohol groups for 

esterification. 

Functionalization via surface modifications.  

Surface modification of cellulose is through direct chemical modification and/ or 

covalent attachment of molecules. It is an important approach for synthesis of new and novel 

materials with improved the performance and value-additions. A broad range of chemical 

modification has been focused on the functionalization of NFC. Five main categories of 

reactions are oxidation, esterification, etherification, carbomethylation, and silanisation. We 

give details of the reaction procedure hereafter. 

Basically, the chemical modification of nanocellulose fibers by selective oxidation 

reactions of primary and secondary hydroxyl groups of the pyranose ring in the cellulose, 

which present an attractive means do creates new characteristics by the introduction of 

carboxyl and aldehyde active groups on the polymer surface [92]. From the general formula 

of cellulose, different oxidation- reduction properties could be expected which the 

specificity of the end-chain terminal hemiacetal must be added. NFC is still hydrophilic 
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after oxidation, but increase in the contact angel with water was observed as compared with 

the parent cellulose, suggesting a change in the H- bonding network at the surface [93].  

The partial oxidation of cellulose tends to have a high adsorption capacity on the 

such way introduced the functionalities for the suitable modification of its surface, in order 

to incorporate metal oxide into its structure [94]. The new binding (incorporation) of metal 

oxides on the surface of the cellulose, which gain novel properties, highly advantageous and 

changing from those initial. 

The most popular route involves NFC suspension is oxidized by 2,2,6,6-

tetramethylpiperidine-1-oxyl radical (TEMPO) with NaClO as a primary oxidant and NaBr 

as an additional catalyst, at pH of 10-1 to form carboxylate negatively charged group on the 

surface of NFC (eq.15) [95]. The reaction is selective to the primary alcohol at the C6 

position of the anhydroglucose unit to aldehydes and further to carboxylates. The only 

hydroxyl methyl groups of cellulose are oxidized, while the secondary hydroxyls remain 

unaffected. As a result, the nanofibrils within the fibers separate from each other easier, as 

the electrostatic repulsion among the ionized carboxylates holds the hydrogen bonding 

between the fibrils. When the carboxylate contents reach approximately 1.5 mmol/g, the 

oxidized cellulose slurries are mostly converted to transparent, highly viscous dispersions 

with nanofibrils of 3-4 nm in width and a few microns in length [95]. Afterwards, they have 

developed the oxidation in neutral or slightly acidic conditions, utilizing 

TEMP/NaClO/NaClO2 system [96]. Thus, the undesirable side reactions such as 

depolymerization and discoloration, taking place under alkaline conditions, are avoided 

[96]. Consequently, aldehyde-free nanofibrils with the uniform fibril distribution can be 

achieved, almost completely maintaining of the original DP.  

 

Other oxidation processes have been investigated recently to overcome the 

drawback of TEMPO oxidation. By pre-treating cellulose pulp with periodate and sodium 

bisulfite before mechanical disintegration, Liimatainen at el. is obtained a similar effect than 
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with the TEMPO-oxidation method by regioselective periodate oxidation and sulfonation 

of cellulose pulp (eq.16) [97]. 

 

Stenstad et al. [98] used ammonium cerium (IV) nitrate as a powerful oxidation 

agent for the post-oxidation of 1,2-glycol groups of NFC by Ce+4, with the objective to 

further react the oxidized NFC with glycidyl methacrylate (eq.17). 

 

Esterifications include acetylations with acetic acid and acetic anhydride which 

produce cellulose derivatives with different properties depending on the degree of 

substitution (DS) [69]. These cellulose esters have long played an important role in 

applications such as coating on semiconductors, biodegradable plastics , composites, optical 

films , and membranes. Esterification of NFC with anhydride is shown in eq.18. The most 

commonly used anhydride is acetic anhydride, which has been employed either as a 

fibrillation pre-treatment [100], or for the post-modification of NFC [101]. 

 

Esterification in which hydroxyl groups are partially replaced by less hydrophilic 

ester groups is not more a novelty for tailoring CNF polarity. Generally, esterification 

treatments do not alter either morphology, thermal stability or the crystal structure of NFC 

which occurs at C6 that responsible for the change of DS range from 0,02 to 0.24 [92]. 

Catalysts such as pyridine [101] or perchloric acid in combination with acetic acid have 

been reported [100], but the reaction could be also performed without catalyst [102]. Other 

anhydrides, such as trifluoroacetic anhydride, have been also envisaged [103]. 



Introduction and objectives 33 

 

In comparison with neat NFC, acetylated NFC (ac-NFC) can be more easily 

dispersed in organic solvents of low polarity such as chloroform [101]. Regarding the barrier 

properties, oxygen permeation was found to increase after acetylation, but water sorption 

decreased [101, 102, 104]. Ac-NFC has been incorporated in polymer matrices, such as PLA 

[100,101] or acrylic resins [100,104], but mixed results were found regarding the 

mechanical performances. 

Etherification is an important method for the industrial production of cellulose 

derivatives. Cellulose ethers can be prepared by treating alkali cellulose with a number of 

various reagents including alkyl or aryl halides, alkene oxides, and unsaturated compounds 

activated by electron-attracting groups [105].  

Commercial cellulose ethers are normally graded based on the chemical nature of 

the substituent, the degree of substitution (DS) or molar substitution (MS), and solution 

viscosity [105]. The DS denotes the average number of alcoholic groups substituted per 

anhydroglucose unit, and can thus vary between 0 and 3. Since etherification reactions 

generate new reactive sites that are capable of chain branching, the extent of reaction or MS 

is used occasionally. MS is defined as the moles of reagent combined per mole of 

anhydroglucose. Therefore, the ratio of MS to DS is a measure of the average length of the 

hydroxyalkyl chain. These cellulose ethers are relatively amphiphilic as a result of chemical 

grafting of hydrophobic alkyl chains. 

The etherification of NFC has been mostly conducted using halogenated or epoxy-

based reactants, through nucleophilic substitutions and ring-opening reactions, respectively. 

Cellulose ethers can be either soluble in organic or aqueous media, but for the context of 

this review, only water-soluble cellulose ethers will be discussed. 

Methyl cellulose (MC) has the most straightforward chemical composition among 

cellulose derivatives with a partial replacement of hydroxyl groups with methoxy moieties. 

The balance between hydrophilic hydroxyl and hydrophobic methoxy groups determines 

the aqueous solubility of the polymer. If the DS is too low, sufficient hydrogen bonds remain 

that this MC is still insoluble, whereas MC with a high DS is hydrophobic and is also 

insoluble in water [106]. Therefore, the commercial products usually have an intermediate 

DS, ca. 1.7-2.0.  
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Commercial MC is a heterogeneous polymer consisting of highly substituted zones 

called “hydrophobic zones” and less substituted ones called “hydrophilic zones. MC 

exhibits lower critical solution temperature (LCST) phase behaviour in aqueous systems; at 

low temperature the polymer is readily soluble in water, whereas, sufficiently concentrated 

solutions gel above the LCST. Depending on DS, heating rate, and polymer concentration, 

the sol-gel transition generally resides in the range of 50-60 °C [106]. At low temperatures, 

the water-polymer interactions are stronger than the polymer-polymer interactions and 

“cagelike” water structures surrounding the hydrophobic methoxy groups were formed, 

leading to MC solubilization in water. 

The carboxymethylation of NFC with chloro acetic acid, sodium salt has been used 

to introduce negative charges at the NFC surface (eq.19) [107]. In contrast to TEMPO 

oxidation, this reaction is not selective to primary alcohols. 

 

Similarly to TEMPO oxidation, this reaction has been applied as a pre-treatment 

before mechanical disintegration, to decrease the energy consumption in NFC production , 

to increase the hydrophilicity and to decrease the thermal stability of NFC after 

carbomethylation [107]. Aerogels of carboxy methylated NFC (cm-NFC) have been 

investigated, with the objective to prepare porous materials with tuneable oleophobicity 

[108]. Etherification can be also used to introduce cationic functionalization at the NFC 

surface, by reacting NFC with choline chloride (eq.20) [109]. 

 

 

Pei et al. used another etherification route to prepare cationic NFC: they first 

modified cellulose pulp with glycidyl trimethylammonium chloride (eq.21), then 

subsequently passed the etherified material in a microfluidizer [110]. The quaternized NFC 
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obtained was able to adsorb anionic dyes from aqueous systems. In another study, ring-

opening etherification was used to introduce azidealkyne groups (eq.22), which were further 

grafted by click chemistry [111]. 

 

Carbomethylation with isocyanates is another route to covalently bond organic functions on 

the surface of NFC (eq.23). Siqueira et al. have used this functionalization pathway to 

introduce hydrophobic noctadecylchains at the NFC surface and to reinforce poly(ε-

caprolactone) matrices [112]. Stenstad et al. grafted hexamethylene diisocyanate at the NFC 

surface, which they further cross-linked into a hydrophobic polymer layer, or reacted with 

amines to introduce a positive charge at the NFC surface [113]. 

 

Chlorosilanes can react with NFC hydroxyl groups according to eq.24. This reaction 

liberates HCl as a by-product, which is generally trapped by amine-based molecules [114]. 

This reaction allowed producing highly hydrophobic nanofibers, which could be dispersed 

in THF, toluenediethyl ether, chloroform, dichloromethane and rapeseed oil. 
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Chemical vapour deposition (CVD) has been also envisaged, to graft various 

chlorosilanes on NFC foams [115]. The main purpose and achievement of these works was 

to create superhydrophobic materials with tuneable oleophilicity/oleophobicity, which 

could float on the water surface and show selective absorption of non-polar solvents and oil. 

Alkoxysilanes react with hydroxylated substrates such as cellulose, according to the 

sol-gel process presented in eq. 25 and 26 [116]. Compared with the chlorosilanesilylation, 

the grafted silanestructure is rather complex and depends on reaction conditions. 

Alcohol/water mixtures are generally used as solvent. Tingaut et al. performed silylation 

with vinyl trimethoxy silane (MeOSiVi) or 3-mercapto propyl trimethoxy silane 

(MeOSiSH) to introduce vinyl or thiol group at the NFC surface for further thiol-ene 

coupling with click chemistry [117]. Qu et al. performed the mechanical disintegration of 

cellulose pulp in ethanol to produce an NFC suspension which was further modified with 3-

methacryl oxy propyl trimethoxysilane (MEMO) [116]. Polylactic acid (PLA) 

nanocomposites reinforced with the MEMO-modified NFC displayed improved mechanical 

properties, but the thermal stability of the NFC decreased after silylation. 

 

Lu et al. modified NFC with (3-aminopropyl) triethoxysilane (APS) and 3-glycid 

oxy propyl trimethoxysilane (GLYMO) in acetone, and incorporated the silylated NFC in 

epoxy resins. They observed an increase in the storage modulus of the epoxide composites 
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when NFC was modified with the amino silane. Frone et al. modified NFC with APS in an 

ethanol/water mixture prepared PLA composites which displayed better interfacial adhesion 

after silylation [118]. Qua et al. performed the 3-glycid oxy propyl tri methoxysilane 

(GLYMO) for silylation during the disintegration process, when preparing the NFC. This is 

the only work reporting silylation in a 100% water system. The nanofibrils obtained were 

thinner, as the silylation treatment prevented the re-agglomeration of nanofibrils.  

The “Click chemistry” concept was firstly introduced by Kolb et al. for production 

with very high yields, inoffensive by-products, simple reaction conditions, and use of easily 

removable solvents, or water or no solvent [119]. This concept has been applied to the 

functionalization of NFC by a few authors. A preliminary functionalization of the substrate 

is usually required in order to introduce a reactive site (azide, alkene, alkyne group, etc.) 

that will be later reacted with appropriate molecules. 

The Copper-Catalyzed Azide Alkyne Cycloaddition (CuAAC) “click” reaction has 

been recently used by Pahimanolis et al. to graft 1,2,3-triazole-4-methanamine (route A) or 

5-(dimethylamino)-N-(2-propyl)-1-naphthalenesulfonamide (route B) at the NFC surface, 

in water medium [120].  

Thiol-Ene coupling reactions have also been recently envisaged as an alternative to 

the azidealkynemethod. These reactions can be catalyzed by acids or bases, or 

photochemically [117]. Nielsen et al. used methacrylic acid to introduce ene entities at the 

surface of cellulose nanocrystals, which further underwent thiol-ene reaction with 

cysteamine [121]. The objective was to prepare fluorescent labelled nanocelluloses. In the 

work of Tingaut et al. [117] ene or thiol groups were first introduced at the surface of the 

NFC films by silylation with MeOSiVi or MeOSiSH, respectively. The resulting films were 

subsequently coupled with thiol or ene-functionalized molecules, under UV irradiation and 

at room temperature, leading to materials with tuneable surface properties. 

It is also possible to graft polymer chains directly at the NFC surface by applying 

the graft from the method. Poly(ε-caprolactone) (PCL) has been accordingly grafted at the 

surface of NFC by ring opening polymerization and the polymer chain length was controlled 

by adding different initiator/monomer ratio (eq.27) [122]. The grafted NFC could be 

dispersed in low polarity solvents such as THF. 
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Functionalization and dissolution via synthesis of CNF.  

The major drawback in covalent functionalization to increase the hydrophobicity of 

nanocellulose is the tedious solvent extraction process and the use of organic solvents in 

these reactions. So, one-pot process for surface modification to prepare the CNF consists of 

strong acid hydrolysis under controlled conditions followed by sonication to separate the 

crystals. The acid hydrolysis is considered to be a heterogenous acid diffusion process where 

the less ordered amorphous regions are attacked by acid resulting in cleavage of glycosidic 

bonds. It is proved that the longer hydrolysis time leads to shorter nanocrystals and also to 

an increase in their surface charge. On the contrary, the lower reaction times yields large, 

undispersable fibers and aggregates. The influence of the reaction conditions on the surface 

charge is not significant and controlled by other factors than hydrolysis conditions such as; 

hydrolysis temperature and acid type and concentration [123]. Hydrochloric and sulfuric 

acids have been extensively used, but phosphoric and hydrobromic acids have been also 

reported, but with minor methods [123]. Such processes for surface functionalization of 

CNF have the potential for application in large volume or even online and one-pot 

composite processing.  

Hydrochloric acid. 

The synthesis of nanocrystals of cellulose through hydrolysis of hydrochloric acid 

has weakly charged surfaces and low dispersion in water [124] and leads to degradation and 

formation of hydroxylated cellulose surface with weakly negative charges. So, the colloidal 
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is unstable [142].  

Sulphuric acid 

Through the hydrolysis by concentrated sulfuric acid become strongly negatively 

charged due to the grafted sulphate ester groups on the surface of groups and consequently 

stabilizes the aqueous suspension and exhibits an excellent dispersibility in water because 

the electrostatic repulsion mechanism [58,125]. Beck-Candanedo et al. produce stable 

suspensions of colloidal-sized cellulose Nano crystals by sulfuric acid by hydrolysis of 

wood and cotton cellulose [126]. Sulphonation is the only regioselective C6˃C2˃C3 , while 

leading to severe depolymerization and major modification of the crystal structure , with 

crystal structure of cellulose II polymorphous which being isolated [127]. For comparing 

the hydrolysis of sulfuric and hydrochloric for stable suspension of CNF, it noted that the 

sulfuric acid provides more stable aqueous suspension than hydrochloric acid due to the 

esterification of surface hydroxyl groups to give completely negative charged of sulphate 

ester groups while hydrochloric acid produce CNF with minimum surface charge [128].  

The same authors emphasized the importance of time and temperature of hydrolysis 

together with the sulfuric acid concentration as important single factors in the process of 

preparation of negatively charged isolated nanocellulose whiskers in water. Cellulose 

whiskers with a length ranging between 200 and 400 nm were obtained by using a 63.5 wt% 

sulfuric acid concentration for approximately 2 h and with a yield of 30% [129].  

Phosphoric acid 

Phosphoric acid has many advantages for dissolution and functionalization of 

cellulose such as; its non-toxic, non-corrosive, safe, in expensive as compared to other 

inorganic mineral acids [130]. Phosphoric acid is a special acid due to it can form dimmers, 

oligomers and even polymeric forms. The dissolution by phosphoric acid generates 

nanocrystals with good dispersibility in polar solvents as a result of surface phosphate 

groups [131]. Interestingly, the difference in the surface functionalization also causes the 

phosphorylated CNF to display a much higher thermal stability than sulphated CNF.  

The high reactivity of cellulose which is appropriate for functionalization of 

cellulose by swelling in 85 % phosphoric acid with quick dissolution of cellulose [132]. 
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However, the drawback he sees is that once dissolved in phosphoric acid, the cellulose is 

difficult to isolate.  

Cellulose dissolving involves two processes; one is the esterification reaction 

between the hydroxyl groups in cellulose and phosphoric acid to form anisotropic solution 

of cellulose phosphate over a wide range of degree of substitution (eq.28) and then it 

generates a competition for producing a hydrogen bond between the hydroxyl groups in 

cellulose chains and water molecule or with hydrogen ion that result from the acid 

hydrolysis of the β-glucosidic bonds of cellulose [133]. It has been demonstrated that the 

DS by phosphate group depends on the molar ratio of cellulose and phosphorylating agent, 

anhydroglucose units of cellulose, time and temperature of reaction . 

 

It is found that water plays a detrimental role in the solvent quality. The problem 

then is, however, that anhydrous orthophosphoric acid is a solid with melting point of 42 °C. 

Cellulose phosphate can be returned back to free phosphoric acid and amorphous cellulose 

without any significant substitution or recrystallization through the phosphoric acid 

regeneration by water [132]. If cellulose is to be dissolved therein, the temperature has to 

be raised. Under such conditions, the rapid degradation occurs. Apart from that there is 

always still about 1-2 % w/w water in the acid, and approximately 5 % w/w water in the 

cellulose, which might both account for the relatively poor solubility of cellulose. Both 

problems can be overcome by increasing the orthophosphoric acid concentration to over 

100 % w/w. 

The pretreatment of cellulosic fiber by phosphorylation, which can help the 

synthesis of CNF by precharging the fiber by introduction of anionic phosphate groups using 

phosphorylating agents such as phosphorous pentoxide (P2O5), diammonium hydrogen 

phosphate (NH4)HPO4, phosphoric acid (H3PO4), phosphorous oxychloride (POCl3)and 

organophosphates has been studied in the recent years [134]. During activation by H3PO4, 

it will transform into polyphosphoric acids. So, H3PO4 is known as a dehydration agent by 
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heating in different polycondensed forms such as; pyrophosphoric acid (H2P2O7), 

metaphosphoric acid (HPO3), and polyphosphoric acid (H6P4O13) and so on [135]. It is 

reported that the different polycondensed degrees of these phosphorous oxyacids (POA) 

make different roles in the activation process and could have a great effect on the physical 

and chemical properties of the final nanofiber. Phosphorylation usually takes place in the 

presence of an organic solvent such as N,N-dimethylformamide (DMF), pyridine, or urea, 

which has a swelling effect on the cellulose-rich fibers and is a medium for phosphorylation 

reaction [134]. 

The irreversible adsorption of CNF depends on the amphiphilic features of cellulose 

nanocrystals residing in the crystalline organization at the elementary brick level [136]. On 

the other hands, the change of cellulose properties through chemical modification by 

phosphate helps in the synthesis of new metal oxides associated with immobilized cellulose 

groups. However, the colloidal stability of cellulose nano crystals which produce a specific 

interactions of counter ions with the deprotonated carboxyl groups and the screening effect 

of the salt [137]. 

1.2.6. Modification of photocatalytic TiO2 by cellulose for formation hybrid 

microcomposites. 

Recently, significant effort has been focused on developing innovative synthetic 

approaches to control the morphology and structures of titanium dioxide nanoparticles and 

its subsequent combination with organic materials to produce novel hybrid nanocomposite 

materials with an improved combination of mechanical, thermal, chemical and optical 

properties [138]. Inorganic/organic hybrid materials are generating many novel, exciting 

properties which not only depend on the properties of their individual component, but also 

the characteristics of their inner interfaces [139]. Much attention has been given to the 

fabrication of polymer-titania microcomposites as a means of overcoming the ensuring 

aggregation and separation difficulties that have been frequently encountered. Towards this 

end, few researchers have explored using supercritical fluids as a means to incorporate 

insoluble inorganic particles such as titania into the polymeric network like cellulose [140]. 

Nature-derived materials such as cellulose is an ideal bio template for the immobilization 

and stabilization of metal oxide nanoparticles to yield functional metal oxide/cellulose 

composites [141]. It exhibits not only topological variety and diversity and control the 
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growth of nanoparticles, but also sophisticated multifunctionality and mechanical support. 

The hierarchical structure of cellulose is a unique which inspired to create novel functional 

materials. There are many different ways to obtain titania / cellulose hybrid microcomposite. 

We have classified the strategies to associate titania and cellulose as a biotemplate in the 

following sections.  

a) Coating of TiO2 on the cellulosic fiber.  

There are approaches generally adopted for the fabrication of titania / cellulose 

composites via in situ synthetic process, where the titania precursors are firstly absorbed 

onto the surface cellulose substances, and subsequently hydrolyzed to form titania [142]. 

The unique properties of nanoparticles render them of interest as property modifiers for 

cellulosic paper due to their quantum-confined properties. It has functionalized by titania 

nanoparticles to modify or induce the electronic, optical and catalytic properties of cellulose 

paper. A very low concentration of nanoparticles can result in an excellent photo-catalytic 

performance. Ngo et al. presented different methods based on their ability to control the 

structure of paper have been reviewed in the preparation of the nanoparticle-functionalized 

cellulose paper (Figure 1.10) [143]. 

 

Figure 1.10. Different scales of the constituents of nano-modified cellulose paper [143]. 

Koskinen et al. proposed a method to modify the wetting properties of cellulose 

surfaces by depositing plasma-polymerized fluorocarbon films on cellulose to achieve 

hydrophobic surfaces. They investigated the moisture-absorption features of fluorocarbon 

films deposited on cellulose and paper and also their resistance to lipophilic components 

[144]. The role titanium dioxide in the protection of cellulose works of art has been 
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investigated as a protective coating against bacteria, pollutant gasses and the damaging 

effect of ultraviolet radiation. So, on the production site, it is important to monitor and 

control the nature of the cellulose surface as this monitoring provides insight on how to 

improve the surface properties. 

Modification of cellulose surface through the interaction between nanotitania and 

cellulose fiber showed the relationship between the physical properties of the nanoparticle-

coated cellulose and control of surface hydrophobicity were investigated [145]. Abidi et al. 

reported the successful modification of cotton fabric by titanium dioxide nanosols prepared 

by means of the sol-gel process with tetrabutyl orthotitanate [Ti(OC4H9)4] as the active 

ingredient [146] .The titania-nanosol treatment imparted to the cotton fabric a very good 

protection against UV radiation and self-cleaning properties. Nishibori's patent describes 

the preparation of photo-catalytic fibres from waste paper using thermoplastic binders in a 

dry forming process [147]. The treated fibres can then be used in papermaking or nonwoven 

manufacture. 

Protection of textiles against photodegradation and the creation of new advantageous 

functions can be realized by coating of the textiles with silica nanoparticles, for example, 

with a diameter smaller than 50 nm using the corresponding silica sols [148]. Vegetable 

cellulose fibres have been surface-modified using the hydrolysis of tetraethoxysilane 

(TEOS), octyltrimethoxysilane (OTMS) or (PTMS), followed by the layer-by-layer 

deposition of previously synthesized titanium dioxide nanoparticles [138]. Recently, Koga 

and his co-workers introduced amino groups onto the surface of cellulose through a silane-

coupling technique using APTES to modify the cellulose surface. They then investigated 

the mechanical strength and hydrophobicity of the amino-modified cellulose (Figure 1.11) 

[149]. They found that this paper modified with amino groups has great potential to be used 

in the chemical industry as a base catalyst. 

Titania on cellulose demonstrates various activities like stain removal and self-

cleaning surface via the photocatalytic degradation, antibacterial deodorizing, UV blocking, 

flame retardant, and deNOx functions. It can also provide both surface hydrophobization 

and hydrophilization [148]. A current dominant coating technique for cellulose, are so called 

dip-pad–dry-cure and dip-coating methods [151,152]. It is performed with separately 
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prepared TiO2 sol nanoparticles. Fabric is padded simply with a sol solution. The typical 

disadvantage of this technique is in the in appropriate adhesion of titania with 

biomacromolecules. Attempts to prepare TiO2directly on cellulose were done [148]. The 

precursor was dripped in cellulose-containing aqueous solution under the ultrasonic 

irradiation. Attainment of this aim is in doubt because of the fast hydrolysis–condensation 

reactions starting instantly after the contact of precursor with water. Evidence for that 

followed from loose coating on the fibers [153]. Kunitake with Huang provided first the 

absorption of precursor on cellulose fibers by passing its non-aqueous solution [154]. When 

water followed subsequently through this treated sample, it promoted the instant hydrolysis 

and condensation reactions resulting in the TiO2 formation.  

 

Figure 1.11. SEM images of (a) untreated paper, (b) NH2-modified paper, and (c) PEI-

modified paper investigated by Koga et. al [149]. 

The synthesis of titania on the cellulose fibers by the most above-considered 

methods did not provide sufficient binding of TiO2 with polysaccharide. It causes the poor 

operational stability and durability of bionanocomposite materials. To enhance the stability 

of titania coating, an additional cross linking as a binder [155] or negatively charged 

functional groups [156] were introduced into the cellulose substance, but, as a result, the 

microstructures of the composites were affected [156]. Polycarboxylic acids attached 

covalently to cellulose fiber surface allowed binding titania through electrostatic 

interactions with free carboxylic groups [157]. These cross-links improved notably 

functional properties of textile with TiO2 coating. It still remains a challenge to fabricate 

bulk titania/ cellulose composite materials where ultrafine titania crystallites (several 

nanometers in size) are uniformly deposited on the cellulose nanofiber surfaces by a simple 

and facile methodology. Carboxylic groups were also introduced directly on the cellulose 

surface by using radio frequency plasma, microwave plasma and vacuum-UV irradiation 



Introduction and objectives 45 

 

treatment [155]. Under these conditions the chemical degradation of fibers took place as 

well that can decrease the durability of textile. 

b) Porous titania by cellulose as a sacrificial template. 

Porous titania can be obtained by a broad range of chemical and physical methods, 

which can broadly divide into template free and templated approaches [158]. 

Nanostructured porous titania shows improved performance compared to flat bulk 

materials. First, the porosity increases the surface able to accommodate large amounts of 

pollutant molecules. Second, the diffusion distances of charge-carriers in nano-sized 

particles are much shorter than in the corresponding macroscopic materials. Therefore, the 

charge carriers photogenerated in nanostructured semiconductors can be scavenged without 

significant recombination losses. 

Sintering of nanoparticles is a common way to obtain porous metal oxide in a 

template-free approach. For instance, titania nanoparticles can be synthesized in a separate 

reaction and then deposited as a film on a substrate. Sintering of such film provides 

connectivity between titania nanoparticles and generates porosity arising from the 

interstitial voids. The disadvantage of this method is a poor control over porous morphology, 

as the porosity is defined solely by the initial shape and packing of the preformed 

nanoparticles.  

One attractive approach to fabricate crystalline metal oxides with a periodic 

mesoporous nanostructure is to use shape-persistent organic templates. Additionally, 

replacing expensive synthetic polymers by natural biopolymers would lead to the more cost-

effective fabrication of functional metal oxides. Moreover, further carbonization of the 

organic natural substances under proper conditions could yield unique nanostructured 

carbon materials with inherited fine morphologies.  

Sacrificial biotemplating of porous metal oxides such as titania can be achieved by 

using insoluble natural materials such as cellulose nanocrystals as moulds or templates. The 

function of the biotemplates is similar to that of the soft templates, i.e. block-copolymers 

that are employed in the sol-gel template-assisted synthesis [158]. Analogous to the soft 

templates, the cellulose nanocrystals first direct the formation of titania, and then introduce 
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the porosity and crystallize the titania after being decomposed after calcination process.  

The recent progress in templating with NFC has simulated the discovery of a whole 

family of new chiral functional materials [159]. NFC-aided nanocasting has been 

successfully employed for the fabrication of materials other than silica chiral, such as chiral 

mesoporous carbon, chiral mesoporous titania, and flexible photonic resins. 

Although titania has been successfully templated by natural materials of 

macroscopic dimensions, such as green leaves [160], corn stalks [161], natural cellulose 

fibers [162], filter paper [139], nanocellulose aerogels [163], bacterial cellulose, etc., the 

studies on titania nanostructured by nanoscale colloidal cellulose crystals are rather scarce. 

It allows the formation of titania with unusual morphologies features, such as fibers, 

needles, and tubes which has never been noted with other approaches. Zhou et al. have 

applied cellulose nanocrystals in the synthesis of titania nanocubes [164]. Chen et al. 

prepared hierarchically nanostructured titania powders via one-pot hydrolysis of a titania 

precursor in the presence of cellulose nanocrystals [165]. Nanocrystalline cellulose sponges 

obtained by freeze-drying were employed as scaffolds to obtain porous titania monoliths. 

Nanocellulose aerogels have been used as a template for porous titania nanoparticles [166]. 

Moreover, the development of nanofibrous carbon materials from cellulose as a 

biotemplate with a uniform titania coating and possessing sufficient photocatalytic activity 

remains challenge. By coating each nano fibers with thin titania gel films, followed by 

carbonization in nitrogen, hierarchical, anatase-titania-coated, carbon nanofibrous material 

was obtained [139]. Carbonization of titania has been realized by vacuum heating of 

composites containing cellulose nano-whiskers [167]. Composites of titania and cotton-

nanofibers have been studied for applications in drug delivery [168]. Shopsowitz et al. have 

translated the chiral nematic organization of the cellulose nanocrystals to porous titania by 

a two-step sacrificial templating approach [154]. Here, NCC derived chiral silica was 

employed as a hard template to replicate chiral titania. 

The fabrication of different nanoporous metal oxides by combining the cellulosic 

templates [169] and polysaccharide nanoparticles [170] with metal precursors became a 

very popular technique due to the straightforward synthesis and availability of the templates. 
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The as-prepared powders and freestanding films are mostly employed in photocatalysis 

[139,159,161,164], however, more elaborated devices such as solar cells [170] and Li-ion 

batteries have been reported as well. Obviously, the fabrication of crystalline metal oxides, 

especially titania features both high crystallinity and high porosity require the development 

of special synthesis methods. 

c) Porous titania by cellulose as a permanent template.  

One possibility of using a cellulose as permanent biotemplate is to employ directly 

in the synthesis of porous hybrid nanocomposites by using insoluble cellulose acting as 

moulds for replication. This method takes advantage of the diversity and sustainability of 

natural materials, thus offering new opportunities in tune morphological, chemical and 

physical characteristics of the target products. To date, materials synthesis assisted by 

natural materials is a very fast-growing research area in the field of nanotechnology 

[138,139, 169]. 

Different methods for production of hierarchical nanofibrous TiO2 / cellulose 

composites like gas-solid displacement reactions [171], atomic layered deposition (ALD) 

[172], and wet chemistry techniques, such as sol-gel processes [169], and hydrothermal 

methods [173] have been employed to this end. Huang and Kunitake have pioneered the 

facts of the replication of the morphological hierarchies of natural cellulose substances from 

macroscopic down to nanometer scales with metal oxides by precise ultrathin-film coating 

of cellulose nanofibers in the bulk cellulosic material [154]. It possesses unique properties 

as a result of the combination of the functional and structural characteristics of the 

composites formed by guest titania thin-film coated to host cellulose [172].   

In addition, the nanoscale of cellulose fibers is approximately 10 to 100 nm in the 

form of a web-like network microstructure, which makes cellulose one of the most highly 

porous materials. The feasibility of the synthesis of regenerated cellulose /TiO2 hybrid 

nanocomposite membrane in water and wastewater treatment has been extensively studied 

due to their desirable mechanical, antibacterial, electrical, and optical properties and good 

compatibility between the TiO2 nanoparticles and cellulose chain. This compatibility as a 

result of the formation of covalent bonds between TiO2 nanoparticles with cellulose chain 

that can improve the rigidity of the polymer chain and increase the energy to break down 
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the polymer chain [174]. For instance, Zeng et al. offered immobilization of titania in a 

cellulose matrix for photocatalytic degradation of phenol under weak UV light illumination 

[175]. Zhu et al., developed a novel inorganic–polymer hybrid membrane by the 

incorporation of nano-TiO2 into cellulose with high activity for dehydration of caprolactam 

by pervaporation [176]. Zhang and co-workers synthesized bacterial cellulose (BC)/TiO2 

hybrid composite membrane doped with rare earth elements, and estimated for its 

photocatalytic characteristics [177]. They found that, the resultant composites membrane 

has ultrafine nanoporosity, water absorption characteristics, and high strength, whereas the 

photocatalytic efficiency was sufficiently improved after the TiO2/BC membrane was doped 

with rare earth ions. Moreover, reusable photocatalytic titanium dioxide-cellulose based 

films showed the potential for degradation of organic pollutants in natural water sources 

[178]. Recently, the novel regenerated cellulose/N-doped TiO2 nanocomposites membranes 

are prepared by the phase inversion method with the utilization of recycled newspaper as 

the cellulose source in NaOH/urea aqueous solvent system to provide new, green and highly 

efficient photocatalytic hybrid composite membranes under visible light to be used in waste 

water treatment [179]. 

Because of the limitation of cellulose such as toxicity, agglomeration, and big 

particles, it can be overcome by immersion methods that can be further modified by 

reduction, sol-gel, or precipitation reaction to add functionalities to the cellulose membrane. 

Metal oxides nanoparticles can be impregnated in the porous nanofibrous structure by 

physical adsorption methods, hydrogen bonding, and covalent bonding. Furthermore, the 

BC sheets of specific size can be used instead of having no control on the sample size in the 

case of an in-situ incorporation method [180]. Conductive films of TiO2/BC composite had 

been prepared by a sol-gel technique. Electrostatic force microscopy (EFM) had been used 

to measure the conductive properties. When negative applied voltage had been applied, the 

EFM image showed higher contrast, indicating the response of TiO2 nanoparticles. These 

TiO2 nanoparticles are located on the surface of BC fibers by H-bonding between the BC 

fibers and hydrophilic inorganic TiO2 sol-gel network [181]. 

Similarly, a solvent exchange and sol-gel techniques had been used to prepare 

inorganic/organic composite such as TiO2/BC, vanadium oxide (V)/BC and hybrid 

TiO2/V/BC (2np) composite (Figure 1.12). The hydrogen bond formation and between OH 
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and hydrophilic sol-gel network decreased the crystallinity of composite materials. The 

2np/BC composite showed increase in mechanical and reversible photochromic property 

[182].  

 

Figure 1.12. Illustration of the mechanism of composite nanopapers formation by solvent 

exchange and a sol-gel technique [182]. 

Bacterial cellulose had been used as a substrate to prepare BC/TiO2 hydrid fibers by 

controlled surface hydrolysis for the photocatalytic degradation of methyl orange. Uniform 

and well-defined hybrid nanofibers structures were prepared by arraying the spherical TiO2 

nanoparticles on the BC nanofibers. The disordered water molecules were orderly arranged 

by a solvent exchange method and then dispersing in a mixture of titanium butoxide 

(Ti(OBu)4) in an ethanol/urea solution for TiO2 nanoparticles to deposit on BC nanofibers 

with molecular precision as shown in Figure 1.13. The high specific surface area and smaller 

crystallite size resulted in higher photocatalytic activity under UV light [183]. 

1.2.7. Photocatalytic decomposition by TiO2 / cellulose.  

TiO2 photocatalysis has received much attention also for degradation of 

environmentally harmful compounds. Whereas the photo-induced hydrophilicity is caused 

by a top most surface structural change, conventional photocatalytic oxidation activity 

depends on the total amount of generating electron-hole pairs [184]. Also, photocatalytic 
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activity of TiO2 coatings depends strongly on the phase, the crystallite size and the porosity 

of the coatings [185]. Furthermore, studies to control the morphology of TiO2 are abundant, 

since both, the structural properties and the accessible surface area play a significant role in 

the efficiency of TiO2 in many of its applications. On the other hand, cellulose fibers have 

been shown to serve as a good matrix for highly efficient TiO2 photocatalysts [175,185,186]. 

Further, TiO2 containing pulp, filter paper, and regenerated cellulose films showed good 

photocatalytic efficiency to decompose toxic organic pollutants and dyes [175,185,186]. 

Moreover, TiO2-cellulose based photocatalysts exhibit also good photostability under weak 

illumination without any loss of photocatalytic activity after several cycles, or damage in 

the fiber matrix structure [186,187]. However, if highly crystalline photoactive TiO2 powder 

and intensive UV light is utilized, cellulose matrix can be damaged [186]. 

 

Figure 1.13. Illustration of arraying the TiO2 nanoparticles on the BC nanofibers by solvent 

exchange, surface hydrolysis, and followed by a hydrothermal process [183].  

Reducing the particle size is generally beneficial for surface-dependent 

photocatalysis because it increases the specific surface area and hence the number of the 

reactive sites [187]. As mentioned earlier, one of the examples is applying the cellulose 

fibrils in the filter papers as templates for synthesis of TiO2 using sol–gel processes or 
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atomic layer deposition. Furthermore, particular effort is put on complex or hierarchical 

and/or porous hetero nano structures to facilitate the separation of photogenerated electron-

hole pairs, which further improves the photocatalytic activity [187,188]. Photo-catalysis has 

been described dealing with a series of tasks involving optoelectronic conversion, 

surface/interface catalysis, and the post-treatment or recycling of the photocatalyst [187]. 

Therefore, it is important that all the above-mentioned functions should be optimized and 

integrated into the photocatalytic system, in order to be practical in use. This has generated 

the design and fabrication of advanced photocatalytic materials based on hierarchical 

composite nanostructures [187]. Thus, TiO2-coated nanocellulose aerogels could be 

considered as an option. To date, no single composition or structure is able to fulfil all the 

above-mentioned tasks satisfactorily on its own. As the stability and reasonable cost of the 

photocatalytic materials are called for, it is important to identify and design new 

photocatalytically active materials that are efficient, stable and abundant [187]. 

1.3. Black titania.  

Since the early 1990s, much effort has been made to enhance its optical absorption 

of photocatalytic activity through metal, non-metal or self-doping that generates donor or 

acceptor states in band gap [189-191]. Although there are many efforts in extending TiO2 

into the visible light region to improve the photocatalytic activity, the results are not up to 

the mark. At present, nitrogen doped titania displayed the greatest optical response to solar 

radiation, but its absorption in the visible and infrared remains insufficient.  

Theoretically, the bandgap required by semiconductor for photoelectrocatalytic 

water splitting should be around 1.23 due to the hydrogen production potential is only 

1.23V. This band gap corresponds 1000 nm in wavelength. Therefore, ideally, the colour of 

TiO2 should be turned to black, with an energy band gap of 1.23 eV and the optical 

absorption near 1000 nm in the near of infrared region. The recent appreciation of 

engineering disorder of nanophase TiO2 has opened a new and novel approach for 

enhancement the solar light absorption and triggered a great amount of interest [192,193]. 

To justify the improvement of optical properties and photocatalytic activity of hydrogenated 

black TiO2, different factors were known such as oxygen vacancies; Ti+3 ions, Ti-OH and 

Ti-H groups, surface lattice disorders, and band gap shifting. However, all of these 
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properties were different that mainly depending on the synthetic methods [194].  

The synthesis of black titania nanocrystals is depending on the ease of penetration 

of the surface of the titania crystal lattice by hydrogen [195]. Later on, different synthesis 

methods like hydrogen plasma, chemical reduction, chemical oxidation, and 

electrochemical reduction have been employed to obtain black TiO2 [194,196-201]. In 

addition, various incorporation of impurities that produces Ti3+ and oxygen vacancy defects 

that turn white TiO2 to yellow or blue and it is reasonable to think that Ti3+ is also 

responsible to turn the colour of white titania into yellow, blue, brown, or black material 

[202,203]. The observed hydrogen diffusion into TiO2 (110) surface with a barrier of 1 eV 

indicated that the hydrogen incorporation into TiO2 lattice [204].  

Very recently, a review article on black TiO2 materials was published by Chen et al. 

[194] describing the different synthesis methods and the improvement of different properties 

of black TiO2 materials. It was suggested that ‘‘more efforts are needed for synthesis to 

property and application in order to finally improve the efficiency of black TiO2 

nanomaterials for practical applications in renewable energy, the environment, and others’’. 

Therefore, a black TiO2 material with optimized properties would be highly desired for 

visible light photocatalysis.  

1.4. Objectives of the Thesis.  

The overall objective of Thesis is to improve the photocatalytic efficiency of titania-

based photocatalysts with economic benefits by the synthesis of advanced materials 

composed of only titania nanocrystals, including both pure oxide phases and/or non-

stoichiometric ones, or combinations of them with carbon or functionalized cellulose. All 

the synthesized materials were used in the photocatalytic degradation of Orange G as a target 

pollutant. Special attention is paid to achieve high surface area, low recombination rate and 

to increase the spectral response from UV to visible or solar region. For that, two research 

approaches have been studied. Firstly to develop a green, sustainable, cheap and facile 

method for synthesis of functionalized cellulose - TiO2 composites and their corresponding 

carbon – titania composites. In the second approach, a study of the effect of hydrogenation 

conditions on TiO2 structures which is directly related to its crystal phase, crystallite size, 

defect structures, and its structural properties, including surface area, porosity, morphology, 
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and pore size distribution. 

The specific objectives of this work are discussed and summarized as follows:  

(i) Controlled functionalization of cellulose as a way for the introduction of oxygen 

and/or phosphate groups on the surface of titania (Chapter III). 

(ii) Deep knowledge on the subsequent structure modifications to select the 

appropriate method for the synthesis of carbon / titania composites by 

carbonization (Chapter IV). 

(iii) Development and characterization of the carbon-phosphorous-Ti composites as 

photocatalyts (Chapter V). 

(iv) Novel progress in the synthesis of non-stoichiometric black titania with 

controlled morphology (Chapter VI). 
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This chapter describes how the photocatalysts were prepared and the 

characterization techniques used for the investigation of their physical and chemical 

properties. The methodology and experimental conditions used in the reactions of photo-

degradation of Orange G, as a target organic molecule, are also described. 

2.1. Chemicals.  

Microcrystalline cellulose (MCC, Merck), and titanium (IV) isopropoxide (TTIP, 

>97%, Aldrich), and zirconium butoxide (99%, Aldrich)] as carbon, and metal oxide 

precursors, respectively, while o-phosphoric (85% w/w) acid, nitric acid (70% w/w) and 

solvents (heptane, acetone and ethanol) were acquired from VWR chemicals. Methanol 

(99.9%, Applichem-Panreac), acetonitrile (99.9%, Panreac), and hexa decyl trimethyl 

ammonium bromide (CTAB, > 99%, Sigma-Aldrich) were purchased from Sigma-Aldrich. 

All aqueous solutions were prepared using distilled water from the Millipore instrument. 

TiO2-P25 (Degussa) was used as reference materials. Orange G (OG, CAS 1936-15-8, 

Aldrich) is the target dye for the investigation of photocatalysis.  

2.2. Synthesis of photocatalysts.  

In this Thesis, composite materials were prepared for their use as photocatalysts. 

These materials are classified into two groups: i) cellulose/titania and its carbon/titania 

hybrid composites; and ii) black titania. 

2.2.1. Cellulose - TiO2 composites.  

Hybrid cellulose-TiO2 composites were synthesized by a two-step method, in which 

MCC was initially dissolved with acids (H3PO4 or HNO3) to facilitate the subsequent 

impregnation with the TiO2 pre-cursor. In a typical procedure, 10 g of MCC was suspended 

in 50 mL of distilled water, heated at 50 °C under vigorous stirring for 15 min and then, 

100 mL of the selected acid was added drop wise to the MCC suspension, the MCC being 

completely dissolved under these conditions overnight. In the second step, an appropriate 

amount of TTIP (cellulose-TiO2 mass ratio = 1:6) was dissolved in 150 mL of heptane under 

stir-ring at 50 °C and then, the MCC solution was added dropwise. A solid suspension was 

formed progressively due to the hydrolysis of TTIP and consequently, the formation of TiO2 
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particles. After that, the suspension was aged for 24 h at 60 °C under stirring and finally the 

solid filtered, washed with distilled water and acetone and dried at 120 °C in an oven. The 

cellulose-TiO2 composites were referred as CPT or CNT, according to the type of acid 

treatment applied to the cellulose, i.e., H3PO4 or HNO3, respectively. 

Two pure cellulose derivatives, i.e. without TiO2, were also synthesized to study the 

effects of acid treatments on the cellulose. Therefore, MCC was dissolved in the selected 

acid media following the procedure described above during the first step and then, the acid-

treated cellulose was recovered by heating the solution until it was dried. After that, the 

resulting solid was washed with deionized water to completely remove phosphates or 

nitrates in the solution and dried again at 120 °C in an oven. The obtained materials were 

referred as CP and CN, for cellulose treated in H3PO4 or HNO3, respectively. Analogously, 

two pure titania materials, i.e., in absence of cellulose, were also prepared for comparison 

by hydrolysing TTIP in each acid media. These samples were labelled as PT and NT, for 

titania treated in H3PO4 or HNO3, respectively. 

2.2.2. Carbon-titanium composites.  

The synthesis of these materials is based in the carbonization of CPT and CNT 

composites prepared in Section 2.2.1. Therefore, they were carbonized in a tubular furnace 

at 500 or 800 ºC in N2 flow (100 cm3 min-1). The final carbon-Ti composites were referred 

as CPT1, CPT2, CNT1 and CNT2, following the same nomenclature above mentioned but 

adding 1 and 2 if the carbonization temperature was 500 ºC or 800 ºC, respectively. 

Additionally, pure carbon materials were prepared as reference to follow the 

functionalization of cellulose by H3PO4 (CP1 and CP2 samples) and HNO3 (CN1 and CN2 

samples) during thermal treatments. 

2.2.3. Carbon–phosphorus–titanium composites. 

The synthesis of the carbon-phosphorus-titanium composites was carried out using 

a modification of the procedure used to prepare CPT samples in Section 2.2.1. Briefly, MCC 

was suspended in distilled water (200 g L-1) and then, it was completely dissolved by adding 

100 mL of H3PO4 under stirring at 50 °C overnight. After that, an appropriated amount of 

TTIP in heptane was dropped to the previous cellulose solution to obtain different cellulose-

Ti composites by changing the corresponding Ti:cellulose mass ratio, namely 1:1, 6:1 or 
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12:1. The solid suspension formed during the TTIP hydrolysis was aged under continuous 

stirring at 60 °C for 24 h and then, the composites were filtered, washed with distilled water 

and acetone and dried at 120 °C in an oven. Finally, the carbon-phosphorus-Ti composites 

were obtained by carbonization of the corresponding cellulose-Ti composites in a tubular 

furnace at 500 or 800 °C under 100 cm3 min-1 N2 flow. The samples will be labelled as 

CPTX-Y where the letters CPT have the same meaning already described while “X” refers 

the Ti:cellulose ratio used (i.e., 1, 6 or 12) and “Y” states the carbonization temperature 

(500 or 800 °C). For instance, CPT6-500 corresponds to the composite prepared in a 6:1 

ratio and at 500 °C. 

2.2.4. Black titania nanocrystals.  

Black titania was prepared by a controlled hydrolysis of TTIP in 

methanol/acetonitrile medium using CTAB as structure-directing agent. In a typical 

preparation, 0.546 g of CTAB was added to 150 ml of methanol/acetonitrile solution. After 

stirring for 10 min, 1 ml of TTIP was added and then quickly transferred into a sealed stirred 

reactor (Parr reactor model 5500) to avoid the hydrolysis under atmospheric conditions. 

This mixture was heated at 60 ºC under stirring (2000 rpm) and pressurized with hydrogen 

or nitrogen under flow in order to purge the reactor. Hydrolysis and condensation reactions 

occurs when adding 1 ml of deionized water in the pressurized stirred tank using a pump. 

After that, the flow was stopped, and the tank pressurized at 8 bar and heated at 180 ºC 

under stirring for 1, 2, 3, 4 or 5 days. The obtained samples were centrifuged at 4000 rpm 

for 20 min and washed with methanol several times. These samples were denoted as TiAX, 

where A is H or N for H2 or N2, respectively and X is the days of treatments, i.e. TiH1 

indicates that TiO2 was synthesised in presence of H2 after 1 day of treatment. White titania, 

TiO2 anatase from sigma aldrich, was used as reference material. 

2.3. Characterization techniques.  

The photocatalysts were characterized by various techniques in order to study their 

morphology, porous structure, surface area and surface chemical characteristics, as well as 

the nature and dispersion of the corresponding active phases. A significant number of 

important characterization methods were utilized to elucidate the physico-chemical 

properties of photocatalysts. The morphological analysis was investigated by scanning 
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electron microscopy (SEM) and transmission electron microscopy (TEM). Surface area and 

porosity were analyzed by N2 at -196 ºC and CO2 at 0 ºC. The crystal structure of the 

prepared photocatalysts were clarified by X-ray diffraction (XRD). The chemical nature 

was studied through the techniques of elemental analysis, Fourier Transform-Infrared 

spectroscopy (FT-IR), temperature programmed desorption (TPD), X-ray photoelectron 

spectroscopy (XPS), and thermogravimetric analysis (TGA). For the determination of the 

dispersion and chemical nature of the metallic phase of the catalysts, the techniques of XRD, 

TEM and XPS were used. The optical properties of the photocatalysts were analyzed by 

diffuse reflectance spectroscopy (DRS). UV-visible spectroscopy was utilized to determine 

the concentration of the OG dye before and after adsorption and photocatalysis processes.  

2.3.1. Morphological characterization. 

2.3.1.1. Scanning electron microscopy (SEM).  

The morphology of photocatalysts was performed by SEM. A common preparation 

technique is to coat the sample with several nanometer layer of conductive materials such 

as gold by the use of Carbon Sputter Coater. After coating the sample were placed in an 

AURIGA (FIB-FESEM) microscope from Carl Zeiss SMT equipped with an EDAX 

microanalysis system for the work in cellulose/ titania composites. SEM can get images 

with increases of up to 500,000 X. On the other hands, SEM with model LEO (Carl Zeiss) 

GEMINI-1530 microscope were used for analysis of black titania samples.  

2.3.1.2. Transmission electron microscopy (TEM).  

Crystallite sizes and shapes of the prepared samples were observed using TEM. 

Cellulose / titania for TEM measurements were suspended in ethanol and ultrasonically 

dispersed. A small amount of well milled sample is dispersed in ethanol under ultrasound 

and mounted on a 300-mesh carbon-coated cooper grid. TEM observations were carried out 

using a LIBRA (Carl Zeiss) 120 PLUS microscope. A number of grids were prepared 

accordingly for each sample and examined by TEM.  

For black titania, HRTEM images were recorded using a FEI TITAN G2 80-300 

microscope equipped with a scanning TEM (STEM) detector-type HAADF (high-angle 

annular dark-field detector), corrector of spherical aberration (CEOS), and EDX 
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microanalysis system (Super X). This equipment has a maximum resolution of 0.8 Å (TEM) 

or 1.4 Å (STEM), working with an acceleration voltage of 300 kV. 

2.3.2. X-Ray diffraction (XRD).  

In this study, Bruker D8 Advance X-ray diffractometer, using CuKα radiation of 

wavelength (λ= 1.541 Å), and the Kβ radiation was eliminated by a Ni filter at room 

temperature. The 2θ range for all samples was in the range of scan step size 20 < 2θ > 70 

with scan speed of 0.2/s. The average crystallite sizes (D) were estimated by the Debye-

Scherer equation, D = 0.95 λ / (β cos θ) where θ is the diffraction angle and β is the full 

width at half-maximum (FWHM). The FWHM was determined with an extrapolated 

baseline between the beginning (low-angle side) and the end (high-angle side) of a 

diffraction peak with the highest intensity. 

2.3.3. X-Ray photoelectron spectroscopy (XPS). 

The surface chemistry of the samples was studied by XPS. The grinded samples 

were placed in a steel sample holder and introduced into the analysis chamber, degassing 

them at a pressure lower than 10-8 Torr. The XPS spectra were obtained on a Kratos Axis 

Ultra-DLD X-ray photoelectron spectrometer equipped with a hemispherical electron 

analyzer connected to a detector DLD (delay-line detector). Survey and multi-region spectra 

were recorded at C1s, O1s, N1s, P2p , and Ti2p photoelectron peaks. Each spectral region 

of photoelectron interest was scanned several times to obtain good signal-to-noise ratios. 

The spectra obtained, once the background was subtracted, were deconvolved by 

means of an iterative adjustment method, using Gaussian-Lorentzian asymmetric sum 

functions to determine the number of components, the power of ligating the peaks (EL) and 

the areas of the themselves (quantitative analysis). The binding energy of the peak of the 

C1s region, corresponding to C=C (aromatic-aliphatic) was taken as the reference peak, 

assigning it the value of 284.6 eV. 

For XPS analysis of the samples used in reaction, the procedure was the following: 

once the reaction was finished, the sample was dried under He flow, impregnated with n-

octane, and then transferred to the pre-treatment chamber of the XPS instrument. Prior to 

the XPS analysis the samples were evacuated at high vacuum and room temperature, and 
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then introduced into the analysis chamber. A base pressure of 10−9 mbar was maintained 

during data acquisition. 

2.3.4. Fourier transform infrared spectroscopy (FTIR).  

FTIR spectra of cellulose/titania a composite were recorded using a NICOLET 

20SXB spectrometer, with software package OMNIC v.1.1, in the range from 400 to 4000 

cm-1 with scanning rate was 0.5 cm-1 s-1. To make the spectra, tablets with KBr were 

prepared in which the sample was diluted to 0.1% by weight. 

2.3.5. Thermogravimetric analysis (TGA). 

The carbonization process of cellulose / titania composites was studied by 

thermogravimetric (TG) and differential thermogravimetric (DTG) analyses by heating the 

sample in nitrogen flow from 50 °C to 900 °C at 20 °C min-1 using a Mettler-Toledo 

TGA/DSC1 thermal balance; the TiO2 content in cellulose/titania was determined by 

burning the carbon fraction in air flow until constant weight.  

2.3.6. Temperature programmed desorption (TPD). 

The chemical properties of the acid-treated cellulose and composite samples were 

analysed by TPD experiments. The procedures were as follows; the samples were heated in 

He flow (60 cm3·min-1) at 50 °C. min.-1 heating rate up to 1000 °C. The analysis of gases 

desorbed as a function of time was carried out with a thermo balance and gases evolved that 

were analyzed using a FTIR spectrophotometer (Thermo fisher Nicolet mod. IS10-detector). 

The exact content of TiO2 in the composites was obtained by a thermogravimetric analysis 

burning the cellulose fraction in air flow until constant weight using a Mettler–Toledo 

TGA/DSC1 thermo balance. The spectrometer was controlled by a computerized data 

acquisition system, which analyzed the amounts of CO, CO2 and H2O desorbed by recording 

the following m / z signals: 12, 14, 16, 17, 18, 22, 28 and 44. 

2.3.7. Physical adsorption of nitrogen.  

Textural characterization of all photocatalysts was carried out by N2 adsorption at 

−196 °C using Quantachrome Autosorb-1 equipment. Prior to measuring the adsorption 

isotherms, the samples were outgassed overnight at 110 ºC under high vacuum (10-6 mbar). 

The N2-adsorption isotherms were fitted using the BET equation and DFT method were 
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applied to determine the apparent surface area (SBET), while and mesopore volume of the 

samples (Vmeso), respectively. The BJH method was applied to the desorption branch of the 

N2 adsorption isotherms to obtain the pore size distribution (PSD) curves and mesopore 

volume (VBJH). The Dubinin–Radushkevich equation was applied to calculate the micropore 

volume (Vmicro), the mean micropore width (L0) and the microporous surface (SDR) [1,2]. 

The total pore volume (VT) was considered as the volume of N2 adsorbed at P/P0=0.95, 

while the mesopore volume (Vmeso) was obtained by the difference of VT and Vmicro [3]. SDFT 

is the cumulative surface area obtained from the pore size distribution determined applying 

the quenched solid state functional theory (QSDFT) method for slit-shaped pores [4].  

2.3.8. Diffuse reflectance spectroscopy (DRS). 

Optical absorption spectra of samples were obtained on a double-beam UV–vis 

spectrophotometer (CARY 5E from VARIAN) equipped with a Praying Mantis diffuse 

reflectance accessory (DRS). The reflectance spectra were analyzed according to the 

Kulbelka–Munk (KM) method in order to calculate the band gap (Eg) of samples. The 

graphic representations (F(R)·hυ)n versus E = hυ were used to calculate Eg; where F(R) is a 

function of the reflectance; F(R) = (1-R)2/2R, R is the absolute reflectance of the sample 

layer and h υ is the photon energy (eV), assuming also a value of n = ½ for an indirect 

allowed transition and n = 2 for a direct allowed transition. The Eg value was obtained by 

extrapolating the slope to a = 0 [5].  

2.4. Photocatalytic experiments.  

The photocatalytic decomposition of organic pollutant in photocatalysts under UV 

and visible irradiations was investigated in order to evaluate the photocatalytic activity. 

Polluted waste water was prepared by dissolving a known weight of dye in distilled water. 

The degradation reaction was carried out in a slurry photocatalytic reactor as shown in 

Figure 2.1. The reaction mixture was maintained as a suspension by magnetic stirring. The 

prepared photocatalysts and Organic-G (disodium salt of 1-phenylazo-2-naphthol-6,8-

disulfonic acid, CAS 1936, OG) dye were placed in a glass photoreactor (inner diameter of 

8.5 cm and height of 20 cm) which equipped with an inner quartz tube of 2.5 cm of diameter 

that placed in the reactor center. A tubular UV (TNN 15/32, 15 W, HNG, Germany) or a 

visible sun lamp of 14 W (ReptoLux 2.0, Spain) was placed inside at the center of the 
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photoreactor to ensure an uniform irradiation of all volume solution. The degradation 

reaction was carried out in a slurry photocatalytic reactor. The reaction mixture was 

maintained as a suspension by magnetic stirring to ensure the uniform homogeneity 

throughout the reaction medium.  

 

Figure 2.1. Diagram of the device used for the photo-degradation of the Orange G. 

The kinetics of adsorption of Orange G on the photocatalytic material was initially 

determined, obtaining the necessary time to reach the saturation equilibrium A 800 mg of 

the photocatalyst was saturated in 800 ml dye solution in dark to avoid the effect of different 

adsorption efficiency of catalyst on the evolution of the dye concentration.  

After saturation, at regular interval of 10 min., aliquots were taken out and then 

filtered through Millex GP sterile syringe filter of 0.22 μm (Merck Millipore, Germany). 

The photo-degradation was carried out taking aliquots of the reactor every certain time, and 

analyzing them by means of (5625 Unicam Ltd., Cambridge, UK) at a λ = 487 nm. 

Spectrometry All photocatalytic experiment was kept at a natural pH and room temperature. 

The colour removal efficiency (R, %) of OG dye could be calculated according to the 

following equation 

𝐶𝑜𝑙𝑜𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑅,%) = 1 −
𝐶

𝐶0
× 100 = 1 −

𝐴

𝐴0
× 100  (1) 

where, C0 (mg/L) is the initial concentration of dye solution, C (mg/L) is the concentration 
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of dye solution after photoirradiation at time t (min), A0 is the value of absorbance of dye 

aqueous solution after adsorption in the dark, and A is the value of absorbance of dye 

aqueous solution after reaction. 
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3.1. Materials and methods. 

3.1.1. Synthesis and characterization of the materials. 

Hybrid cellulose-TiO2 composites were synthesized by a two-step method, in which 

MCC was initially dissolved with acids (H3PO4 or HNO3) to facilitate the subsequent 

impregnation with the TiO2 precursor. The amount of TTIP was that according to obtain a 

cellulose-TiO2 mass ratio = 1:6. The cellulose-TiO2 composites were referred as CPT or 

CNT, according to the type of acid treatment applied to the cellulose, i.e., H3PO4 or HNO3, 

respectively. Two pure cellulose derivatives, i.e. without TiO2, were also synthesized to 

study the effects of acid treatments on the cellulose. The obtained materials were referred 

as CP and CN, for cellulose treated in H3PO4 or HNO3, respectively. Analogously, two pure 

titania materials, i.e., in absence of cellulose, were also prepared for comparison by 

hydrolysing TTIP in each acid media. These samples were labelled as PT and NT, for titania 

treated in H3PO4 or HNO3, respectively. More information about the synthesis of all these 

materials can be found in Section 2.2.1. 
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The characterization of the samples was carried out using physical adsorption of N2, 

scanning electron microscopy (SEM), elemental analysis, FTIR spectroscopy, temperature 

programmed desorption (TPD), thermogravimetric analysis (TGA), X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS) and Diffuse reflectance spectroscopy 

(DRS). The performance of cellulose-TiO2 composites in the photodegradation of the 

orange-G (OG) dye in aqueous solutions was studied under UV irradiation. 

3.1.2. Photocatalytic experiments. 

The experiments were performed using a glass photoreactor (inner diameter of 

8.5 cm × height of 20 cm) equipped with an inner quartz tube of 2.5 cm of diameter placed 

in the reactor center, which fits and ensures the uniform irradiation of all solution volumes 

by a low-pressure mercury vapour lamp (TNN 15/32, 15 W, HNG-Germany) emitting at 

254 nm. The concentration of OG was determined by a UV–vis spectrophotometer (5625 

Unicam Ltd., Cambridge, UK). Before catalytic experiments, all photocatalysts (800 mg) 

were saturated with the dye solution (800 mL) in dark to re-move the different adsorptive 

contribution of each sample on the evolution of the total dye concentration. After saturation, 

the initial dye concentration (C0) was fitted again to 10 mg/L in all cases, and then, a UV 

lamp was turned on, this time being considered t = 0. Samples were taken from the reactor 

and centrifuged to separate the catalyst particles before analysis by UV–vis 

spectrophotometer. 

3.2. Results and discussion.  

The changes induced on the cellulose by each acid treatment are observed even at a 

glance. The original MCC is white, while CN and CP samples are brown and black, 

respectively (Figures 3.1a-c). The morphology of the acid treated cellulose samples was 

analysed by SEM (Figures 3.1d-f). The microstructure of MCC is compact, formed by long 

structures more or less parallel between them, where cellulose microfibers are clearly 

observed (Figure 3.1d). This morphology is similar to that reported by other authors [1] and 

is clearly maintained after the HNO3 treatments, as observed for CN (Figure 3.1e). However, 

the morphology of the CP sample is different (Figure 3.1f), showing a rough and denser 

surface, without the original microfibers, but with a granular appearance. The results of the 

textural analysis carried out by N2-adsorption are in agreement with these dense structures, 
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very low pore volumes and BET surface areas below 10 m2 g-1 being obtained in all cases. 

These results point out that the acid treatments performed are unable to develop porosity on 

the original cellulose.  

Changes in the cellulose crystallinity were studied by analysing the XRD-patterns 

(Figure 3.2). The original crystalline structure of MCC corresponds to the cellulose type I 

[2]. The diffraction peaks are approximately located at 2θ = 14° (101), 16° (101), 23° (002) 

and 35° (004). Nevertheless, the shoulders between 20-23° can also indicate the presence of 

a certain proportion of a cellulose type II, which presents peaks at 20 and 22°, corresponding 

to the diffractions (101) and (002), respectively. The crystalline arrangement of the cellulose 

is destroyed by H3PO4 treatments, an amorphous cellulose being obtained in agreement with 

other works [3, 4]. However, the crystallinity of MCC is maintained after HNO3 treatments. 

These crystalline differences should be related to the different chemical transformations 

induced by each acid treatment, as well as the different ability of establishing interactions 

(H-bonds) between cellulose chains during the drying process [5]. 

 

Figure 3.1. (a-c) Photographs and (d-f) SEM images of raw cellulose (MCC), cellulose after 

nitric acid treatment (CN) and cellulose after phosphoric acid treatment (CP). 

3 µm

d) MCC f) CP

2 µm

e) CN

2 µm

a) MCC c) CPb) CN
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The chemical surface of the cellulose before and after acid treatments was analysed 

by XPS. Significant changes were found in the profiles of the XPS spectra (Figure 3.3), 

which confirms the formation of different surface groups in each case. The surface 

composition of the raw cellulose and their acid-treated derivatives is summarized in Table 

3.1. The strong functionalization of the CP sample is corroborated by the high phosphorus 

content, while the nitrogen content is practically negligible. The oxygen content 

significantly decreases after both acid treatments denoting the esterification or hydrolysis 

processes [6, 7]. 

 

Figure 3.2. XRD patterns of the raw cellulose and their acid-treated derivatives. 

Different contributions are used to fit the C1s region of raw MCC (Figure 3.3a). The 

main peak located at 284.1 eV is associated to the C-C bonds while the component with a 

binding energy (BE) at 285.3 eV is assigned to C-O or C-OH bonds [8]. A small shoulder 

is also assigned in the low BE region (282.4 eV), which could be associated with the 

presence of aromatic regions in the sample [9]. After HNO3 treatments (Figure 3.3b), the 

main components at around 284 and 285 eV are maintained but the new peak detected at 

286.8 eV denotes the formation of C=O bonds in carboxylic acid groups. The main change 

in the profile of the C1S region is the big shoulder observed at low BE (282.6 eV), which 

increased up to 16% in comparison with the 4% recorded for MCC at this BE. The C1s 

spectrum also markedly changed after H3PO4 treatments (Figure 3.3c), in this case, a 
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significant peak (around 10% of the total) is detected at 288.7 eV for CP associated with 

carboxylated groups or O-C-O-R groups [10, 11]. 

Table 3.1. Surface composition by XPS of the raw cellulose and their acid-treated 

derivatives. 

 

Two peaks were used to fit the O1s region in all samples. The distribution of 

oxygenated surface groups (OSG) is also quite similar between MCC and CN samples 

(Figures 3.3d and e). The main peak (around 90 % of the total) is located at 530.6 eV, 

associated to C–OH groups, while the peak at 531.9 eV corresponds to the O-C-O bonds. 

Nevertheless, the O1s profile in the case of the CP sample is wider and less symmetric 

(showing a big shoulder close to low BE values), appearing shifted to higher BE 

(Figure 3.3f) due to the formation of different oxygenated surface groups, as denoted by the 

C1s spectral region. Thus, the peak at 531.9 eV indicates the presence of P=O bonds, but it 

should also contain the C-O bonds from the raw cellulose. The second peak placed at 533.2 

eV corresponds to C-O-P bonds [10-12]. The P2p spectral region presents two contributions 

located at 133.2 eV (66%) and 134.1 eV (34%) which are assigned to P-O-C and/or C-PO3 

groups and to penta-valent phosphorus in phosphates or C-O-PO3 groups linked to the 

cellulose structure, respectively [10, 12], also denoting the bonds of the phosphate groups 

to the cellulose chains. 

The nature of the surface groups created by acid treatments was studied by 

complementary techniques including infrared spectroscopy (FTIR) or temperature 

programmed desorption (TPD). The FTIR spectra are collected in Figure 3.4. The main 

bands in the FTIR spectrum of MCC are located at 3340 cm-1 (O-H stretching), 2910 cm-1 

(C-H stretching), 1650 cm-1 (C-H in aromatic units), 1600 cm-1 (-OH hydroxyl groups and 

Sample 

Surface concentration (wt.%) 

C O N P 

MCC 56.0 44.0 - - 

CP 48.8 32.7 - 18.5 

CN 65.5 34.0 0.5 - 
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adsorbed water), 1430 cm-1 (-CH2 bending), 1320 cm-1 (C-H bending) and a strong band 

centred at 1060 cm-1 that shows different shoulders; peaks in this region are associated to 

the CO groups in the polysaccharide structure (1030 cm-1 C-O stretching or around 1160 

cm-1 C-O-C asymmetric stretching). The position of these bands is influenced by the change 

of inter or intramolecular hydrogen bonds, and therefore, related with changes in the 

chemical surface groups and crystallinity [13] previously commented. 

 

Figure 3.3. High resolution XPS spectra of the C1s and O1s regions of the raw cellulose 

and their acid-treated derivatives. 

As observed in both XPS and XRD results, the FTIR spectrum of the CN sample is 

also quite similar to that for MCC. The main band is maintained at around 1060 cm-1 but 

new bands in the region of 1600 – 1700 cm-1 denoted the development of C-O and C=O 

groups in carboxylic acid, lactones or ketone groups after acid treatment. The major 

differences are observed in the FTIR spectra corresponding to the CP sample, bands being 

in general broader and more intense, probably influenced by the strong change in the 

crystallinity of this sample [13]. The main band at 1050 cm-1 is now broad and appears 

shifted to 980 cm-1. This band is attributed P-OH groups stretching vibrations, P–O–C 

carbons asymmetric stretching, interactions between aromatic ring vibration and P–C 

(aromatic) stretching and/or symmetrical stretching P=O in PO2 and PO3 phosphate–carbon 

complexes [14]. There is also a broad band in the region of 1600-1700 cm-1, where C=C 

and C=O stretching vibrations take place. The reinforcement of this band is associated not 
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only to a strong oxidation degree, but also can indicate an increase of the aromatic character 

of the glucose derivative structure during acid treatments [15]. The suppression of the C-H 

and CH2 bands in the 1300 - 1400 cm-1 region and the development of a new and intense 

band centred at 2330 cm-1 which is also associated to the C=C bonds [16] also confirm the 

greater aromatic character of the CP chemical structure. Finally, the bands at 2910 cm-1 

became also very broad and intense, while the band at 3340 cm-1 is shifted to higher 

frequencies (3360 cm-1). These changes are associated to the different interactions between 

C-H and C-OH groups during decrystallization. 

 

Figure 3.4. FTIR spectra of the raw cellulose and their acid-treated derivatives: O-H 

stretching (1), C-H stretching (2), C=C bonds (3), C-H in aromatic units (4), C-O-C 

asymmetric stretching (5), C-O stretching (6) and P–O–C asymmetric stretching (7). 

The TPD profiles of evolved H2O, CO and CO2 are shown in Figure 3.5 for the raw 

cellulose and their acid-treated derivatives. These gases are evolved during the thermal 

treatments of the samples in inert atmosphere (He-flow) by decomposition of chemical 

groups present in the material structure depending on their thermal stability [17]. During 

this thermal decomposition, a sequence of depolymerisation – volatilization occurs in the 

cellulose structure [18, 19]. The depolymerization of solid cellulose generates levoglucosan, 

which by dehydration and isomerization reactions forms intermediate anhydro sugars and 

further, furans and glyceraldehydes. Carbon monoxide and carbon dioxide are formed from 

decarbonylation and decarboxylation reactions.  
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Figure 3.5. TPD profiles of H2O, CO2 and CO showing the influence of the acid treatments 

on the thermal stability of chemical groups generated on the cellulose. 
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Both acid treatments favour the dehydratation process at a lower temperature than 

on raw MCC. These differences are associated to the formation of different concentrations 

of different oxygenated surface groups during acid treatments as previously commented, 

namely carboxylic acid groups, which consequently dehydrate forming anhydrides during 

the thermal treatment. The profiles of CO and CO2 evolved recorded for both MCC and CN 

are quite similar (Figures 3.5a and b), with slight changes related to the maximum 

decomposition temperature as also denoted by XPS. The highest peak in the CO2 profile at 

low temperature (between 250-400 ºC) was assigned to carboxylic acids release while the 

second maxima of the CO2-profile indicate the presence of more stable CO2-evolving 

groups like anhydrides or lactones. Different CO-evolving groups are also present. 

According to previous works phenols evolve between 600-700 ºC, ether groups at around 

700 ºC, carbonyls between 800-900 ºC and more stable chromenes at around 1000 ºC [20]. 

However, the TPD profiles strongly changes in the case of the CP sample. The 

decarboxylation only increases significantly from 550 °C and the decarbonylation is also 

maxima at 750 °C (Figure 3.5c), denoting the greater thermal stability of the chemical 

groups present in this sample. H3PO4 is a classical activating agent in the production of 

porous carbon materials from lignocellulosic materials by chemical activation [21]. The 

temperature of gasification induced by H3PO4, opening porosity by evolving gases during 

activation, strongly depends on the distinct biopolymeric composition of different biomass 

derivatives [22]. In our study, the release of CO and CO2 from the CP sample takes place at 

temperatures significantly higher than those for MCC and CN, and only increase from 500 

°C, pointing out that the reduction of phosphate groups by the organic cellulose do not 

occurs bellow this temperature range. 

The direct impregnation on the MCC sample with the Ti-precursor was not 

homogenously achieved because of its close structure, which hinders its dissolution and 

leads to a poor support-active phase interaction. MCC needed to be treated with acid 

treatments before Ti-impregnation. The presence of the surface groups generated on the 

cellulose surface during acid treatments will determine the nature and strength of the 

interactions between the cellulose molecules in solution and the titania precursor during the 

synthesis of the corresponding composites, and consequently, the TiO2 loading, nature and 

distribution of the cellulose derivatives.  
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The total TiO2 content determined by TG in CNT and CPT composites was 62.8 and 

73.7 wt.%, respectively, probably as consequence of a stronger interaction with the CP 

surface. 

The surface composition analysed by XPS in cellulose-TiO2 composites is 

summarized in Table 3.2. The carbon content decreases regarding the corresponding 

supports (Table 3.1) because of cellulose is coated by the TiO2 phase. However, these results 

point out significant differences in the distribution of TiO2 on the cellulose supports. Thus, 

in spite of the higher TiO2 content determined by TG for the sample CPT (73.7 wt.%), the 

Ti content determined by XPS is significantly lower than for CNT (i.e., 17.4 and 43.8 wt.%, 

respectively). It is also noteworthy that the phosphor content in CPT surface even increases 

regarding the CP support. These facts denote that (i) phosphor groups are not covered by 

large TiO2 particles, leading to high P-content but a low Ti-content (ii) these groups interacts 

with the TiO2 precursor forming new Ti-P structures where the oxygen and phosphate 

groups are located in surface and can be detected by XPS. After impregnation, the P2p region 

in CPT significant change regarding the corresponding CP support [10, 11]. In this case, 

only presents one component at 133.4 eV corresponding to pentavalent phosphate groups, 

denoting the interaction of phosphate groups (C-PO3 or C-O-PO3 groups) with the titania 

phase. 

Table 3.2. Surface composition of TiO2-cellulose composites determined by XPS. 

Sample 
Surface concentration (wt.%) 

C O N P Ti 

CPT 8.5 47.3 - 26.8 17.4 

CNT 18.7 36.2 1.3 - 43.8 

 

In Figure 3.6 are shown the corresponding C1S, O1s and Ti2p spectral regions. 

Modification of the position and shapes of these curves regarding their corresponding 

supports are also indicative of the different interactions between phases in each composite. 

The Ti2p region is fitted in both CNT and CPT composites (Figures 3.6c and f) with two 

components ascribed to Ti 2p3/2 and Ti 2p1/2 with a difference in binding energy of 5.7 eV, 

in good agreement with Ti+4 in TiO2 [23]. However, it is noteworthy that both components 
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are shifted at around 1.7 eV to higher BE values in CPT, indicating the different electronic 

environment of Ti+4 in the chemical structure of the composite. 

 

Figure 3.6. High resolution XPS spectra of the C1s, O1s and Ti2p regions for the cellulose-

TiO2 composites. 

In contrast with the strong differences in the profile of the O1s region previously 

described for CN and CP, after TiO2-doping a quite similar O1s profile is observed for CNT 

and CPT (Figures 3.6b and e), denoting that in these cases oxygen groups correspond mainly 

to the TiO2-coating of the cellulose particles. Two components were also used to fit the O1s 

spectra in both composite. The peak at lower BE correspond to Ti–O–Ti (lattice O) bonds, 

while component at higher BE are ascribed to Ti–OH and C–O (C–OH or C–O–C), 

respectively [24]. Nevertheless, as occurs for the Ti2p curve, the peaks are shifted around 

1.5 eV to higher BE values in the case of CPT and the peak at 531.4 eV involve also to both 

C=O or P=O bonds [4]. 

The C1s spectrum after TiO2 doping is less intense for composites than for their 

corresponding supports, because the TiO2-nanoparticles are covering the cellulosic chains. 

TiO2 doping also modifies the shape and position of C1s spectrum regarding those each 

support. In the case of CPT, the C1s spectrum shifted to lower BE regarding CP sample, 

although the profile is quite similar. Also in the case of CNT, the main peak in the C1s 

spectrum shifted from 284 to 282.6 eV. Peaks in this region (282.2–282.7 eV) were 
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associated with the formation of O-Ti-C or Ti-O-C bonds [24, 25]. The peak at 281-282 eV 

characteristic of Ti-C bonds is however missing. These results point out the interactions 

between both phases, namely through oxygen surface groups. The different interactions with 

the OSG are pointed out also by the different variations observed on the TPD-profiles 

regarding the corresponding supports (Figure 3.7). 

 

Figure 3.7. TPD-profiles of H2O, CO and CO2 of the cellulose-TiO2 composites. 

 

When comparing the TPD profiles of the cellulose-TiO2 composites with those of 

their respective supports (Figure 3.7 vs. 3.5) a decrease in the temperature of 

decarbonylation and decarboxylation processes is clearly observed in both cases. The 

different profiles denote again the formation of different bonds. In the case of CPT, the 

maximum release of CO2 occurs at 550 °C, while in the CP support this process is practically 
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starting at this temperature. Similarly, the temperature of the maximum in the CO profile 

decreases from 750 to 550 °C. These processes at high temperatures were previously 

discussed as consequence of the degradation of the phosphate groups by the organic support. 

In the case of CNT, both CO and CO2 evolve more or less simultaneously, related to the 

anhydride groups present in the CN support. However, both the CO and CO2 profile 

significantly changes. While the CO-profile presents a large shoulder at 600 °C in the CN 

support, in the case of CNT in this region only a large tail of the maximum peak is observed. 

Similarly, the CO2 profile does not increase progressively with the temperature, but present 

a second maximum at around 700 °C. This means that the high stable OSG present in the 

supports, including the oxygen contained in the phosphorus groups [21, 22], are interacting 

with the TiO2 phase in the composite, also favouring the formation of C-O-Ti or C-(O)-P-

O-Ti bonds that in general have a smaller thermal stability than the original ones. 

The different interactions between dissolved cellulose and the Ti-alkoxide precursor 

are pointed out also by the different morphology and crystallinity of the TiO2 phase formed 

in each acid media (Figures 3.8a and b). In the case of CPT, TiO2 is forming flat 

microstructures grouped to form a flaky solid, however, CNT present the formation of 

round-shaped particles. These TiO2-composites have also different crystallinity, as shown 

by XRD (Figure 3.8c). CPT is an amorphous sample where therefore, both components, 

cellulose and TiO2 – particles, remains amorphous. However, the XRD-pattern of the CNT 

sample clearly shows the formation of crystalline anatase but the XRD peaks corresponding 

to the cellulose phase are not observed. Because the CN sample clearly present the peaks 

corresponding to the cellulose type I (Figure 3.2), this means that the interaction of the 

dissolved cellulose with the titanium isopropoxide (TTIP) avoids the reconstruction of the 

crystalline cellulose structure, because the titania phase difficult the contact between 

cellulose chains and the formation of C-H bonds between them. 

The influence of cellulose on these structures is pointed out by comparing the XRD 

of the CPT and CNT composites with those corresponding to pure TiO2 synthesized in 

identical conditions but in absence of cellulose (Samples NT and PT). The phosphate ions 

preserve the crystal growth independently of the presence/absence of the cellulose phase. 

Both PT and CPT are amorphous materials. However, TN presents a mixture of rutile and 

brookite while in CNT, as commented, it is anatase. The influence of the anionic species in 
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the crystal structure of TiO2 samples prepared in acid media by hydrolysis of the 

corresponding alkoxides was previously pointed out [26]. The low affinity of NO3
- by titania 

in solutions favours the reorganization of the TiO6 octahedron forming the rutile or brookite 

[27, 28] structures, while CH3COO- or SO4
-2 induces the formation of anatase. In such a 

way, cellulose seems to avoid the anatase-rutile transformation during the synthesis of the 

composite. 

 

Figure 3.8. (a, b) SEM images, (c) XRD-patterns and (d) N2-adsorption isotherms of the 

cellulose-TiO2 composites. 

The different morphology leads to a different porous texture, as denoted by the shape 

of the corresponding N2-adsorption isotherms (Figure 3.8d). The porosity of the composites 

is always higher than in their pure phases. In the case of the CNT composite isotherm is 

clearly type I, associated to microporous materials. However the isotherm of CPT is type II 

showing a clear hysteresis cycle associated to the N2-condensation processes into mesopores 

[29]. The textural characteristics are summarized in Table 3.3. Thus, the CNT is evidently 

a microporous sample, which contributes to higher SBET values. However, in the case of 
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CPT the micropore volume is low, leading to low surface values in spite of the fact that the 

total pore volume is larger. 

Table 3.3. Textural characteristics of the cellulose-TiO2 composites. 

Sample 
SBET 

(m2g-1) 

VT 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

L0 

nm 

Vmeso 

(cm3 g-1) 

CPT 49 0.271 0.020 1.78 0.251 

CNT 167 0.110 0.065 1.85 0.045 

 

Finally, composites were analysed by UV–Vis diffuse reflectance spectroscopy 

(Figure 3.9) to determine the corresponding band gap (Eg) values of the composites 

according to the procedure previously described [30, 31]. The band gap values determined 

for the CPT sample was 3.4 eV, which is comparable to that obtained for the pure TiO2 

(P25), while for the CNT composite the band gap was reduced down to 3.1 eV.  

 

Figure 3.9. Plot of transformed Kubelka–Munk as a function of the energy of light for 

TiO2-P25, CNT and CPT composites (inset: determination of the band gap). 

The adsorptive performance of both CNT and CPT composites in the removal of the 

OG dye is compared with a benchmark TiO2 material (P25, Degussa) (Figure 3.10a). As 

commented in the experimental section, materials were first saturated with the pollutant 

before the photocatalytic process, this methodology allowing to analyse separately both 

2.0 2.5 3.0 3.5 4.0 4.5 5.0

[F
(R

)·
E

]2
(a

.u
.)

E (eV)

P25

CNT

CPT



96 Chapter III 

 

contributions. CNT clearly presents the best adsorptive performance of OG in aqueous 

solution due to its largest micropore volume and BET surface area (Table 3.3), since the 

micropore size (L0, Table 3.3) and consequently, the diffusion restrictions in both 

composites (around 1.8 nm) were similar. The large mesoporosity of CPT has a poor 

influence on the adsorption behaviour, but the beneficial effect on the dye adsorption of 

phosphate doping in Ti-structures have been previously reported [32] and should explain 

the slightly higher OG adsorption compared to that for TiO2-P25. 

 

Figure 3.10. Orange-G adsorption (a) and photocatalytic degradation (b) for cellulose-TiO2 

composites and P25 under UV irradiation. Curves represent the fitting of the pseudo-first 

order equation to the experimental data. 

The photocatalytic performance of composites was also analysed in comparison with 
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kinetics curves for the OG degradation were therefore fitted using the pseudo first-order 

kinetic equation ln (C/C0) = – k t (Figure 3.10b), obtaining in all cases high values of r2 upon 

linear regression [33]. The k and t1/2 for CNT, CPT and P25 are presented in Table 3.4. Both 

cellulose-TiO2 composites presented better efficiency than the benchmark P25 material, 

CNT being the most active photocatalyst in the removal of OG. Different factors can 

influence on this behaviour such as, the higher surface area and the band-gap narrowing 

promoted by interactions with the cellulose through C-O-Ti bonds. The presence of 

phosphorus-containing groups on the CPT surface could also modify its photocatalytic 

efficiency, although these functionalities led to amorphous Ti-particles.  

Table 3.4. Pseudo first-order rate constant (k), regression coefficient (R2) and half-life time 

(t1/2) of OG degradation under UV irradiation. 

Sample 
k 

(10–3 min-1) 
R2 

t1/2 

(min) 

CNT 59.8 ± 0.7 0.998 11.8 

CPT 50.4 ± 0.6 0.998 13.9 

P25 37.9 ± 0.6 0.996 18.7 

 

Hamad et al. [33] suggested that amorphous polyphosphates embed anatase 

nanocrystals enhanced the mesoporosity, which is an agreement with high mesopore volume 

determined for CPT. However, these amorphous structures have abundant imperfections 

and dangling bonds favouring the e- / h+ recombination. Both contrary effects on the activity 

depend on the P/Ti ratio [34]. The increasing proportion of amorphous phases in titania 

(oxohydroxides) photocatalysts decreases the photocatalytic activity [35]. However, 

amorphous TiO2 can be also photocatalytically active when supported on carbon materials 

[36]. This enhanced performance was related with the interactions with the support or the 

formation of nanocrystals into the macroscopically amorphous active phases. 

3.3. Conclusions. 

HNO3 or H3PO4 acids were selected to dissolve MCC. Simultaneously, oxygenated 

and phosphorus groups are linked to the cellulose chains. The functionalization degree is 

larger in the case of cellulose CP, which becomes black and amorphous, while sample CN 
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is brown and maintains the crystallinity. The impregnation with the Ti-alkoxide is 

influenced by these functionalities, which determines the loading, morphology, porosity and 

band-gap values of the composites. Higher TiO2 loading is obtained when pretreated with 

H3PO4 acid. However, in spite of the higher loading, TiO2 remains amorphous in CPT while 

in CNT is forming round-shaped anatase crystallites. The different morphology leads to a 

different porosity. Thus, CNT composite is microporous with a high surface area, while 

CPT is mainly a macro-mesoporous material. The interactions between the surface groups 

present on the cellulose chains and the titania-precursor allow a band gap narrowing and a 

developed active surface, in particular for the CNT composite, thus leading to more active 

photocatalyst. 
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4.1. Abstract. 

Carbon-Ti composites were prepared by a two step-method using cellulose as raw 

material. The synthesis involves the solubilization of cellulose microcrystals in an acid 

media (H3PO4 or HNO3), which improves the dispersion of the Ti-precursor and favours 

simultaneously the functionalization of cellulose chains with phosphorus or oxygen 

functionalities. These groups determine the interactions between both cellulose-titanium 

phases during impregnation and consequently, define the loading and crystalline phase of 

Ti during carbonizations. Thus, when carbonization takes place at low temperature (500 ºC), 

phosphorous groups avoid the crystallization of Ti-species leading to amorphous 

composites, while oxygen functionalities induce the rutile formation. An increase of the 

carbonization temperature up to 800 ºC favours, respectively, the progressive crystal growth 

of rutile and the formation of TiP2O7 crystals by reaction between the Ti-precursor and the 

phosphorous functionalities of the cellulose. Both carbon-Ti composites, containing TiO2 

rutile or TiP2O7 nanocrystals, present a band gap narrowing compared to their corresponding 

pure Ti-phases. The degradation of Orange-G azo-dye in aqueous solutions was used to 

determine the photocatalytic efficiency, all composites being more active than the 

benchmark TiO2 material (Degussa P25). Composites with a high surface area, developed 

micro-mesoporosity, reduced band gap and rutile crystalline phase were the most active.  

4.2. Experimental. 

4.2.1. Synthesis and characterization of carbon-Ti composites. 

The synthesis of these materials is based in the carbonization of CPT and CNT 

composites and the detailed preparation can be found in Section 2.2.2. The carbon-Ti 

composites were referred as CPT1, CPT2, CNT1 and CNT2, where C = cellulose, P = 

H3PO4, N = HNO3, T = TiO2, 1 or 2= carbonization temperature of 500 ºC or 800 ºC, 

respectively. Additionally, pure carbon materials were prepared as reference to follow the 

functionalization of cellulose by H3PO4 (CP1 and CP2 samples) and HNO3 (CN1 and CN2 

samples) during thermal treatments. 

The characterization of the samples was carried out using physical adsorption of N2, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
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thermogravimetric analysis (TGA), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS) and Diffuse reflectance spectroscopy (DRS). The performance of 

carbon-Titanium composites in the photodegradation of the orange-G (OG) dye in aqueous 

solutions was studied under UV irradiation. 

4.2.2. Photocatalytic tests 

The performance of carbon-Ti composites in the photodegradation of the Orange-G 

(OG) dye in aqueous solutions was studied under UV irradiation. The experiments were 

performed using a glass photoreactor (inner diameter of 8.5 cm x height of 20 cm) equipped 

with an inner quartz tube of 2.5 cm of diameter placed in the reactor center and a low-

pressure mercury vapour lamp (TNN 15/32, 15 W, HNG-Germany) emitting at 254 nm. The 

concentration of OG was determined by a UV–Vis spectrophotometer (5625 Unicam Ltd., 

Cambridge, UK). Before catalytic experiments, all photocatalysts (800 mg) were saturated 

with the dye solution (800 mL) in dark to remove the different adsorptive contribution of 

each sample on the evolution of the total dye concentration. After saturation, the initial dye 

concentration (C0) was fitted again to 10 mg L-1 in all cases, and then, a UV lamp was turned 

on, this time being considered t=0. Samples were taken from the reactor and centrifuged to 

separate the catalyst particles before analysis by the UV–Vis. Spectrophotometer. 

4.3. Results and discussion. 

4.3.1. Materials characterization.  

Cellulose was first dissolved by HNO3 or H3PO4 acid treatments to facilitate the 

impregnation and dispersion of the TiO2 phase according to the procedure described in the 

experimental section, and then, carbon-Ti composites were prepared by carbonization of Ti-

impregnated cellulose samples. The carbonization processes of raw (commercial) and acid-

treated MCCs were simulated by TG and used as reference processes, pointing out the strong 

changes on the thermal stability of cellulose after HNO3 or H3PO4 pretreatments (Figure 

4.1). The thermal decomposition of the raw cellulose (MCC) occurs in a single step at 

around 340 ºC, in agreement with that previously described in the literature [1], indicating 

the absence of both hemicellulose and lignin in this sample. The theoretical total carbon 

content is 44 wt.% taking into account the chemical composition of cellulose (C6H10O5)n. 

However, the yield of carbon residue after pyrolysis is significantly lower (around 17 wt.%) 
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because the depolymerization of the cellulose molecular structure takes place during heating 

and evolves carbon oxides (CO and CO2) from intermediate aldehydes and carboxylic acids, 

consequently decreasing the yield of carbon residues [2]. 

 

Figure 4.1. a) TG and b) DTG profiles showing the influence of acid treatments on the 

cellulose carbonization process; c) TG profiles of nitric-treated cellulose before and after 

impregnation; and d) TG profiles of phosphoric acid-treated cellulose before and after 

impregnation (experiments carried out in N2 flow at 5 ºC min-1). 

The thermal decomposition of acid-treated cellulose presents significant differences 

regarding the original MCC. After HNO3 treatment, the CN sample decomposes mainly in 

one step, as the raw MCC, but the decomposition occurs at lower temperatures (Figure 4.1a). 

This smaller thermal stability is associated with the incorporation of new oxygenated 

groups, in particular carboxylic acid groups. Dehydratation processes of adjacent carboxylic 

acid groups and/or the decomposition of these groups into CO2 occurs at temperatures below 

300 ºC [3]. Nevertheless, after this main decomposition step, a slow but continuous weight 

loss also occurs with increasing temperature, indicating the decomposition of additional 

oxygenated surface groups that typically evolve as CO (phenol, carbonyl or quinone) [3]. 
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After H3PO4 treatment, carbonization takes place clearly in two steps at around 200 and 700 

ºC. The first decomposition step may be also due to dehydration and decomposition of 

carboxylic acids and anhydrides derivative groups, but the decomposition temperature range 

(from around 150 to 500 ºC) is wider in MCC or CN samples than in CP, indicating a more 

heterogeneous distribution of surface groups. The second carbonization step is associated 

with the reduction of phosphate groups by the organic cellulose, which increases the 

cellulose gasification in this temperature range. Chemical activation of H3PO4-impregnated 

lignocellulosic materials [4, 5] is a classical method for the preparation of activated carbons, 

the activation temperature depending on the nature of the raw biopolymer [6]. In the case of 

the CP sample, the weight loss associated with the activation process occurs at 700 ºC, 

while, as an example, coconut activation has been reported between 400-450 ºC [5]. 

Evidently, the yield of solid residue strongly increases after impregnation of these 

functionalized cellulose samples with the Ti-precursor (Figure 4.1c and 1d), obtaining the 

corresponding carbon-Ti composites (CNT and CPT). It is noteworthy the significant 

change in the TG-profiles of composites regarding their supports (CN and CP), denoting the 

formation of new bonds between the cellulose supports and Ti-precursor. At low 

temperature (below 200 ºC), the weight loss in the CNT sample even increases regarding 

CN by decomposition of organic precursors, but after that the slope of the curve strongly 

decreases, there is not a significant weight loss from around 600 ºC, showing the thermal 

stabilization of the cellulose oxygenated surface groups by interaction with the Ti-phases. 

The cellulose – Ti interactions are also observed for the CPT sample. In this case, the first 

decomposition step remains more or less unchanged, but the second decomposition step is 

not observed, indicating therefore that in this case, the phosphate groups are not reduced by 

the organic cellulose phase during the thermal treatments and thus, being also clearly 

stabilized by reactions with the Ti-phase. 

The inorganic content in the composites was also determined by TG, in this case by 

burning a small portion of each sample in air flow. Although both samples were prepared 

using a constant cellulose:TiO2 ratio of 1:6 by weight, the residue percentage was 63 and 74 

wt.% for CNT and CPT, respectively. Thus, the highest residue content determined for CPT 

is favoured by the presence of phosphorus functionalities. The surface chemical nature and 

composition of Ti-impregnated cellulose and their carbon derivatives were analyzed by XPS 

(Table 4.1). The highest oxygen content detected on the surface of the CPT sample regarding 
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the CNT sample, together the high phosphorus content, suggest the presence of phosphate 

groups. However, the Ti-content of CPT is smaller than in CNT in spite the highest solid 

residue detected by TG, indicating therefore a different Ti-distribution in surface than in the 

sample bulk. During carbonization, CPT composites undergo stronger changes than CNT 

samples, increasing the carbon content and decreasing the oxygen and Ti contents.  

Table 4.1. Surface composition determined by XPS of the Ti-impregnated cellulose and 

their carbon derivatives. 

Sample 

Atomic content (wt.%) 

C O N P Ti 

CPT 8.5 47.3 - 26.8 17.4 

CPT1 22.0 42.7 - 21.9 13.4 

CPT2 27.3 36.4 - 22.8 13.5 

CNT 18.7 36.2 1.2 - 43.9 

CNT2 16.4 35.4 - - 48.2 

 

The changes in the profiles of the different XPS spectral regions also show the 

interactions of surface groups on the organic cellulose with the TiO2 phases (Figures 4.2 

and 4.3), as well as their transformations during carbonization. The profiles of C1s and O1s 

for raw cellulose (MCC) and the corresponding nitric-treated cellulose samples (i.e., CN, 

CNT, CNT2) are collected in Figure 4.2. The deconvolution of the C1s spectral region of 

raw cellulose shows a main contribution at 284.6 eV associated to C-C bonds and other 

small component at a higher BE (286.0 eV) associated to the presence of C-O-C or C-OH 

oxygenated surface groups [7]. After nitric treatments, an increase of the peak at lower B.E. 

(282.7 eV) is observed and associated with the presence of aromatic part in the CN material 

[8]. On the other hand, the interaction between carbon-Ti phases is clearly pointed out by 

the strong peak appearing at 286 eV after impregnation (i.e., CNT) and due to C=O or 

carboxyl groups [4, 9]. This peak was also previously associated to the presence of carbon 

in the lattice of TiO2 [7, 10], but in the case of CNT should be assigned to C=O bonds, since 

this peak is not observed after carbonization at 800 ºC (i.e., CNT2), taking into account the 
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weak thermal stability of these groups, as previously showed by TG. 

 

Figure 4.2. High resolution XPS spectra of C1s and O1s regions for raw cellulose, nitric-

treated cellulose derivatives and the corresponding Ti composites. 

In general, two components located at 530.8 and 531.6 eV corresponding to C-O-C 

or C-OH bonds, respectively, were used to fit the O1s region. After impregnation (i.e., 

CNT), the profile of the spectra is shifted to higher B.E., showing a big shoulder associated 

to the Ti-phase, although it also is fitted using two components located at 531.5 and 533.1 

eV, the first one would correspond to C-O bonds, as previously commented, but also to the 

Ti-O bonds, while the large shoulder at 533.1 eV is due to C=O and Ti-OH bonds or 

chemisorbed oxygen [11]. These contributions decrease significantly after carbonization 

(i.e., CNT2). The low N-content of the raw cellulose leads to a very poor XPS signal (not 

shown) of the N1s region in both MCC and CN samples. This low N-content is completely 

removed after carbonization. The N1s region was also fitted using two components at 398.2 

and 399.8 eV that can be assigned to N pyridinic and pyrrolic, respectively [12]. 
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Figure 4.3. High resolution XPS spectra of C1s, O1s and P2p regions for phosphoric-treated 

cellulose derivatives and their corresponding Ti composites. 
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The C1s, O1s and P2p spectral regions of the phosphoric-treated cellulose 

derivatives (i.e., CP, CP1 and CP2) and the corresponding Ti-composites (i.e., CPT, CPT1 

and CPT2) were also analyzed (Figure 4.3). The treatment with phosphoric acid generated 

a strong concentration of C=O bonds (contribution at 288.6 eV) in the CP sample, which is 

not observed in the CN sample. In fact, the contribution of these oxygenated groups in the 

O1s region (peak at 533 eV) is clearly predominant (73% of the total area), although it 

evidently tends to decrease after carbonization by the low thermal stability of these groups. 

On the other hand, when CP results are compared with those for the CPT sample (i.e. after 

Ti-impregnation), the peak at 288.6 eV is less significant, but it is maintained even after 

carbonization showing the interaction between the Ti-phase and these surface groups. 

Analogously to CNT, the O1s spectral region of CPT is also shifted to higher BE regarding 

to the CP support due to the contribution of Ti-O and Ti-OH bonds, as previously described, 

and to the phosphorus surface groups containing P=O and C-O-P bonds [4, 13], which are 

incorporated to the cellulose fibres after phosphoric acid treatments. The analysis of the P2p 

spectral region also allows to point out the interaction of Ti-phases with the phosphorus 

groups. This region is fitted in two components placed at 133.9 and 134.7 eV for the CP 

sample, while after Ti-impregnation.an only peak at 133.4 eV is used for CPT. Peaks at ca. 

134 eV and 135 eV were assigned [14] to phosphorus linked to carbon (C-PO3) and to 

pentavalent tetracoordinated phosphorus in phosphates or polyphosphates as (C-O-PO3), 

respectively. After carbonization, the peak at 135 eV is favoured at low carbonization 

temperature (CPT1), but it decreases when carbonized at 800 ºC (CPT2). The gradual 

decrease of the BE of the P2p band was previously justified on basis of a progressive 

dehydration and condensation of phosphates into polyphosphates and the progressive 

interactions of phosphorus with the aromatic carbon system [15]. After carbonization at 800 

ºC, a new peak is formed at ca. 132.5 eV in the CP2 support, but not in the case of the CPT2 

composite. This peak was assigned [14, 16] to reduced phosphorus linked to carbon (C-P), 

which it is avoided by the presence of Ti in the case of CPT2. Regarding the Ti2p region 

(Figure 4.4), only Ti+4 is detected on the impregnated samples and on the carbonized 

composites obtained at low temperature, which is corroborated by the peak at 459.4 eV. 

However, the spectra of both CNT2 and CPT2 carbonized at 800 ºC is wider and shifted to 

lower BE values, showing the presence of a mixture of Ti+4 and Ti+3 and denoting the 

influence of the carbonization temperature on the nature of the active phase. In spite of the 
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certain reduction observed, the difference in BE between Ti 2p3/2 and Ti 2p1/2 components 

is always maintained at 5.7 eV, in agreement with TiO2 results previously reported [7]. 

 

Figure 4.4. High resolution XPS spectra of Ti2p region for the Ti-impregnated cellulose and 

the corresponding carbonized derivatives. 

The analysis of the XRD-patterns also pointed out the different transformations of 

the samples as a function of the temperature carbonization in the composites (Figure 4.5), 

and consequently the different metal-support interactions. Thus, the absence of XRD-peaks 

is observed for CPT carbonized at 500 ºC (CPT1), while XRD-patterns denoting a total 

transformation to the rutile phase can be detected in the case of CNT1. In previous works 

[17, 18] we have pointed out how the carbon phase prevents both the sintering and phase 

transformation of the inorganic oxides in carbon/oxide composites, including TiO2, SiO2 or 

Al2O3/C. In this case, the phosphate groups on the cellulose support should avoid the crystal 

growth during carbonization at low temperatures. However, the formation of rutile at 500 

ºC observed for CNT1 was not expected taking into account the transformation of the 

anatase phase to rutile normally occurs at 750 ºC, although it can be induced at lower 

temperatures in some cases, as by doping with metals like V+5 [19]. By increasing the 

carbonization temperature up to 800 ºC, an increase of the rutile crystallinity is observed in 

CNT2 compared to CNT1, as denoted by the narrower and more intense diffraction peaks. 
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However, because rutile is the phase stable at high temperature no additional 

transformations can be expected. At this carbonization temperature, the CPT2 XRD-pattern 

showed the formation of a crystalline phase that do not correspond to any TiO2 phase, but 

it was indexed as cubic TiP2O7 with the space group Pa3 and 3×3×3 superstructure (JCPDS 

no. 38-1468) [20, 21]. The formation of TiP2O7 nanocrystals is only obtained at higher 

temperatures than 1000 °C [22] and thereby, it should be favoured by the phosphorus surface 

groups on the functionalized cellulose. These results are also in agreement with the TG and 

XPS results, which suggested the stabilization of the phosphate groups by interaction 

(reaction) with the Ti-species with increasing temperature. In summary, the functionalities 

incorporated during cellulose solubilization determine the Ti-phase formed in the 

corresponding composites. The oxygenated surface groups, namely carboxylic acid species, 

generated on the cellulose chains by HNO3 treatments induce the formation of rutile at low 

temperature, while the phosphorus groups generated by H3PO4 treatments avoid the 

formation of Ti-crystalline phases when treated at low temperatures and the formation of 

TiP2O7 nanocrystals with increasing this parameter, but reaction occurs at lower 

temperatures than those typically reported. 

 

Figure 4.5. XRD patterns of the carbon-Ti composites. (R = rutile, P = TiP2O7). 

The chemical and crystalline transformations previously indicated are 

simultaneously accompanied by a marked change in the morphology of the samples, mainly 
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ºC) presents an opened structure composed by grouping sheets leading to a solid with flaky 

aspect (Figure 4.6a). When the composite is carbonized at 800 ºC (CPT2, Figure 4.6b), the 

structure becomes more compact showing a granular aspect that corresponds to the 

formation of the TiP2O7 crystalline phase, according to XRD results. The morphology of 

CNT1 is formed by round shaped particles overlapped forming also an opened structure 

(Figure 4.6c). These particles should correspond to rutile crystals identified by XRD (Figure 

4.5). The composite carbonized at higher temperature (CNT2) presents also a denser surface 

than CNT1 by sintering, and due to the referred crystal growth the crystallites show now 

sharp edges on clearly cubic structures (Figure 4.6d). 

 

Figure 4.6. SEM images of the carbon-Ti composites. 

 The EDX spectrum corroborates the presence of C-O-P-Ti in the CPT composite 

(Figure 4.7a). HRTEM micrographs of CPT1 (Figure 4.7b) shows the formation of ultrathin 

carbon layers, in which a homogeneous distribution of Ti is deposited throughout the 

composite, as confirmed by mapping (Figure 4.7c). After carbonization at 800 ºC, the 

formation of needle shaped structures, more or less aggregated between them are also 

observed together large carbon flakes previously described (Figures 4.7d and e). These flat 

and transparent carbon structures were also previously observed after sulfuric acid 
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hydrolysis and carbonization of eucalyptus kraft wood pulp [23]. Filaments, aggregates of 

films can be developed depending on the thermal treatments of cellulose nanocrystals, 

although the mechanism of formation of these nanostructures is still unclear, seem to be 

related with the H-bonding interactions and the transformations during carbonization. 

 

Figure 4.7. Characterization of CPT composites: (a) EDX spectrum, (b) HRTEM 

micrograph and (c) Ti-mapping on CPT1. (d, e) HRTEM micrographs of CPT2. 
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The different morphologies observed for the carbon-Ti composites influences on 

their porosity, which was analyzed by N2 adsorption-desorption isotherms (Figure 4.8). The 

shape of the isotherms already points out the different porosity of the samples. When 

compared the isotherms of pure carbon samples (Figure 4.8a) and their corresponding 

composites (Figure 4.8b), a different porous texture due to the interactions and 

transformations between phases is clearly pointed out. Thus, the porosity of the CP sample 

carbonized at 500 ºC (i.e., CP1) is quite poor, while CP2, carbonized at 800 ºC, presents a 

high surface area associated to the microporosity development generated during the 

activation processes by the reduction of the phosphate groups at ~ 700 ºC, as previously 

observed by TG. In fact, CP2 is mainly microporous as denoted by its type-I adsorption 

isotherm (Figure 4.8a) and pore size distribution (Table 4.2). On contrary, the CN1 sample, 

pretreated in nitric acid and carbonized at low temperature, showed a higher porosity than 

CP1, due to the evolution of low stable oxygenated surface groups. However, the porosity 

and surface area of CN samples decrease after increasing carbonization temperature with a 

progressive micropore widening (Table 4.1). CN1 and CN2 samples showed type-III 

adsorption isotherms. 

 

Figure 4.8. N2 adsorption-desorption isotherms of a) the pure carbon materials and b) the 

carbon-Ti composites. 
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were obtained for both CPT1 and CPT2. These samples showed a similar microporosity and 

surface area, on the contrary that the previous non-impregnated samples (e.g., CP1 and 

CP2), which corroborates that the interaction of the carbon with the Ti-phase avoids the 

reduction of the phosphate groups. Nevertheless, a certain delay in the desorption branch of 

both CPT1 and CPT2 samples also denotes a hysteresis cycle associated to N2-condensation. 

In all composites, the shape of the isotherm is maintained with increasing the carbonization 

temperature, but the total porosity and BET surface areas increases (Table 4.2). This increase 

is due to a larger weight loss and on the other hand, to the progressive sintering and crystal 

growth of the Ti-phase (Figures 4.6 and 4.7) leading to narrow pores where N2 condensate 

during the porosity filling. CNT derivative samples present mainly a developed micropore 

structure that strongly favours high surface area values compared to those for the CPT ones. 

In addition, CNT2 presented the largest development of porosity, sintering favouring the 

formation of mesopores from macropores or interparticle voids present in the sample 

obtained at lower carbonization temperature. Porosity, namely mesoporosity, is favoured in 

the carbon-Ti composites regarding to their pure carbon materials, an evolution directly 

related to the transformations of the Ti-phase being stablished. 

Table 4.2. Textural characteristics of the carbon-Ti composites. 

Sample 
SBET 

(m2 g-1) 

SDR 

(m2 g-1) 

L0 

(nm) 

W0 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

CP1 17 20 2.2 0.007 0.024 

CP2 552 624 1.5 0.222 0.069 

CN1 226 253 1.5 0.090 0.060 

CN2 115 122 1.7 0.043 0.062 

CPT1 28 35 1.4 0.013 0.273 

CPT2 30 48 1.8 0.017 0.351 

CNT1 124 141 1.6 0.050 0.125 

CNT2 319 360 1.5 0.128 0.335 
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The optical properties of the carbon-Ti composites were analyzed using UV/Vis diffuse 

reflectance (DRUV) spectroscopy. All reflectance spectra (Figure 4.9a) recorded were 

converted to equivalent absorption Kubelka–Munk (K-M) units (Figure 4.9b) and the band 

gap (Eg) determined from the plots (F(R)×h)n vs. E by extrapolating the slope to a = 0 

according to the procedure previously reported [24-26]. The band gap for all composites 

synthesized from cellulose decreased regarding the value determined for P25, which was 

used as reference material (Figure 4.9b). CNT samples with rutile as active phase, presented 

Eg values at ~ 2.4 eV regardless the carbonization temperature, this value of band gap being 

significantly lower than 3.0 eV corresponding to the pure rutile phase. Analogously, the 

strong influence of the carbonization temperature on the crystalline and morphological 

properties previously discussed for CPT composites do not produce however, a significant 

change in the profile of their corresponding spectra, and consequently also similar band gap 

values, at ~ 3.0 eV are obtained (Figure 4.9b) for CPT1 and CPT2. However, these values 

are also significantly smaller than the band gap of 3.5 eV reported in the bibliography for 

the TiP2O7 phase [26].  

 

Figure 4.9. a) DRUV spectra of P25 and different carbon-Ti composites. b) Plot of 

transformed Kubelka–Munk as a function of the energy of light (inset: determination of the 

band gap). 
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despite of presenting different physicochemical properties. Different effects can contribute 

to the similar band gap values observed. For instance, with increasing the carbonization 

temperature the formation of Ti+3 species were pointed out by XPS, which can contribute to 

the bad gap narrowing. However, in this way also progressively increases the crystal size of 

the composites, which evidently favours the recombination electron-hole. Otherwise, the 

low band gaps determined for all composites should significantly improve their 

photocatalytic efficiency compared to the pure TiO2 materials, as P25. 

4.3.2. Removal of Orange-G (OG) azo-dye 

The adsorptive and photocatalytic performance of the carbon-Ti composites was 

analyzed for the removal of OG, a textile dye typically present in industrial wastewater and 

used as target molecule, following the procedure described in our previous works with other 

semiconductors [24, 27]. Firstly, all samples were saturated during 4h using a concentrated 

OG solution in dark experiments, which allows to analyze the interactions of pollutants with 

the sample surface, but also avoids the contribution of the adsorption process on the OG 

removal during the subsequent photocatalytic degradation experiment. The initial 

adsorption kinetic curves for pure carbon materials and the corresponding composites are 

shown in Figures 4.10a and 10b, respectively. When analyzed the OG-adsorptive 

performance of the pure carbon materials, a direct relationship between the OG removal and 

the micropore volume (W0, Table 4.2) of the samples can be stablished. The high micropore 

development in CP2 allows the complete removal of OG in solution in only 25 min, while 

CP1 with the lowest W0 leads to the worst adsorptive behaviour (Figure 4.10a). In the case 

of CN materials, the OG-adsorption capacity decreases as carbonization temperature 

increases due to a micropore destruction probably by widening (Table 4.2). For the case of 

composites, CPT2 also showed a better performance than CPT1, although the microporosity 

of both samples is quite similar (Figure 4.10b). The increased microporosity with the 

carbonization temperature explains the better OG-adsorptive performance of CNT2 

compared to CNT1 (Figure 4.10b). In these composites, the mesoporosity also increased as 

the carbonization temperature, which can favour the accessibility and adsorptive 

performance of the samples. The fast adsorption processes of the CPT2 composite could be 

favoured by chemical interactions of the carbon surface with the dye in solution. The 

beneficial effect on the dye adsorption of phosphate doping in Ti-structures have been 
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previously reported [28, 29] due to the modification of the electrostatic interactions. 

Nevertheless, the best final performance of CNT samples confirms the importance of a 

developed porosity in the interactions with the pollutant. 

 
Figure 4.10. Removal of Orange-G from water solution by adsorption (a, b) and 

photocatalysis (c) using pure carbon materials (a) and carbon-Ti composites (b, c). 
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When analyzed the photocatalytic performance of the composites (Figure 4.10c), the 

best efficiency is observed for the CNT1 sample. In the CNT composite series, the catalytic 

activity decreases with increasing carbonization temperature despite the higher porosity and 

similar band gap values of CNT2. A similar influence of the carbonization temperature on 

the catalytic activity can be described for CPT1 and CPT2 composites. All carbon-Ti 

composites present however a better performance than the reference TiO2 photocatalyst 

(P25), reaching the total OG removal for 40-60 min. The activity order follows the sequence 

CNT>CPT>P25 in agreement to the evolution of the band gap values. This fact should be 

associated with the increasing crystallinity of the rutile or TiP2O7 phases and confirms the 

importance of the particle size in the interaction with the support and the electron-hole 

recombination processes. The reaction pathway for the photodegradation of the azo-dye acid 

Orange 7 in TiO2 suspensions was studied by Stylidi et al. [30], reporting that the 

mineralization to CO2 occurs with the formation of aromatic and aliphatic acids as 

intermediates. In previous works [24, 27], we have pointed out that the photocatalytic 

experiments carried out using C-Ti or C-Zr composites produces the mineralization of the 

dye to CO2. In the current work, a similar behaviour was observed; no intermediates were 

expected in solution after reaction, because the TOC analysis of the samples decreased 

accordingly with the OG removal. The best photocatalytic performance of the CNT1 sample 

should be related with an adequate porous texture, the narrow band gap associated to the 

rutile phase in combination with the carbon support and an intermediate particle size. In the 

case of the CPT1 composite, the low surface area can be compensated by the favourable 

role of phosphate groups on the adsorption and a very small particle size (not detectable by 

XRD). Therefore, this study demonstrates the possibility to enhance the photocatalytic 

activity of TiO2 by preparing cheap composites using biopolymers like cellulose through an 

easy procedure and highlighting the importance of the cellulose pretreatment conditions on 

the final properties and catalytic performance.  

4.4. Conclusions. 

Cheap and sustainable carbon–Ti composites with improved adsorptive and 

photocatalytic performances were obtained using cellulose as raw material. The oxygen- 

and phosphorus-containing surface groups generated on the cellulose chains during the acid 

solubilization of the microcrystalline structure determine the interactions with the Ti-
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precursor during impregnation and the transformations of both cellulose and Ti-phases 

during thermal treatments. Thus, the chemical nature and physicochemical properties of the 

active phases can be fitted by adjusting the surface chemistry and carbonization temperature.  

Phosphorus functionalities, in particular phosphate groups, avoid the crystal growth 

when composites are carbonized at low temperature (500 ºC) while oxygen functionalities 

favour the transformation of anatase nanocrystals into rutile phase. Increasing carbonization 

temperature (800 ºC), Ti-precursors react with the phosphate surface groups forming TiP2O7 

nanocrystals, sintering is favoured and Ti+4 is partially reduced to Ti+3. These interactions 

with the carbon phase produce a significant narrowing of the band gap regarding rutile or 

TiP2O7 pure phases. The combination of a developed porosity and surface area, a narrow 

band gap and small crystal size favour the dye adsorption and prevent the electron-hole 

recombination, consequently enhancing the dye mineralization in all carbon-Ti composites 

regarding the commercial P25. 
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5.1. Materials and methods. 

The synthesis of these materials consists in a modification of the procedure used to 

prepare CPT samples and the detailed information can be found in Section 2.2.3. Briefly, 

MCC was suspended in distilled water (200 g L-1) and then, it was completely dissolved by 

adding 10 mL of phosphoric acid (H3PO4) under stirring at 50 °C overnight. After that, an 



130 Chapter V 

 

appropriated amount of titanium tetra-isopropoxide (TTIP) in heptane was dropped to the 

previous cellulose solution to obtain different cellulose-Ti composites by changing the 

corresponding Ti:cellulose mass ratio, namely 1:1, 6:1 or 12:1. The solid suspension aged 

at 60 °C for 24 h, washed and dried at 120 °C in an oven. Finally, the carbon-phosphorus-

Ti composites were obtained by carbonization of the corresponding cellulose-Ti composites 

in a tubular furnace at 500 or 800 °C under 100 cm3 min-1 N2 flow. The samples will be 

labelled as CPTX-Y indicating the composition (C=cellulose, P= phosphoric acid, T= TTIP 

impregnation), “X” refers the Ti:cellulose ratio used (i.e., 1, 6 or 12) and “Y” states the 

carbonization temperature (500 or 800 °C). For instance, CPT6-500 corresponds to the 

composite prepared in a 6:1 ratio and at 500 °C. 

The characterization of the samples was carried out using physical adsorption of N2, 

scanning electron microscopy (SEM), thermogravimetric analysis (TGA), X-ray diffraction 

(XRD) and X-ray photoelectron spectroscopy (XPS). The performance of carbon-

phosphorus-titanium composites in the photodegradation of the orange-G (OG) dye in 

aqueous solutions was studied under UV irradiation. The experiments were performed using 

a glass photoreactor (8.5 ×20 cm) equipped with a low-pressure mercury vapor lamp (TNN 

15/32, 15 W, Heraeus Headquarters, Hanau, Germany) emitting at 254 nm. The 

concentration of OG was determined by a UV–vis spectrophotometer (5625 Unicam Ltd., 

Cambridge, UK). Before catalytic experiments, all materials (800 mg) were saturated with 

the dye solution (800 mL) in dark to remove the adsorptive contribution. After saturation, 

the initial dye concentration (C0) was fitted again to 10 mg L-1 in all cases, and then, a UV 

lamp was turned on, this time being considered t = 0.  

5.2. Results and discussion. 

The closed structure of MCC required a previous solubilization with H3PO4 before 

Ti-impregnation. This acid treatment improved the dispersion of the Ti-active phase on the 

cellulose support but also, functionalized it simultaneously with different phosphorus-

containing groups leading to a carbon-phosphorus-Ti composites. The morphology of the 

composites was analyzed by SEM (Figure 5.1). The composites prepared with low and 

intermediate Ti:cellulose and carbonized at 500 °C, i.e., CPTi1-500 and CPT6-500, 

presented opened structures formed by a network of elongated particles resembling the raw 
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cellulose fibers (Figures 5.1a and 5.1c). These large structures become round shaped 

particles with increasing the Ti:cellulose ratio up to 12 wt.% (Figure 5.1e).  

 

Figure 5.1. SEM micrographs for the carbon-phosphorus-Ti composites treated at 500 ◦C 

(a,c,e) and 800 ◦C (b,d,f), as well (g) EDX spectrum for the CPT6-500 composite. 

a) CPT1-500 b) CPT1-800

c) CPT6-500 d) CPT6-800

e) CPT12-500 f) CPT12-800

200 nm

200 nm

200 nm

200 nm

200 nm

200 nm

g) CPT6-500 
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The particle size determined for the CPT12 composite after carbonization at 500 °C 

was always smaller than 50 nm, while some particles larger than 300 nm were detected 

after carbonizing at 800 °C. After carbonization at 800 °C, round shaped particles are 

observed in the surface of all samples, the particle size being increased as the Ti-content 

(Figures 5.1b, 5.1d and 5.1e). EDX-microanalysis of all composites showed high contents 

of C and Ti, but also of phosphorus (Figure 5.1g for CPT6-500), which was distributed 

homogeneously on the composite, as confirmed by EDX. 

Cellulose-phosphate structures formed during the MCC solubilization with H3PO4 

were reported to be reversible, i.e., they are removed after washed leading to free H3PO4 

and amorphous cellulose [1]. In our case, although amorphous cellulose was obtained, the 

phosphorus functionalities were stable not only after washed but also after carbonization of 

the composites, as corroborated below by different techniques. Thus, the stability of the 

phosphorus-containing groups was confirmed by XPS. As an example, the chemical 

composition of the CPT6 samples and the variation on the nature of the surface groups with 

the carbonization temperature are summarized in Table 5.1. An increase of the 

carbonization temperature led to the progressive reduction of the samples since the oxygen 

content decreases (i.e., 42.7 and 36.4 % for CPT6-500 and CPT6-800, respectively) due to 

the thermal decomposition of some oxygen- and/or phosphorus functionalities, which are 

released as COx. The deconvolution of the Ti2p region showed for CPT6-500 an only peak 

placed at  459.3 eV corresponding to the presence of Ti+4, while the corresponding sample 

carbonized at 800 °C presented an additional component at  458.6 eV due to the presence 

of Ti+3 (Table 5.1). 

Table 5.1. Surface composition of CTP6 and nature of chemical groups with increasing 

carbonization temperature. 

Sample 

C  O P Ti 
P2p  
(%) 

Ti2p  
(%) 

(wt. %) C-PO3 C-O-PO3 Ti3+
 Ti4+ 

CPT6-500 22.0 42.7 21.9 13.4 
36  

(132.9) 

64  

(133.8) 
- 

100  

(459.3) 

CPT6-800 27.3 36.4 22.8 13.5 
63  

(132.8) 

37  

(133.8) 

48  

(458.6) 

52  

(459.5) 
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Analogously, a variation of the spectra of the P2p region was observed for the 

different CPT6 samples. Thus, this region can be deconvoluted in two peaks placed at  

132.8 and  133.8 eV corresponding to phosphorus linked to carbon (C-PO3) and to 

pentavalent tetracoordinated phosphorus in phosphates or polyphosphates as (C-O-PO3), 

respectively [2] (Table 5.1). In addition, the position of these peaks is shifted to higher 

binding energies (BE) with increasing the oxidation degree of the P-groups [3, 4], while the 

peak at low BE is favored at high carbonization temperatures.  

XRD patterns for the composites treated at 500 °C did not show any peak regardless 

the Ti:cellulose ratio used, denoting an amorphous character for these samples. 

Nevertheless, sharp peaks were observed in XRD patters when samples were treated at 800 

°C, different crystalline phases being formed depending on the Ti:cellulose ratio (Figure 

5.2). The TiP2O7 crystalline phase (JCPDS 38-1468) was present in all these composites, 

but also there is a small contribution of Ti(HPO4)2 (JCPDS 38-334) at low Ti-content, i.e., 

CPT1-800. On the other hand, when the Ti-content is increased up to 12wt.% (i.e., CPT12-

800) the main crystalline phase was (TiO)2P2O7 (JCPDS 39-0207). Thus, richer crystalline 

Ti-phases are favoured when increasing the Ti-content in the composite since the 

H3PO4/cellulose ratio was always maintained. The crystal size obtained by application of 

the Scherrer equation was 38.9, 53.4 and 57.9 nm for CPT1-800, CPT6-800 and CPT12-

800, respectively. 

 

Figure 5.2. XRD patterns of the different C-P-Ti composites treated at 800 °C. 
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The marked influence of the carbonization temperature on the interactions of Ti-

species with the phosphate surface groups was also pointed out by the thermogravimetric 

analysis of the samples. Thus, TG-DTG profiles obtained during the carbonization process 

of H3PO4-treated cellulose before (i.e., the CP support) and after Ti-impregnation (i.e., the 

CPT6 composite) are compared in Figures 5.3a and 5.3b, respectively. The support 

carbonization occurs in three steps denoted by the corresponding minimum in the DTG 

profile (Figure 5.3a). The first weight loss occurs at  120 °C and can be associated to 

dehydration and drying processes; a second peak at  240 °C corresponds to the release of 

COx formed by the thermal decomposition of oxygenated surface groups, namely 

carboxylic acids that decompose at this temperature range [5]; and the third peak can be 

due to the reduction of the phosphate surface groups by the organic matrix, causing the 

gasification of the support, as typically described in the chemical activation process of 

lignocellulosic materials [6]. In the carbonization of the CPT6 composite (Figure 5.3b), the 

Ti-support interactions leads to a certain shifting of the first peaks to slightly higher 

temperatures compared to the support. This fact should be related with the formation of 

links between the oxygenated surface groups of cellulose and the Ti-species [7]. However, 

Ti-species mainly interact with the phosphorus-containing groups, in such a manner that 

the reduction of these groups by the cellulose matrix at  750 °C does not occur during the 

thermal treatment (Figure 5.3b), this reduction being replaced by the reaction between these 

groups with the Ti species leading to crystalline Ti-phosphate or polyphosphate 

compounds, as previously observed by XRD. In fact, the weight loss above 500 °C is clearly 

negligible. 

The morphological and crystalline transformations of the composites previously 

discussed had a clear effect on their textural properties, which were determined by 

analyzing the corresponding N2-adsorption isotherms (Table 5.2 and Figure 5.4). In 

general, the total pore volume (Vpore) and the BET surface area (SBET) of the composites 

decreased as the Ti-content and the carbonization temperature increased, due to the higher 

porosity of the carbon phase compared to inorganic Ti-phases and the sintering favoured 

under these conditions. The CPT1-500 composite presented the highest surface area (357 

m2 g-1) due to its high micropore volume (0.144 cm3 g-1) associated to a high adsorbed 

volume of N2 at low relative pressure (Figure 5.4). In general, the isotherms of the 

composites belong to type-IV or type-II, showing from P/P0 > 0.4 a clear hysteresis cycle 
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due to the presence of mesopores. A similar behaviour is also observed for CPT6 and 

CPTi12 samples with a loss of microporosity but also an enhanced mesoporosity (i.e., 

higher adsorbed volume of N2 at high relative pressure), compared to composites prepared 

with lower Ti-content. 

 

Figure 5.3. TG and DTG profiles obtained during the carbonization in N2 flow: (a) H3PO4-

treated cellulose support and (b) CPT6 composite.  

Table 5.2. Textural properties of selected carbon-phosphorus-Ti composites treated at 500 

or 800 °C. 

Sample SBET (m2 g−1) Vmicro (cm3 g−1) Vpore (cm3 g−1) 

CPT1-500 357 0.144 0.386 

CPT1-800 9 0.004 0.076 

CPT6-500 28 0.013 0.160 

CPT6-800 30 0.017 0.239 

CPT12-500 184 0.073 0.508 

CPT12-800 5 0.021 0.043 

 

The adsorptive and photocatalytic performance of the carbon-phosphorus-Ti 

composites was analyzed for the removal of OG (Figures 5.5a and 5.5b, respectively). 

Firstly, all samples were saturated in dark experiments, which hinders the contribution of 

the adsorption process on the OG removal in the subsequent photocatalytic experiments. 
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The adsorption capacity and the adsorption rate are not exclusively related with the different 

porosity of the samples, as observed in Figure 5.5a. In general, composites with lower Ti-

content presented a better adsorptive behaviour than those prepared with intermediate and 

high Ti-contents regardless of the carbonization temperature used. The maximum removal 

of OG was achieved after 20 min and varied as: CPT1 samples > CPT6 samples > CPT12 

samples. This trend could be explained because composites with low Ti-carbon ratio 

present a larger carbon phase, which has a higher affinity for OG in solution. The CPT1 

composites presented the best adsorptive behaviour, being the adsorption of both CPT1-

500 and CPT1-800 comparable in spite of their different porous characteristics and the 

crystallinity of their Ti-phases.  

 

Figure 5.4. N2-adsorption isotherms of carbon-phosphorus-Ti composites treated at 500 or 

800 °C. 

In Figure 5.5b is showed the photocatalytic efficiency obtained for the different 

carbon-phosphorus-Ti composites and the benchmark TiO2 material (Degussa P25) for 

comparison. The complete OG removal was achieved after  25-35 min or 40-50 min 

depending on composites treated at 500 or 800 °C, respectively. In general, all composites 

obtained at low carbonization temperature presented a better efficiency than those treated 

at 800 °C, in spite of that all these samples were completely amorphous since no peaks were 

not observed by XRD. The carbon phase retards the crystal growth and the phase 

transformations of metal oxides in carbon-metallic oxide composites [8, 9]. In addition, the 

presence of phosphorus may influence on the TiO2-crystal structure, obtaining mixtures of 

TiO2 amorphous and anatase [10]. In this context, composites obtained at 500 °C could 
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develop a mixture of amorphous and very small TiO2-anatase nanoparticles (undetectable 

by XRD), latter being responsible for the high activity of composites treated at 500 °C. On 

the other hand, the photocatalytic efficiency varied as follows: CPT1-500 > CPT6-500 > 

CPT12-500, i.e., when the Ti-content increased in the composites, which could be related 

with their lower porosity (Table 5.2). 

 

Figure 5.5. Removal of the Orange-G from water solution by adsorption (a) and 

photocatalytic (b) processes using carbon-phosphorus-Ti composites. 

Concerning to composites treated at 800 °C, the formation of different 

polyphosphates was pointed out by XRD. The band gap for the titanium pyrophosphate 

(TiP2O7) was estimated to be 3.48 eV [11], being higher than that for the TiO2 anatase or 

rutile phases, i.e., 3.2 and 3.0 eV, respectively. The different nature of polyphosphates can 

also influence on their performance [12, 13].  

In addition, sintering was favoured to this range of temperature, Ti-particles larger than 

 39 nm being obtained. Otherwise, even the composites carbonized at this temperature, 

with exception of CPTi12-800, presented a better performance than the benchmark TiO2 

material (Degussa P25). This fact denotes the importance of the carbon phase in Ti-based 

composites, leading to an enhanced improved performance based on the synergism between 

both phases. Overall, carbon-phosphorus-titanium composites with low carbon content and 

carbonization temperature are preferred for the removal of the OG pollutant by 

photocatalysis because of their enhanced porosity, high dispersion of the active phase 

(anatase) and strong adsorption capacity (interaction) of OG. 
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5.3. Conclusions 

The treatment of microcrystalline cellulose with H3PO4 leads to a simultaneous 

functionalization of cellulose chains by incorporating stable phosphorus-containing surface 

groups, namely, phosphates and polyphosphates. These functionalities interact and react 

progressively with Ti-species during impregnation and carbonization at high temperatures, 

with different polyphosphates of titanium being anchored on the carbon phase. The 

physicochemical properties of these carbon–phosphorus–Ti composites vary according to the 

Ti-content and carbonization temperature. Thus, the increase of these parameters favours Ti-

particle sintering, the formation of Ti-crystalline phases and a marked loss of the porosity. 

The synergism between phases allows to obtain materials with enhanced photocatalytic 

efficiency compared to the benchmark TiO2 material (Degussa P25), in spite of the band 

gap of polyphosphates being wider than that for anatase/rutile phases. Carbon–phosphorus–

Ti composites with anatase TiO2 nanoparticles and large surface areas seem to be the most 

active photocatalysts for OG degradation under UV irradiation. 
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6.1. Materials and methods.  

6.1.1. Synthesis and characterization of black titania. 

The synthesis of these materials was prepared by a controlled hydrolysis of TTIP in 

methanol/acetonitrile medium using CTAB as structure-directing agent. Information 

detailed can be found in Section 2.2.4. These samples were denoted as TiAX, where A is H 

or N for H2 or N2 treatments, respectively and X is the number of days of treatments (1 – 5 

days), i.e. TiH1 indicates that TiO2 was synthesised in presence of H2 after 1 day of 

treatment. White titania, TiO2 anatase from sigma aldrich, was used as reference material. 

The characterization of the samples was carried out using physical adsorption of N2, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Diffuse reflectance 

spectroscopy (DRS). The performance of black titania in the photodegradation of the 

orange-G (OG) dye in aqueous solutions was studied under visible irradiation. 
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6.1.2. Photocatalytic degradation procedure in presence of saturated photocatalysts. 

The photocatalytic activity was using a glass photoreactor (inner diameter of 8.5 cm 

x height of 20 cm) equipped with an inner tube of 2.5 cm of diameter placed in the reactor 

centre, allowing to fit a visible sun lamp of 14 W (ReptoLux 2.0) inside to ensure a uniform 

irradiation of all solution volume. The degradation kinetic was follow by UV-spectrometry 

using a UV–vis spectrophotometer (5625 Unicam Ltd., Cambridge, UK), previously 

calibrated. Catalytic photodegradation was carried out using 1 mg/ml of photocatalyst, 

previously saturated with the dye in the dark to avoid the influence of the different 

adsorptive performance of each sample on the evolution of the dye concentration. After 

saturation, the initial dye concentration (C0) was fitted again in all cases to 10 mg/L, and 

then, visible light was turned on and this time was considered as the start degradation time. 

At a regular interval of 10 min, equal aliquot was removed from the reactor, filtered and the 

OG concentration measured by UV-spectrometry. The OG mineralization degree was 

followed by the evolution of total organic carbon (TOC) present in the solution during the 

photo-degradation experience using an analyzer Shimadzu V-CSH analyser with ASI-V 

autosampler and subtracting the inorganic carbon value in each sample from the total carbon 

value. The Orange G adsorption isotherm on black titania was carried out also in a 

thermostatic bath at 298 K. For this, a volume of 25 mL with different initial concentrations 

of dye is placed in a flask and 0.025 g of sample was added. The flask was placed inside the 

thermostatic bath under shaking for 4 h to ensure the equilibrium are reached. The Orange 

G adsorption capacity of samples (Xads, mg/g) was calculated by fitting de adsorption data 

to the Langmuir equation. 

6.2. Results and discussion.  

6.2.1. Textural and chemical characterization. 

Black titania nanoparticles with different colours were successfully synthesized in 

mild experimental conditions (8 bar and 180 ºC) by the controlled hydrolysis of titanium 

isopropoxide, either in presence of nitrogen or hydrogen. As shown in Figure 6.1, TiO2 

powder was converted from white to intense grey-black by increasing the treatment time. 

Highlight that the dark colour is more intense in presence of H2 in comparison with the N2 

samples, denoting a higher effectivity in the titania reduction. 
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Figure 6.1. Digital photographs of TixOy samples. 

The different dark colours of samples suggest excellent visible light absorption. 

Figure 6.2 displays the diffuse reflectance spectra of the coloured titania and TiO2-anatase 

as reference. A strong visible light absorption is observed for the synthesized samples 

regarding white TiO2; stronger for the H2-treated samples. Moreover, this adsorption 

increases by increasing the treatment time which is in line with the visual impression of the 

darkness of the samples. The enhanced visible light adsorption could be attributed to the 

effective reduction of Ti4+ ions of titania into Ti3+ by introducing oxygen vacancies [1] 

during the solvothermal treatment. This means that the higher is the treatment time the 

higher is the amount of Ti3+ or oxygen vacancies in the sample and thus, the effectivity of 

the process. This effectivity is also improved in presence of H2 manifesting that, in spite of 

the soft hydrogenation conditions, titania hydrogenation takes place. 

The band gap, Eg, was calculated by the Kulbelka–Munk (KM) method and results 

are shown in Figure 6.2c. TiO2 is an intrinsic n-type semiconductor with a band gap of 3- 

3.2 eV. However, in the reduced state, the higher density of Ti3+ leads to a decrease in the 

band gap. As compared to white TiO2, the optical band gap of TiNx and TiHx samples are 

substantially reduced (up to band gap lower than 2.3 eV) and this decrease is linearly 

dependent of the treatment time. Moreover, as expected, a proportional decrease of the band 

gap is obtained in presence of H2 atmosphere (same slopes). 

The presence of Ti3+
 was corroborated by X-ray photoelectron spectroscopy (XPS). 

Figure 6.3 displays the Ti2p XPS region and Table 6.1 collects the data obtained from XPS 

analysis. Only a peak centered at 459.5 eV is observed for white TiO2 which is attributed to 

Ti4+, whereas Ti3+ is the main component in coloured TiO2 (peak centered at 458.5 eV). This 
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means that reduction occurs mainly at the surface since TiO2 is the unique phase detected 

by XRD without detection of Ti2O3 (data shown below); and that oxidation does not take 

place after the exposure of samples to the air. Moreover, as expected, the % of Ti3+
 increases 

with the treatment time and the hydrogen treatment improves this reduction (86 vs. 92 % of 

Ti3+
 for TiN1 and TiH1, respectively, Table1) which corroborates the results obtained from 

diffuse reflectance analysis.  

 

Figure 6.2. Diffuse reflectance spectra of a) TiNx and b) TiHx samples in comparison with 

white TiO2 (x) as reference, being x: 1 (♦), 2 (○), 3 (▲), 4 (■) or 5 (●); c) Band gap of TiNx 

(□), TiHx (○) and white TiO2 (∆). 

Regarding the O1s region (Table 6.1), three peaks located at 529.8, 531.0, and 532.0 

eV are needed, corresponding to Ti-O in surface bulk oxide lattices, acidic hydroxyl group 

and basic hydroxyl group, respectively [2]. Different authors have confirmed the formation 

of hydroxyl group on TiO2 surface after hydrogenation treatments [1–4] due to the 
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hydrogenation helping to break up Ti-O bonds on the surfaces of anatase nanocrystals by 

forming Ti-H and O-H bonds [5]. An increase of Ti–OH bonds (Ti- OH/Ti-O area ratio) is 

observed in both TiNx and TiHx samples regarding TiO2 because of the titania reduction, 

but this increase is more significant in presence of H2 corroborating again that titania 

hydrogenation occurs in TiHx samples during the solvothermal treatment at mild conditions. 

. 

Figure 6.3. Ti2p region of XPS spectra for a) TiNx and b) TiHx samples. 

XRD was used to investigate the crystallinity and possible phase changes of the 

prepared samples and results are collected in Figure 6.4 and Table 6.1. XRD patterns of 

TiHx and TiNx nanoparticles was similar to that of TiO2, except for the lower peak intensities 

denoting a lower crystallinity or lower crystal size, and well matched with the anatase phase 

TiO2 (21-1272, JCPDS). It is clearly noticed an increase of diffraction intensities and crystal 

sizes in TiNx samples increasing the treatment time (Figure 6.4a and Table 6.1) whereas in 

TiHx ones, crystal sizes are similar (around 4.5 nm) in all cases (Figure 6.4b and Table 6.1).  
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Table 6.1. Ti2p and O1s data obtained from XPS and crystal size from XRD. 

Sample 

Ti2p O1s 

D (nm) 
BE (eV) % peak BE (eV) % peak 

Ti-OH/ 

Ti-O 

TiO2 459.5 100 

530.4 80 

0.25 24.6 532.5 17 

534.3 3 

TiN1 

458.3 86.3 529.8 78 

0.28 3.8 459.2 13.7 531.2 15 

  532.2 7 

TiN2 

458.2 86.5 529.7 73 

0.37 3.9 459.1 13.5 530.9 16 

  531.8 11 

TiN3 

458.5 90.3 529.8 74 

0.32 4.6 459.9 9.7 531.0 18 

  532.0 6 

TiN4 

458.5 91.4 529.9 74 

0.35 4.7 459.4 8.6 530.9 19 

  532.0 7 

TiN5 

458.3 91.8 529.6 74 

0.35 5.1 459.2 8.2 5309 19 

  531.9 7 

TiH1 

458.4 92.0 529.7 74 

0.35 4.6 459.3 8.0 530.8 18 

  531.9 8 

TiH2 

458.1 92.1 529.4 72 

0.39 4.3 459.3 7.9 530.7 21 

  531.8 7 

TiH3 

458.5 92.3 529.9 71 

0.41 4.3 459.4 7.7 531.1 21 

  532.2 8 

TiH4 

458.4 92.6 529.8 71 

0.41 4.5 459.3 7.4 530.9 21 

  531.9 8 

TiH5 

458.5 92.6 529.8 71 

0.42 4.4 459.9 7.4 531.0 22 

  532.1 7 

 

It was pointed out in literature that the intensity of the diffraction peaks decreases 

gradually, and peaks weaken and widened increasing the reduction effectivity of the 

coloured titania which are related to the amorphous phase created after the reduction process 

[4,6]. Usually, a surface disordered shell is observed in coloured titania due to the creation 

of oxygen vacancy/Ti3+, surface hydroxyl groups or Ti–H bonds. This shell is amorphous 

and consequently, crystal sizes and diffraction intensity decrease after the reduction 
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treatment. With that background, two considerations must to be considered: i) the 

crystallinity usually increases the hydrothermal treatment time [6] and ii) the crystallinity 

decreases by the titania reduction [4,6]. In the TiNx series, the reduction effectivity is lower 

than in the case of TiHx one and consequently, the first factor is more significant than the 

latter and, as results, an increase in the crystallinity and particles size is observed. 

Conversely, in TiHx samples, the reduction efficiency is higher and thus, both factors are 

balanced resulting in a stabilization of the particle size. 

  

Figure 6.4. XRD patterns of a) TiNx and b) TiHx samples. x: 1 (♦), 2 (○), 3 (▲), 4 (■) or 

5 (●).  

The morphology of the black titania was analysed by SEM and HRTEM. 

Characteristic SEM and HRTEM images are collected in Figure 6.5. SEM images reveals 

the presence of titania particles interconnected by titania nanofibers (around 60 nm of 

diameter), independently of the treatment time and atmosphere. In turn, HRTEM images 

show that the white TiO2 is completely crystalline, displaying clearly-resolved and well-

defined lattice fringes and well-ordered crystal domains of around 25 nm. In contrast, TiNx 

and TiHx samples display highly-disorder nanosized crystal domains (around 4 nm) with a 
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relatively unclear fringe pattern owing to introduction of amorphous regions between crystal 

domains. Note that the size of the crystal domains observed by TEM corroborates the crystal 

sizes obtained by XRD. The distance between the adjacent lattice planes is 0.35 nm for 

white TiO2, which matches the typical value for anatase. Conversely, this distance is slightly 

reduced to 0.30 nm for black titania suggesting the incorporation of H atoms within the host 

lattice. 

The N2 adsorption–desorption isotherms are depicted in Figure 6.6a-b and data 

collected in Table 6.2. All samples mainly exhibit a type-IV isotherm with a hysteresis loop, 

indicating the mesoporous character. However, significant differences are observed 

between white and coloured TiO2. The hysteresis loop appears at 0.3-0.4 relative pressure 

for coloured titania, indicating the presence of narrow mesoporosity (3 nm, Figure 6.6c-d), 

whereas in white TiO2, this loop begins at higher relative pressures (0.7-0.8) indicating the 

presence of wider mesoporosity (20 nm, data not shown). Moreover, higher N2 uptake at 

low relative pressure is observed for coloured TiO2 indicating the development of 

microporosity in these cases. Note also that the textural properties are improved increasing 

the treatment time, i.e. the surface area increases from 133 to 191 m2 g-1 for N2 serial and 

from 137 to 212 m2 g-1 for H2 samples, increasing the treatment time from 1 to 5 days (Table 

6.2). The presence of H2 during the solvothermal treatment also improves the textural 

properties. This improvement could be explained on the base of different crystal sizes. An 

increase in surface area could be attributed to a decreased crystallite size [7, 8], however, 

similar or even larger crystal size is observed in TiHx and TiNx series increasing the 

treatment time. This seems to indicate that the reduction effectivity and defective TiO2-x 

play and important role in the texture. The amorphous titania typically shows BET surface 

areas higher than the crystalline counterparts [9,10]. This defective phase increases with the 

effectiveness of the titania reduction method and consequently, with the treatment time.  

Therefore, the present synthesis method improves the porous texture of coloured 

titania regarding white one; significantly affects the pore structure and surface area of the 

obtained TiO2−x samples, and consequently, this improved porous structure must have a 

beneficial effect in the photocatalytic performance of coloured TiO2. 
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Figure 6.5. Characteristic SEM (a,b) and TEM (c-g) images of the black titania 
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Figure 6.6. N2-isotherms and pore size distributions for TiNx (a,c) and TiHx (b,d) samples 

in comparison with TiO2 (□). x: 1 (♦), 2 (○), 3 (▲), 4 (■) or 5 (●). 

Table 6.2. Textural characterization of samples 

Samples 
SBET 

(m2/g) 

W0 (N2) 

cm3/g 

L0 (N2) 

(nm) 

V0.95 

cm3/g 

Vmeso 

cm3/g 

TiO2 57 0.038 - 0.118 0.080 

TiW1 133 0.052 1.81 0.114 0.063 

TiW2 146 0.057 1.84 0.121 0.063 

TiW3 161 0.062 1.83 0.127 0.065 

TiW4 175 0.067 1.82 0.133 0.066 

TiW5 191 0.075 1.89 0.139 0.064 

TiH1 137 0.054 1.74 0.112 0.058 

TiH2 154 0.061 1.76 0.123 0.062 

TiH3 172 0.068 1.78 0.134 0.066 

TiH4 190 0.074 1.79 0.145 0.071 

TiH5 212 0.082 1.83 0.159 0.077 
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6.2.2. Photocatalytic activity. 

The photocatalytic activity of coloured TiO2 was evaluated towards the degradation 

of an industrial textile dye, Orange G (OG), under a low power artificial visible light (14 

W). Prior to the photocatalytic test, catalysts were saturated with OG in dark in order to 

avoid adsorption interferences and the initial concentration fitted in 10 mg/l. In Figure 6.7, 

the Orange G adsorption capacity of samples was plotted as a function of the specific surface 

area. As could be expected, the adsorption capacity linearly increases with the surface area 

for both TiNx and TiHx samples, but significant differences are observed between them; 

much higher absorption capacity is obtained in TiHx samples despite similar surface area. 

To explain this fact, two factors must to be considered; i) the specific surface area for the 

adsorption of the pollutant and ii) the electrostatic interactions of the pollutant with the 

surface. Zeta potential results have demonstrated an increased positive charge on titania 

surface increasing the Ti3+ defects or oxygen vacancies on the surface [11,12]. The 

adsorption of Orange G, a negatively charged molecule, could be favoured on positively 

charged oxygen vacancies. It has been pointed out that the adsorption of cationic dyes (such 

as methylene blue) is favoured increasing de pH of the solution due to for pH’s higher than 

the point zero charge (pzc) of titania, the surface becomes negatively charged and its 

adsorption is favoured on a negatively charged surface. By contrast, OG has its adsorption 

inhibited by high pH’s because of its negatively charged sulfonate, SO3
− function [13,14]. 

In a similar way, the increase of oxygen vacancies on the surface of coloured titania creates 

an electron deficiency on the surface and thus, a positively charged titania surface, favouring 

the interaction with anionic dyes (such as Orange G). Consequently, this adsorption is 

favoured on the TiHx samples regarding TiNx due to the development of a more defective 

titania surface in presence of H2 (Ti3+/oxygen vacancies observed by XPS). Note that the 

adsorption capacity of white TiO2 is lower than the expected according with TiNx and TiHx 

linear series due to the absence or low amount of oxygen vacancies and thus, the null or 

scarce contribution of the specific interactions in the adsorption capacity. Mineralization of 

dye was followed by the Total Organic Carbon (TOC) measurement and total degradation 

was found in all cases, and consequently, intermediary products were not analyzed. 

Figure 6.8 shows the removal of OG as a function of the irradiation time. As it can 

be observed, very low degradation is obtained using white TiO2 as catalyst due to its high 
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band gap (3.2 eV) with limits the activity under visible light. Conversely, activity is 

observed using coloured TiO2 as catalysts which increases increasing the solvothermal 

treatment time. This increasing activity is related with the enhanced visible light adsorption 

attributed to the effective reduction of Ti4+ ions of titania into Ti3+ by introducing oxygen 

vacancies. A linear relationship between the time needed to achieve the 50 % of Orange G 

degradation (t0.5) and the photocatalyst band gap is obtained inside each serial (Figure 6.9). 

Nevertheless, differences between TiNx and TiHx series are again observed. Time longer 

that 200 min are needed for the complete degradation of Orange G in TiNx serial whereas 

total degradation is obtained after 80 min of reaction using TiHx as catalysts. It is true that 

an activity improvement must be observed in TiHx samples due to the lower band gap of 

these samples, but the improvement is much higher than the expected considering the 

obtained band gap in comparison with TiNx serial. In these sense, additional factors could 

contribute to this enhanced behaviour: surface area and specific interactions. It is well 

known that the photoactivity performance is strongly depended on the adsorption capacity 

of the photocatalyst, as it is known that the photocatalytic reaction occurs on the 

photocatalyst surface. As has been commented above, the absorption capacity of TiHx 

samples is enhanced regarding TiNx ones due to the improvement of surface area and 

electrostatic interactions surface-dye, and thus, the activity is highly improved. 

 

Figure 6.7. Orange G adsorption capacity of samples as a function of surface area. TiHX 

(○), TiNX (□) and TiO2 (∆). 

The surface disorder is another important factor to consider explaining the better 

activity of coloured titania. It has been demonstrated that the improved photoactivity of 
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black TiO2 results from a synergistic effect of the oxygen vacancies on core and surface 

disorder, that is the surface localization of defects [15]. In this sense, it was observed that 

decreasing the relative concentration ratio of bulk defects to surface defects in TiO2 

nanocrystals significantly improves the charge separation efficiency and, thus, enhances the 

photoactivity [16]. Considering that, the high concentration of Ti3+ into the surface of the 

synthesized as it has been pointed out by TEM and XPS, improves the photocatalytic 

performance of both TiNx and TiHx catalysts. The highest concentration of surface defects 

(denoted by XPS) and the highest surface area of TiHx samples results in a highest overall 

surface disorder resulting in a better photoactivity. So, in TiHx catalysts, the combination of 

different factors as improved band gap, surface area and specific interactions and the surface 

localization of defects results in a superior photoactivity. 

 

Figure 6.8. Kinetic of Orange G photocatalytic degradation using a) TiNx and b) TiHx 

samples in comparison with white TiO2 (x). x: 1 (♦), 2 (○), 3 (▲), 4 (■) or 5 (●). 

In brief, TiH5 present the best photocatalytic performance. Orange G is almost 

totally degraded after a very short time of reaction (lower than 40 min) under visible 

irradiation. This excellent behaviour is due to the optimization of a series of factors by the 

proposed solvothermal synthesis method with the benefit of softer experimental conditions 

in comparison with other methods described in bibliography in which temperatures higher 

than 400 º C or pressures higher than 20 bars are required. These factors are: i) the 

stabilization of low crystal sizes (lower than 5 nm) which improves the accessible surface 
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area for the pollutants adsorption and minimizes the electron-hole recombination 

probability. In these senses, in small TiO2 nanoparticles, the distance that the 

photogenerated electrons and holes need to travel to surface reaction sites is reduced, 

thereby reducing the recombination probability; ii) Strong visible light absorption and Band 

gap reduction. Oxygen vacancies/Ti3+ species confer a black colour to TiO2 and creates new 

hybrid states in the band gap, which narrows the band gap and enhances significant visible 

light adsorption; iii) Ti3+ defects or oxygen vacancies increase positive charge on titania 

surface improving the electrostatic interaction of Orange G, a negatively charged molecule, 

with the positively charged TiO2 surface; and iv) the surface localization of defects which 

significantly improves the electron-hole separation efficiency and thus, significantly 

enhancing the photocatalytic efficiency. 

 
Figure 6.9. Relationship between the time needed to achieve the 50 % of Orange G 

degradation (t0.5) and the photocatalyst band gap. TiHX (○), TiNX (□) and TiO2 (∆). 

6.3. Conclusions. 

Coloured TiO2 was successfully synthesized by the controlled hydrolysis of a 

titanium alkoxide under controlled atmosphere (N2 or H2) with the benefit of softer synthesis 

conditions in comparison with other methods described in bibliography in which 

temperatures higher than 400 ºC or pressures higher than 20 bars are required. The colour 

of samples changes to more intense dark depending of the treatment time suggesting 

excellent visible light absorption. The material possesses an optimum band gap and visible 

light adsorption, Ti3+/ oxygen vacancies concentration, surface defects, crystal size, surface 
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area and improved pollutant-surface interactions which significantly enhances the 

photoactivity under visible light. An industrial textile dye, Orange G, was selected as target 

molecule. The OG adsorption is controlled by the specific surface area but also the 

electrostatic interactions of the pollutant with the surface. The increasing positive charge on 

titania surface due to the increase of Ti3+ or oxygen vacancies on the surface improves the 

electrostatics interactions with OG, a negatively charged molecule, and favour its 

adsorption. The exceptional photocatalytic behaviour of coloured TiO2 could be related with 

the different optimized properties of the samples: i) the stabilization of low crystal sizes 

(lower than 5 nm) which improves the accessible surface area for the pollutants adsorption 

and minimizes the electron-hole recombination probability; ii) the strong visible light 

absorption and band gap reduction and iii) Ti3+ defects or oxygen vacancies increase 

positive charge on titania surface improving the electrostatic interaction of OG favouring 

its absorption and degradation. 
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  In the present Doctoral Thesis, various series of photocatalytic titania-based 

nanomaterials have been synthesized from various ways, obtaining different types of 

composites, using functionalized cellulose, carbon, and also the development of non-

stoichiometric black titania photocatalysts. All of the prepared materials have been 

thoroughly characterized, and their behaviour has been studied in photocatalytic degradation 

of Orange G dye as a target organic pollutant in water. All of the samples present a certain 

enhancement of photocatalytic activity regarding pure TiO2 phases, which have been 

correlated with the physicochemical and textural properties of the developed materials.  

The main results draw in this study can be concluded as follows:  

1. Successful functionalization of cellulose by H3PO4 or HNO3 as a source of a green, 

sustainable and cheap materials in order to obtain a high dispersion of TiO2 

nanoparticles on surface of cellulose or carbon after carbonization.  

2. MCC is a green, sustainable and cheap support to develop active photocatalysts, but it 

must be pretreated in order to facilitate the contact with the active phase precursors. 

Acid treatments completely dissolve the MCC crystalline structure but simultaneously 

generate different types of oxygen or phosphor functionalities on the cellulose chemical 

structure. 

3. The different interactions between precursors during impregnation leads to microporous 

cellulose composites with round-shaped anatase TiO2 microcrystals by using HNO3 

treatments, while H3PO4 favours the formation of mesoporous composites with flat and 

non-crystalline TiO2 particles. 

4. These interactions also allow a band gap narrowing and a developed active surface, and 

thus, highly active cellulose-TiO2 composites have been successfully synthesized in 

particular for the cellulose-HNO3/TiO2 composite, thus leading to more active 

photocatalyst.  

5. Carbon-Ti composites are achieved by the carbonization processes of the produced 

functionalized cellulose-TiO2 and the transformations are related with the stability of 

the different functionalities. 

6. Phosphorus functionalities lead to carbon-Ti composites with flaky structures of Ti-

amorphous, since these groups avoid the crystal growth when are carbonized at low 
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temperature (500 ºC). On the contrary, oxygen functionalities favour the crystal growth 

and the transformation of TiO2 into rutile phase. 

7. An increase of the carbonization temperature up to 800 ºC favours the progressive 

crystal growth of rutile and the formation of TiP2O7 crystals by reaction between the Ti-

precursor and the phosphorous functionalities of the cellulose material.  

8. Carbon-Ti composites with both TiO2 rutile and TiP2O7 nanocrystals present a 

significant band gap narrowing compared to their corresponding pure Ti-phases.  

9. The physicochemical properties of these carbon-phosphorus-Ti composites vary 

according to the Ti-content and carbonization temperature. 

10. Carbon-phosphorus-Ti composites with anatase TiO2 nanoparticles and large surface 

area seem to be the most active photocatalysts for the OG degradation under UV 

irradiation. 

11. All composites show a better photocatalytic efficiency performance than commercial 

TiO2 (P25) for the degradation of orange-G azo-dye in aqueous solutions. 

12. Black titania (non-stoichiometric TiyOx phases) was successfully synthesized by the 

controlled hydrolysis of a titanium alkoxide under defined atmosphere (8 bar of N2, or 

H2) at 180 ºC. These synthesis conditions are softer in comparison with other methods 

described in bibliography in which temperatures higher than 400 ºC or pressures higher 

than 20 bars are required. 

13. The exceptional photocatalytic behaviour of coloured TiO2 could be related with the 

different optimized properties of the samples: i) the stabilization of low crystal sizes 

(lower than 5 nm) which improves the accessible surface area for the pollutants 

adsorption and minimizes the electron-hole recombination probability; ii) the strong 

solar light absorption and band gap reduction and iii) the oxygen vacancies generate 

positive charge on titania surface improving the electrostatic interaction of Orange G 

favouring its absorption and degradation. 

 

 



 

 

 

 




