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Resume 

 

 In the present work was carried out the surface modification of microfibril and 

cellulose whiskers. Two different techniques were tested, one of them was the liquid phase 

modification and the other one, gas phase modification. Five reactants were tested, 

palmitoyl chloride, acetyl chloride, sebacoyl chloride and two anhydrides allow to 

functionalize the surface of the cellulose, granting it the hydrophobic character required. 

The liquid phase modification was made just with palmitoyl chloride, to perform this 

reaction was hard to find the conditions (not available information, no previous work) and 

many things to do to carry out the reaction, one of that was the exchange of solvent, from 

water to DMF; residual water and the size of the particles was the parameter to help to 

decide whether the exchange had worked. From the results we can say that the right 

temperature to accomplish this type of modification is 90 ° C and the time can change 

between 24 and 96hours, always taking care of the amount of pyridine to add. The gas phase 

modification was made with the five reactants, in all cases (except with maleic anhidride) the 

cellulose was modified. Was possible to find two reactants that just modify the surface of 

the crystal, sebacoyl chloride and ASA anhidride, the last one is environmentally friendly; in 

these cases the DSg was lower than DSsurface.  
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Acronyms 

 

DS                      Degree of substitution 

DMF      Dimethylformamide 

MFC  or CMF    Micro Fibrill Cellulose 

CNC  Cellulose whiskers 

TBAOH  Tertbutylammoniumhydroxyl 

DMAP  4-Dimethylaminopyridine 

ASA  2-Dodecen-1-ylsuccinic anhydride 95% 

DLS  Dynamic light scattering 

FTIR  Fourier transform infrared spectra 

SS or Ssp Specific surface 
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1. INTRODUCTION 

 
Interest in nanocomposites containing cellulose as reinfort is growing. This is due to 

the availability of this material, as well as to its renewable, environmentally benign nature, 

low density and good mechanical properties. Cellulose is the structural component of the 

primary cell wall of green plants and many forms of algae. Some species of bacteria secrete 

it to form biofilms. Cellulose is the most common organic compound on Earth. About 33% of 

all plant matter is cellulose (the cellulose content of cotton is 90% and that of wood is 40–

50%). [1] 

Cellulose is an organic compound with the formula (C6H10O5)n (figure 1). A 

polysaccharide consisting of a linear chain of several hundred to over ten thousand β(1→4) 

linked D-glucose units.  

 

 

 
 Figure 1: Chemical structure of cellulose 

 

Each anhydroglucose unit has three free hydroxyl groups: two secondary alcohol 

functions on carbons 2 and 3 and a primary alcohol on carbon 6. The substituents on the ring 

as well as the glycosidic bonds are in the equatorial positions and hydrogen atoms in axial 

positions. The presence of numerous hydroxyl groups along the chain lends to the formation 

of intra-and intermolecular hydrogen bonds. In addition, a network of van der Waals bond is 

established between the layers of strings. Both networks allow establishing connections 

crystalline structures ordered. This molecular arrangement of cellulose chains ordered 

parallel to each other is the basis of a crystal structure called microfibrils. The structure 

hierarchy and the supramolecular organization of cellulose are shown schematically in 

Figure 2.[1-4] 

http://en.wikipedia.org/wiki/Cell_wall
http://en.wikipedia.org/wiki/Green_plants
http://en.wikipedia.org/wiki/Algae
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Biofilm
http://en.wikipedia.org/wiki/Cotton
http://en.wikipedia.org/wiki/Wood
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Polysaccharide
http://en.wikipedia.org/wiki/Glycosidic_bond
http://en.wikipedia.org/wiki/Glycosidic_bond
http://en.wikipedia.org/wiki/Glucose
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Figure 2: Schematic representation of the structure hierarchy in a cellulosic fiber. 

 

Cellulose is hydrophilic, is insoluble in water and most organic solvents, is chiral and 

is biodegradable. It can be broken down chemically into its glucose units by treating it with 

concentrated acids at high temperature obtaining nano cellulose. Is possible to obtain 

cellulose microfibrils or cellulose whiskers of nanometric dimensions from cotton or wood by 

using physical or chemical treatments, this nano materials have interesting properties and it 

could be use to performance nanocomposites.[5-7] 

The main problem when using cellulose as reinforcement is their hydrophilic 

character. If we want to mix the cellulose with a hydrophobic material an uneven dispersion 

will reach. Therefore, either the material should be hydrophilic or an aqueous dispersion 

should be used. Alternatively, the surface of cellulose could be modified with substances 

that make the surface of cellulose more hydrophobic. A decrease in the value of the polar 

component of surface energy of the cellulosic subtract facilitate its dispersion in substances 

having a less surface energy.[2]  

Reagents used for surface modification of cellulose fibers are very numerous, ranging 

from small molecules to hydrophober cellulose macromolecules up to the activities to 

establish an interface between different components of the composite. Regarding the choice 

of grafting agents, various parameters must be considerate for applying wished: size, 

functionality, structure of the chain in the case of macromolecules, degree of 

polymerization.[8-11] 

Taking advantage of the large number of hydroxyl groups at the surface of cellulose 

molecule, different chemical modifications have been attempted. The chemical modification 

of cellulose provides a path in obtaining plastic materials. Cellulose esters are the most 

stable derivatives compounds, the most common are the cellulose acetates, these esters 

http://en.wikipedia.org/wiki/Hydrophilic
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Chirality_%28chemistry%29
http://en.wikipedia.org/wiki/Biodegradation
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were identified as potentially biodegradable ester by their ester bonds. One of the most 

important characteristics of cellulose esters is their degree of substitution (DS). This is the 

number of grafted chains on one anhydroglucose unit. It is therefore between 0 and 3. It 

corresponds to an average value of all anhydroglucose units of the substrate.[12-14] 

In general, the esterification reaction consists in the condensation of an alcohol with 

an acid to give an ester and water. (Figure 3). 

 

 

Figure 3: Schematic esterification reaction  

 

All chemical functionalization have been mainly conducted to introduce stable 

negative or positive electrostatic charges on the surface of cellulose to obtain better 

dispersion and tune the surface energy characteristics of cellulose to improve compatibility, 

especially when used with nonpolar or hydrophobic matrices in nanocomposites.[1] 

The main challenge for the chemical functionalization of cellulose is to conduct it in 

such a way that it only changes the surface of the cellulose, while preserving the original 

morphology to avoid any polymorphic conversion and to maintain the integrity of the 

crystal. [2] 

In the research presented below, we will make the surface modification of cellulose 

microfibrils and cellulose whiskers from cotton with different reagents by two different 

ways, liquid phase and gas phase. The palmitoyl chloride, acetyl chloride, sebacoyl chloride 

and two anhydrides allow to functionalize the surface of the cellulose, granting it the 

hydrophobic character required. The new method, gas phase esterification, developed by 

S.BERLIOZ [3], allows esterify cellulosic substrates with fatty acid chlorides in the absence of 

solvent, was the basis for modifications with the aforementioned reagents. Similarly, the 

results presented in the work of D.OUHAB [10] were helpful in establishing the parameters 

used for all esterifications. A modification in liquid phase was also performed; this method 

requires the exchange of solvents, which makes this technique a little longer.  
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2. PROJECT AIMS 

2.1. Main aim 

Perform cellullose nanocrystal surface modification by esterification of cellulose in 

gas phase and liquid phase, which are carried out with various reagents, acids and 

anhydrides. 

2.2. Specific aims 

 
• Whiskers hydrolysis from wood raw material and high specific surface area aerogel 

preparation. 
 

• Whiskers solvent exchange from water to DMF. 
 

• Whiskers liquid grafting with palmitoyl chloride. 
 

• Ultrastructural study for the gas phase grafting of Micro Fibrill Cellulose (MFC) 
aerogel with mono and difunctional acyl chloride. 
 

• Evaluation of cyclic anhydride efficiency, process conditions and ultrastructure for 
the grafting of MFC aerogel. 
 

• Controlled intermediary surface gas phase grafting of whiskers aerogel with the 
adequate reagent. 
 

• Surface characterization of functionalized whiskers aerogels by detection of 
deuterated hydroxyl with FTIR spectroscopy. 
 

• Redispersion study of functionalized whiskers in different solvent by flow 
birefringence and cholesteric phase formation. 
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3. PROTOCOLS AND TECHNIQUES 

3.1. Protocols 

3.1.1. Nano Cellulose preparation  

The protocols to prepare nano cellulose microfibrils “CMF” and cellulose whiskers 

“CNC” are shown bellow. Both types of materials will be used throughout the investigation; 

we will modify the surface with different reagents to achieve the objective of changing their 

hydrophilic character. 

 

• Obtaining microfibrils 
 

The cellulose used comes from wood pulp provided by TEMBEC paper industry (type 

BIOFLOC), it appearance is that of a white paste (cellulose fibers). After a refined step of this 

pulp, the collection of microfibrils was performed as follows. 

 

Homogenization 

This homogenization is required to destroy the cellulose fibers, obtaining the 

microfibrils. For 1L of the pulp, it uses a homogenizer "Manton Gaulin” for 45 minutes under 

a pressure of 500 Kg/cm3.  

Difficulties were encountered with this protocol, so it was necessary to perform the 

homogenization with new conditions, the pressure decrease to 350 Kg/cm3 and treats for 1 

hour. 

 

• Nanocrystals hydrolysis 
 

Cotton fibers that can be spun are called linters, what we used are coming from 

Buckeye Cellulose Corporation. The CNC were prepared by acid sulfuric hydrolysis followed 

by several purification steps. The reaction induced grafting 

SO3-groups on the surface of the whiskers. The electrostatic repulsive forces that act 

between these groups allow their dispersion in water. 
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Dilution of the acid.  

Sulfuric acid (96%) is added drop wise in 420mL of water, is held at 60°C (+/- 1°C) 

under stirring (500rpm). The dilution must be in an ice bath. Thus we obtain a sulphuric acid 

64%. 

Hydrolysis 

Cotton Linters are dispersed in the diluted Sulfuric Acid. The time, the volume of acid, 

the amount of material and temperature are the parameters to vary. The temperature is 

controlled by an oil bath. The suspension is subsequently diluted with an equal part of cold 

water (450g of ice) then placed in containers for centrifugation. 

Purification 

The suspension is washed by successive centrifugations (three times) at 11200rpm 

and 5°C for 30min. The product of the last centrifugation is diluted in 2L of water. This 

suspension is placed in a cellulose membrane and immerse in water to perform the dialysis. 

The suspension recovered from the dialysis is sonicated 5 minutes with 50% of 

amplitude. It is filtered two times: 

  I – Cellulose nitrate membrane / 5 µm 

 II – Cellulose nitrate membrane / 1 µm 

The product is collected in a bottle, three drops of chloroform are added, and put it 

into the cold room 

3.1.2. Liquid phase modification 

Liquid phase modification was performed on CNC colloidal suspension. From the 

original aqueous suspension we first perform a solvent exchange to obtain a colloidal 

suspension in DMF and then perform the reaction.  

3.1.2.1. Solvent exchange 

Different techniques and conditions were tested in order to perform the solvent 

exchange. The original aqueous suspension is either used directly or first neutralized to 

reach a pH value close to 7 by adding soda (NaOH) or tertbutylammoniumhydroxyl (TBAOH). 

Then three processes have been evaluated to obtain a CNC colloidal suspension in DMF: 

water evaporation, solvent exchange by centrifugation and freeze drying. Quantity of water 

and redispersion are the parameters to evaluate the efficacy of the technique. 
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Solvent exchange by centrifugation 

Aqueous dispersion of the hydrolyzed CNC are solvent exchanged by centrifugation-

redispersion. Acetone (200mL) was added to a centrifugation pot containing an aqueous 

suspension of CNCs (50mL – 1% w/w). The mixture is agitated for 20 minutes and after 

centrifuged at 11200rpm, 5 °C for 30minutes. The supernatant is removed and the sediment 

is redispersing in 100mL of acetone.  

After three successive mixings with acetone followed by centrifugation, the CNCs 

sediment is mixed with 50g of DMF and agitated 30 minutes, obtaining a stable suspension 

that is sonicated for 5minutes.  

 

Freeze drying 

 CNCs are drying by sublimation of a product previously frozen. This allows us to 

eliminate the water and reactants excess and get our whiskers in powder form. CNC 

suspension is placed in a balloon which is immersed in the nitrogen then the balloon will put 

in vacuum atmosphere to sublimate the solvent. 

 The white powder obtained is attempts to disperse in an organic solvent, DMF in our 

case, in a 1% w/w of concentration.  

 

Rotative evaporation 

 The suspension of CNCs (20mL) and the DMF (50mL) are mixed and placed in a 

balloon, which is rotating and immersed in a water bath. The goal is the evaporation of 

water thus leaving the whiskers suspended in DMF at the required concentration (1% w/w) 

3.1.2.2. Grafting 

To modify the CNCs in DMF is used Palmitoyl Chloride as a reagent, Pyridine as an 

auxiliary base and 4-Dimethylaminopyridine (DMAP) as a catalyst. 

 

 
Fig. 2.1: Chemical structure of palmitoyl chloride 
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Different variables like temperature, time, atmosphere and quantity of reagent, are 

modified to perform the best esterification. The order in which the esterification is carried 

out is very important. Two different protocols for esterification are done in this work. In the 

fisrt one, add the palmitoyl chloride to the suspension at the beginning and after add the 

pyridine and DMAP. In the second protocol improved the way of adding reagents and placed 

a cooling column; Warm it up and pass the nitrogen for 30 minutes. Add the pyridine and 

DMAP, premixed. After 5 minutes, add the Palmitoyl chloride 

At the end, acetone is added to reactor (50mL), the mixture is agitated for 20 minutes 

and centrifuged at 11200rpm, 5 °C for 60minutes. After three successive mixings with 

acetone followed by centrifugation, the modified CNCs sediment is dried at 60 °C. 

3.1.3. Gas phase modification 

A second grafting protocol has been used for nanocellulose modification. In this case 

we first dry the nanocellulose suspension and then perform the grafting by gas phase.  

3.1.3.1. Aerogel preparation 

Three different aerogels (dry nanocellulose) have been prepared for this work: low 

specific surface CMF, high specific surface CMF and high specific surface CNC. Drying 

protocols are based on freeze drying of the suspensions and are detailed in other works. 

Resulting aerogels is characterized by specific surface by nitrogen sorption. 

3.1.3.2. Aerogel grafting 

The esterification reaction is performed in a semi-open vessel (2L). The reagent is 

placed at the bottom and the cellulose substrate over this on a support, avoiding the direct 

contact. A cold trap was put in place to recover the residue. The chamber provides a set 

pressure, temperature, reaction time and the flow of inert gas. The protocol for 

esterification is shown bellow: 

- Place 1g of CMF in the oven for 5h (minimum) 

- Place the trap in liquid nitrogen 

- Placed in the bottom of the reactor the desired amount of reagent, put the CMF 

previously placed in a especial mesh, close the reactor and check that the desired 

pressure is reached for the experiment. 

- After checking the pressure, rises the temperature to the desired value. 
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- Control the pression 

- At the end of the reaction, the product is purified by Soxhlet. 

 

 
Fig. 2.2: Gas phase modification  

 

 The reagents use to perform the gas phase modification are listed bellows: 

 

Reagent Structure 

Palmitoyl chloride C16  

Decanoyl chloride C10  

Sebacoyl chloride C10dif 
 

2-Dodecen-1-ylsuccinic anhydride 95% 
ASA  

Maleic anhydride  

 

3.2. Characterization 

Different techniques have been used in the investigation to monitor the progress of 

the esterification or to know initials characteristics of our raw material. These techniques are 

shown below 
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3.2.1. Concentration measurement 

The concentration of different suspensions could be known putting 2g of cellulose 

suspension in the stove at 60°C for 24h. The wet mass (before dry) is weighed to compare 

with the dry mass obtained after dry. 

3.2.2. Conductimetric Titration 

Is a technique used to find the rate of sulphur; for hydrolysis, is possible to know the 

number of hydroxyls become in sulphates. It will monitor the conductivity during the 

reaction between SO3- ions, and sodium hydroxide NaOH (aqueous medium), in order to 

determine the equivalence point.  

A 0.01 M NaOH is slowly added to the suspension of cellulose (0.1g + 10mL water). 

Changes in the conductivity of the solution will be monitored using a Conductivity Probe 

“Meter LAB CDM210”. The unit of conductivity used in this experiment is the 

microsiemens/cm, or μS/cm. The way to calculate the sulphur ratio is possible to see in the 

annex 1. 

3.2.3. Dynamic light scattering 

Dynamic light scattering is a technique that can be used to determine the size 

distribution profile of small particles in suspension or polymers in solution. DLS experiments 

were carried out with a “Malvern Nano ZS” instrument. The intensity size distribution was 

obtained from the analysis of the correlation function using the multiple narrow mode 

algorithm of the Malvern DTS software. In this case the DLS machine was also used to take 

the information of the potential difference between the dispersion medium and the 

stationary layer of fluid attached to the dispersed particle. The significance of zeta potential 

is that it is value can be related to the stability of colloidal dispersions. The zeta potential 

indicates the degree of repulsion between adjacent, similarly charged particles in a 

dispersion (view annex 2).  

 

Size measure 

- Sample preparation 

The concentrations of the samples which are tested have to be 0.1% w/w. Solutions are 

placed in the respective cells for analysis. 

http://en.wiktionary.org/wiki/particle
http://en.wikipedia.org/wiki/Suspension_%28chemistry%29
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Solution
http://en.wikipedia.org/wiki/Dispersion_medium
http://en.wikipedia.org/wiki/Dispersed_particle
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Zeta potential 

- Sample preparation 

The concentrations of the samples which are tested have to be 0.1% w/w – 50% PBS 

(phosphate buffered saline). Solutions are placed in the respective cells for analysis. 

3.2.4. Suspensions visual observation and birefringence test 

Is a visual evaluation linked to the particle size of cellulose suspension. Different 

samples of modified cellulose were prepared, 1% w/w in toluene, and the evaluation 

parameters are, dispersability, birefringence (using crossed polarizes) and size. Dispersability 

could classify in three categories: No disperse, disperse but cloudy and perfect dispersion, by 

visual observation; birefringence could be classify in these categories: No birefringence, Low 

birefringence, high birefringence and permanent birefringence; and the size is measure by 

DLS. 

3.2.5. Karl Fischer 

Karl Fischer titration is a classic titration method that uses coulometric or volumetric 

titration to determine trace amounts of water in a sample. If traces of water remaining in 

the suspension, it will react with the cellulose forming an undesired product.  

The main compartment of the titration cell contains the anode solution plus the 

analyte. The anode solution consists of an alcohol (ROH), a base (B), SO2 and I2. The test 

consists in place 0.1 ml of the sample to analyze in an injection; the sample is injected in the 

“684 Karl Fischer Coulometer – Metrohm” which, after 5 minutes, shows the result of the 

amount of water contained in the solvent. 

3.2.6. Infra red spectrosocpy 

This technique is based on the absorption of infrared radiation by the material 

analysis. The detection of vibrations of typical chemical bonds allows determining the 

chemical functions present in the material. 

Infrared spectra were recorded on an infrared spectrometer Fourier transform type 

“Perkin Elmer 1720X” by transmitting through KBr pill. 1mg of sample to be studied is mixed 

intimately with 100mg of KBr in a mortar until obtaining a fine powder. A tablet of this 

mixture is then prepared using a hydraulic press and then placed on a collimator. Spectra are 

recorded realizing eight acquisitions between 400 and 4000cm-1 

http://en.wikipedia.org/wiki/Titration
http://en.wikipedia.org/wiki/Coulometry
http://en.wikipedia.org/wiki/Volume
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Sulfur_dioxide
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3.2.7. Substitution degree from garvimetry 

 The degree of substitution DS is used to evaluate the progress of the esterification 

reaction. This corresponds to a degree of grafting by repeat unit of the cellulose. It is 

between 0 and 3, since the esterification can be achieved at the level of the three 

hydroxyl functions of carbons 2, 3 and 6. 

 A first characterization is performed by weighing of the aerogel before and after 

grafting. 

• Dsfinal(g) 

 The DSg is characteristic of the grafting step, it is calculated from the final mass of 

grafted MFC after purification. 

 We set G, the experimental weight gain. This is defined by an increase in mass during 

esterification relative to the initial mass in MFC. 

 

 

With : G  weight gain. 

  mi  mass of MFC before esterification. 

  mf  mass of MFC after esterification. 

 
 
 

and,         

 
 

With : MC molar mass of the repeating unit of the cellulose is 162 g / mol. 

  MAC molecular weight of reactant. 

  MHCl the molar mass of residue. 
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 Also determined by weighing the other two indicators, that measure the progress of 

the evaporation step (DSevap) and transport (DSbrut) 

• DS évap 

  The evaporation DS gives us an idea of the amount of the reactant evaporated. It is 

characteristic of the evaporation step. 

 

      

 

With :  miAC initial mass corresponding to the number of equivalents of the reactant. 

  mfAC final mass of reactant, after reaction. 

 

• DS brut  

 Is the DS before soxhlet purification, it is calculated from the gross weight of grafted 

MFC before purification. It is characteristic of the transport state of the reagent. 
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4. RESULTS 

 

4.1. Nanocellulose preparation 

The microfibrils and the whiskers obtained by homogenization and hydrolysis 

respectively, exhibit different characteristics in terms of concentration, particle size, surface 

charge, among others. In this part of the chapter, will be shown the values obtained for both 

types of nanocellulose preparation. 

4.1.1. Gaulin 

To carry out the homogenization of the paper pulp was necessary vary the pressure 

and time duration of this treatment, two different groups of microfibril were used in the 

research, both conducted under the conditions detailed in the previous chapter; the 

difference is in the amount of water added to performance the homogenization. Using these 

conditions, the pulp that had initially becomes a fairly viscous suspension whose 

concentration is shown below in Table 1. 

 
Table 1. Microfibril (MFC) concentration 

Sample Dry mass (%) 

FS-microf1 1,6 

FS-microf2 1,5 

 

Is noteworthy that through this material is possible to obtain an open microfibril 

powders to be used to make the modifications. 

4.1.2.  Hydrolysis 

Different hydrolysis was carried out during the investigation, the conditions and the 

results obtained are displayed bellow in Table 2. 
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Table 2: Conditions and results of hydrolysis 

Group 

Material Acid Dry Mass Titration DLS 

Type* 
Mass 

(g) 
Vol.  

(mL) 
Temp. 

(°C) 
Time 
(min) 

Concent. 
(%) 

Yield 
(%) 

Vol.Eq. 
(mL) 

Ts  
(%) 

Size P. 
(d.nm) 

Zpot. 
(mV) 

I CL 60 840 60   30 2,50 83 1,1510 0,37 -- -- 
II CL 60 840 60   30 2,00 67 1,1720 0,38 -- -- 
IV CL 60 840 60   30 2,62 87 1,7161 0,52 186,9 -31,6 
V CL 60 840 60   30 2,40 86 1,8824 0,60 146,6 -33,0 
VI CL 60 840 60   30 2,23 80 2,2813 0,72 138,7 -39,6 

III PP 30 84 50   45 3,50 70 -- -- -- -- 
*CL = Cotton Linters  /  PP = Pulp Paper 

 

In the left part of the table, is possible to observe the conditions of the hydrolysis, the 

same conditions for the groups I, II, IV, V and VI, in the group III vary the temperature, time 

of the process and the row material. 

For the groups I, II, IV,V and VI the concentration ranges are between 2 and 3% with 

high values of yield. Noting the results for the titration, the groups I and II present low sulfur 

ratio percentage in contrast with the groups IV, V and VI where those values are 0.52%, 

0.60% and a,72% respectively. There is no clear reason to explain this behavior, because all 

manipulations were performed in the same way, under the same conditions with the same 

equipment. Observing these values, we would leave out the groups I and II, low Ts values 

allow us to say that the hydrolysis has not been all good in these groups. 

The results obtained for DLS are summarized in the table 2, the size for the groups IV 

– 186.9 d.nm- for the group V – 146.6 – and for the group VI – 138,7 - represent a good 

value; maybe a little bit big for group IV. There is no reason to explain this difference, 

perhaps the explanation can be found in the preparation of samples or a small variation 

during the test. The values of the surface charge of the whiskers expressed through the 

value of Z potential are good in the three cases; much better in group VI with -39,6mV.  

As we can see, for group III, no characterization results are presented (just dry mass). 

This is due to the jellification of this product. In the hydrolysis, different things happen. 

When the pulp is added, the medium becomes more viscous than normal, it is difficult to 

agitate and it takes an intense white color. The hydrolysis product is darker than in the other 

cases, but in texture, is quite similar. The product obtained after purification is a white gel, 
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which makes us ignore this batch of whiskers because a process optimization is needed to 

use it, that is not suitable in our case. 

4.2. Liquid phase modification 

Esterification of surface cellulose nano crystals by liquid phase is a new technique 

which not enough data are available. At the beginning it should be do a solvent exchange, in 

this case we use DMF, an auxiliary base is required into the system, a catalyst is also 

necessary and obviously the reactant. The technique to performance the solvent exchange, 

the time of reaction, the temperature, the water and the amount of reactives are the 

parameters that affect the results shown in this part of the chapter. 

4.2.1. Solvent exchange 

With the product of the hydrolysis was possible to carry out the solvent exchange in 

order to solubilize the cellulose whiskers and to take off the water; if it has water during the 

reaction, the reactant reacts with the water instead of reacting with the cellulose. Different 

techniques were tested and the results are displaying in the table 3. Freeze drying, solvent 

exchange by centrifugation and rotative evaporation are the techniques used, in each of 

these is varied the ways to neutralize. We neutralized once with NaOH, once with TBAOH 

and have a group without making any neutralization. In this table is also possible observe the 

nomenclature and the characterization methods used, like %water in the solvent, visual 

observation – dispersability and the size measured by DLS. The hydrolysis group used in this 

case was the group IV. 
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         Table 3: Parameter used for the solvent exchange, results for each method. 

Nomenclature Neutralization Method Solvent    %Water Dispersability Size peak 
1A NaOH Freeze drying Water    -- ++* 101 
2A TBAOH Freeze drying Water    -- ++ 92 
3A -- Freeze drying Water    -- - 311 

1B NaOH Freeze drying DFM 2,8 - 672 
2B TBAOH Freeze drying DFM 10,9 + 758 
3B -- Freeze drying DFM 7,4 - 371 

1IS NaOH Solv.Exch. DFM 1,6 - 117 
2IS TBAOH Solv.Exch. DFM 0,7 ++ 164 
3IS -- Solv.Exch. DFM 2,9 + 169 

1EVA NaOH Water evap DFM 15,5 - 784 
2EVA TBAOH Water evap DFM 9,0 ++ 117 
3EVA -- Water evap DFM 10,7 ++ 125 

           *- Non uniform dispersability / + Uniform dispersability / ++ Uniform dispersability and clearly 
 

As we can see, the results for group A, water redispersion after freeze drying, present 

good values in size and for visual observation when the suspension is previously neutralized.  

However, the sizes do not correspond with those of the initial suspension. On the other 

hand, can be observed for this group when neutralization is not performed does not occur a 

good dispersion and sizes are quite large. 

When the redispersion is in DMF different things are possible to say. When we look 

at the results for group B, we realize that there is no good dispersability in any experiments, 

1B – 2B or 3B, and quite large size in all of these. There is no explanation for what happened 

with the group 2B, where despite its large size it reaches a certain degree of dispersability. 

In the two cases left, solvent exchange by centrifugation (IS) and water evaporation 

(EVA) the results are better, good size and dispersability has been achieved in both. For the 

IS group, sizes obtained are quite acceptable and some degree of dispersibility is achieved 

when neutralized with TBAOH and with the solution without neutralization. When looking at 

the results for the group that was neutralized with NaOH (1IS) surprisingly, the sample has a 

small size but there is not dispersed as the others in this group. 

For the last group (EVA), the dispersibility and sizes are quite good in cases where it is 

neutralized with TBAOH and when neutralization is not performed. When performing the 

neutralization with NaOH, as occurs with the group 1IS, no dispersion occurs, but in this case 

the size is quite large, confirming that something strange happens in the group 1IS.  
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Redispersion and size, are not the only parameters to consider when choosing the 

technique to solvent exchange. When the results for the %water in the solvent (measured by 

Karl Fischer Coulometer) are observed, the group with less values is the “IS”, the other 

groups presents high quantities of water. The water remains after solvent exchange was 

treated to remove with a molecular sieve, but not significant variations were observed for 

measurements. Other treatments to remove water were performed; such is the case of 

addition of different anhydrides to the suspension (acetic and (2-dodecen-1-yl)succinic 

anhydride), results can be seen on Table 4. 

 
 

Table 4: Water content in DMF, 2IS suspension before after anhydride treatment   
 

Suspension Anhydride Neq. Water (%) 
DMF - - 0.45 
2IS - - 0.70 
2IS Acetic 3 0,80 
2IS Acetic 6 1,00 
2IS Succinic 3 3,70 
2IS Succinic 6 2,00 

 

As can be seen in all cases, the percentage of water increases when the anhydride is 

added. There is no information about why this happens but this treatment does not yield 

good results, however, increased the percentage of water, and this is not good for the 

esterification process.  

4.2.2. Grafting 

The method chosen for the solvent exchange was the “2IS”, this method exhibit good 

size and good dispersability when it is redispersed in DMF and low values of water in solvent. 

Once made the change of solvent, the esterification can be carried out, different conditions, 

parameters and results were tested. 

The results for the esterification of cellulose nano crystals can be divided in two 

parts, which can be differentiated observing the Table 5 presented below. 
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Table 5: Conditions and results of esterification 

 Conditions Results 

Group 
Temp. 

(°C) 
Time  
(h) 

CNC 1%  
(g) 

Reag. 
(Neq) 

Pyrid. 
(Neq) 

DMAP 
(Neq) 

Water  
(Neq) DSg Dispersability* Biref. 

IV.1 24 24 0,26 2,9 2,0 0,5 6,3 -0,24 Solid particle/ - No 
IV.2 24 24 0,10 9,6 2,0 0,6 6,3 2,42 + Yes 
IV.3 90 24 0,10 9,6 2,0 0,6 6,3 0,03 + Yes 
IV.4 24 96 0,10 9,6 2,0 0,6 6,3 4,85 + Low 
IV.5 90 24 0,10 2,9 2,0 1,3 6,3 -0,21 Solid particle/ - No 

IV.6 90 24 0,10 9,6 9,8 1,3 6,3 1,88 - Low 

IV.7 90 96 0,10 9,6 9,8 1,3 6,3 0,74 - Yes 
IV.8 90 24 0,10 15,3 15,7 1,3 6,3 2,99 Swell/ - Yes 

*- Non uniform dispersability / + Uniform dispersability / ++ Uniform dispersability and clearly 

 

In the first part of the table (IV.1 – IV.5), is possible to observe five modifications 

protocols. In the groups where the reagent equivalent is low, IV.1 and IV.5, there is a weight 

loss and therefore a negative DSg. Trying to redisperse the dry product, in neither of the two 

cases achieves redispersed, and have no birefringence. Changes in temperature produce no 

significant effect on these two cases. If we realize, one of the reasons that explain this 

behaviour is that the Neq. reagent is less than Neq. of water present in the medium.  

When the amount of reagent is increased, exceeding the amount of water, shows 

that in all cases (IV.2 IV.3 IV.4) there are mass gain, with a positive DSg. In all three cases, the 

dry product sample were redispersed and birefringence. In these cases, the increase in 

temperature results in decrease in weight gain, while greater exposure to esterification 

conditions (time = 96 hours) increase significantly the final mass. It is important to note that 

the values of DSg may not be entirely accurate. This measurement may be compromised by 

poor purification of the product or by mass loss occurs during this. 

In order to have more clear what was happening in these modifications with regard 

to the appearance or absence of an esterification links, infrared spectra were performed for 

each of these samples and are shown below. 
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Fig. 4.1: FTIR of modifications protocols 2.3 and 4 

 
It can be seen that these spectres have big differences with the reference one in the 

ranges of 1700 and 2900 cm-1. The appearance of peaks around 1700cm-1 and increasing 

the size of which had close to 2900cm-1 are the most significant changes. It is important to 

note that the peaks around 1700cm-1 are different. In the modifications IV.2 and IV.4 are 

multiple peaks while in the modification IV.3 there is just one. 

Back to Table 5, we can see the changes made to the last three modifications. The 

increase in the amount of pyridine (equimolar way with the amount of reagent), and 

increased the amount of reagent are the main changes required in this part of the 

modications. The temperature was fixed at 90°C. In all three cases there are mass gain, and 

consequently increase in the DS. Birefringence is achieved in all three cases but not a good 

dispersion. The main change observed varying the time of reaction is the decline in the DS; 

while increases in the amount of reagent lead a significant increase in DS, reaching values 

close to 3. Is important to highlight that the product of the modification IV.6 was quite 

difficult to purify; after centrifugation, was not possible to obtain well defined sediment. In 

these last three modifications, at the end of the reaction appears a sticky paste on the side 

of the reactor. 

For these modifications, FTIR was made to monitoring the progress of the 

esterification. 
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Fig. 4.2: FTIR of modifications protocols 6 . 7 and 8 

Two things can be observed in these spectra. Signals appear around 1700cm-1 and 

the decrease of the signal around 3300cm-1. In the modification IV.6, the peak around 

1700cm-1 is multiple, in the other two cases there is just one peak at 1750cm-1. 

 Liquid phase is not an easy method to perform the esterification, there are many 

things to take care; the solvent exchange and the purification steps introduced many 

variations which harm the end result 
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4.3.  Gas phase modification 

 
In this chapter will present the results obtained for the modifications of CNC open 

aerogel, CMF open and close Aerogel; trying to understand the gas phase esterification with 

different reactants, in the beginning, was performed an esterification protocol with CMF 

open aerogels and then extrapolated to other powders. 

4.3.1. Aerogel preparation 

 Three different powders were made. Two microfibril cellulose, high and low specific 

surface(SS), and one cellulose nanocristal. The DS maximum that they will reach are 

shown bellow.  

 

Table 6: Characteristics of different powders 

  MFC LowSS MFC highSS CNC highSS 

Ssp 20 140 210 

DSsurface 0,02 0,11 0,17 

 

4.3.2. Aerogel grafting Process parameters for new reagents 

Find the conditions for precise gas phase modification is not an easy task. Small 

changes in temperature, pressure or reaction time can make big changes in indicators of the 

reaction. The evaporation, condensation and the final mass are key indicators used to 

monitor the reaction. The DSevap would indicate the amount of reagent that has 

evaporated, the DSbrutt give us the amount condensed and DSg will provide an idea of the 

mass gained. 

Different reactants were used during the investigation. The results obtained for these 

reactants under different conditions are shown below. 

In the Table 7 is possible to observe the changes in the indicators by changing the 

temperature, pressure or the amount of Decanoyl chloride. The microfibril used in this case 

was FS-microf1. 
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 Table 7: Procces parameters for Decacoyl chloride 

Sample Reagent Neq T (°C) P (mbar) DS evap DS brut DSg 

FS_MF_1 C10OCl 5,13 150 100 4,8 1,59 1,01 
FS_MF_2 C10OCl 5,00 100 100 4,3 0,53 0,10 
FS_MF_3 C10OCl 3,00 150 100 2,9 0,75 0,52 
FS_MF_4 C10O2Cl2 10,00 150 100 9,1 1,50 0,15 

 

Varying the conditions of esterification with Decanoyl chloride, allows us to move in 

DSG values that indicate different degrees of material surface esterification. If we work with 

high temperature (150 °C) and 5Eq, is possible to achieve a high DSg = 1.01. Decreasing the 

temperature (100 °C) there is an abrupt reduction of the DSG, reaching values of 0.1. 

Whereas if it decreases the number of equivalents of the material to 3eq (working with T = 

150 ° C) is reached an intermediate value between the values of DSg previously obtained. 

Decreasing the temperature of the process brings a considerable decrease of the DSG, this 

being less pronounced when lowering the amount of reagent used. 

By using the difunctional reagent, Sebacoyl chloride, shows that as in previous cases 

this reagent is evaporated well (high DSevap) and is very well condensed (high DSbrutt) but 

the DSg is quite low, less than 10 times using Decanoyl chloride 

Looking at Table 8, we find different conditions to work with anhydride reactant (2-

Dodecen-1-ylsuccinic anhydride)- ASA. 

 

 Table 8: Procces parameters for ASA 

Sample Reagent Neq T (°C) P (mbar) DS evap DS brut DSg 

FS_MF_5 ASA 5,00 150 50 0,5 0,05 0,02 

FS_MF_9 ASA 5,02 150 10 1,3 0,25 0,06 

FS_MF_10 ASA 5,20 150 1 4,9 2,81 0,08 

 

As we can see, if we work with high temperatures (150 °C) and pressure around 

50mbar, the reagent does not evaporate well, showing a Dsevap = 0.5 therefore what we 

will condense will be little quantity, DSbrut = 0.05. With these values is not possible to 

expect a high DSg, in this case only reached a value of 0.02. By lowering the pressure, there 

are big changes. The DSevap and DSbrut increase considerably, reaching values of 4.9 and 

2.81 respectively, when working with pressure = 1 mbar. Despite sufficient amount of 

reagent condensing and evaporating, it is noted that DSg remains fairly low = 0.08. 
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With other anhydride (Anhydride Maleic) was performed the same evaluation of 

conditions. In table 9 are summarized pressures, temperatures and amount of reagents 

tested. 

 

 Table 9: Procces parameters for Maleic Anhydride 

Sample Reagent Neq T (°C) P (mbar) DS evap DS brut DSg 

FS_MF_11 anhid maleic 5,14 150 100 5,1 0,12 0,03 

FS_MF_17 anhid maleic 10,00 100 50 9,9 0,19 -0,13 

FS_MF_18 anhid maleic 10,01 50 50 6,8 0,03 -0,20 

FS_Wh_7 anhid maleic 50 150 50 21,3 3,67 -0,07 

 

 In this case, varying the parameters is not possible to reach a good value in DSg that 

indicate that the cellulose is modified. At the beginning the problem was the condensation, 

we reached high evaporation values, but was not possible to condensate the product. At the 

end we found the conditions to condensate the reactant, but as we note in the sample 

FS_Wh_7 the DSg remains as the previous cases.  

As we can see in the spectra infra red bellow, the signal indicating the esterification, 

around 1750cm-1 appears in all 3 spectra. 
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Fig. 4.3: FTIR of Gas phase esterification results for mono and difunctional reactants 

 

The most intense signal is the spectrum corresponding to the monofunctional 

reagent. In other cases, the signal also appears, indicating that the modification has occurred 

but is less intense. These spectra confirm the gravimetry results. 
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As we can see in the figure4.4 bellow, the signal indicating the esterification, around 

1750cm-1 appears in both spectra. 
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Fig. 4.4: FTIR of Gas phase esterification results ASA reactants 

Moreover, if we remember the table 9, showing gravimetric results, tells us not to 

have found optimal conditions for the Maleic anhydride modified our material, however, to 

make the spectrum of any of these powders a signal appear between 1130cm -1 and 

1150cm-1. 
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Fig. 4.5: Gas phase esterification results for Maleic Anhydride reactant 

The signal is unclear and wide, which does not ensure that the esterification is carried 

out. 
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4.3.3. Reactivity toward grafting according to aerogel characteristics 

 
• Mono-di functional reactant 

 
Having cleared the parameters of the process, what remains is to compare the effect 

of reagents on these powders. Moreover, the nature of the powder will give us an idea if the 

reaction is stopped at the surface or continues to the heart; is for this reason that has been 

used close powders and open powders. The specific surface and the available surface for the 

modification are shown bellow for each powder. 

Is remarkable the low value of DS surface in a close powder (low specific surface), 

much lower comparing with an open powder (high specific surface) 

Evaluating the reagent type, we realize that mono and di-functional behaviors are 

obviously different. With a mono-functional reactant can reach DSG higher than 0.5, 

whereas with a difunctional not exceeded 0.15.  

When working with open powders, the DSg with a mono-functional reagent is 0.52, 

while for the difunctional reagent is 0.15. For the close powder the DSg for mono-functional 

reactant is higher (0.70) and the DSg for difunctional is very low – 0.01. The result of the 

whiskers (difunctional reactant) are similar than an open powder with a DSg of 0.21. 
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Fig. 4.6: Gas phase esterification results for mono and difunctional reactants 

 

 

• ASA – Maleic 
 
Evaluating the behavior of this reagent with the different powders find that in this 

case, under any condition it not achieves DSg higher than 0.08. As we can see in the 
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figure4.7 bellow, the maximum value of DSg is the 0.08 for open powder, and the minimum 

is for the close powder 0.01. Whiskers present an intermediate value of DSg - 0.04 
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Fig. 4.7: Gas phase esterification results for ASA reactant 

 

Despite the low value of DSG in these cases, the signal indicating the esterification 

still appears, that if, with a quite low intensity. This reconfirms the results obtained by mass 

measurement. 

4.3.4. C16 grafting onto whiskers to compare with model liquid protocol 

This reagent had previously been studied by D. OUHAB, her work was based on set 

conditions for the modification process of microfibrils. What we present in table 10 below is 

the extrapolation of results to work with whiskers. 

 
 Table 10: Process parameters for Palmitoyl Chloride  

Sample Reagent t (hr) Neq T (°C) P (mbar) DS evap DS brut DSg 

FS_Wh_3 C16OCl 2 0,50 150 50 0,5 0,09 0,05 

FS_Wh_4 C16OCl 2 5,00 150 50 2,8 0,85 0,70 

FS_Wh_5 C16OCl 6 10,01 150 50 7,7 3,12 1,99 

 

 

It can be seen that values ranging from 0.05 DSg, it achieved by working with 0.5eq 

reagent and 2 hours of reaction, up to DSg of 1.99 working with 10eq of reagent and 6 hours 

of reaction. Working with the 5eq of reagent and 2 hours of reaction, an intermediate point 

is reached, with a value of 0.70 DSg. 
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In the figure shown below, you can see the three infra-red spectra of the 

modifications made on whiskers with the reagent C16. 
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Fig. 4.8: Gas phase esterification results for palmitoyl chloride  reactant 

 

The infrared confirm what was found by gravimetry. The modification of the material 

occurs and the intensities of the signals representing the degree of esterification. In all three 

cases the signal is quite clear, of low intensity which has a DSg 0.05, medium intensity for 

which has a DSg 0.7 and the highest intensity for which has a DSg 1.99. 
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4.4. Redispersion in toluene 
 

In the table 11 bellow, there are the results of redispersion the modified material in 

Toluene (1%). A test of birefringence and the size particle measure by DLS was the 

parameters to evaluate.  

 

Table 11: Results for redispersion test 

    C16 - 1 C16 - 2 C16 - 3 C10 Dif. ASA 

Gas phase Hydro. Ratio(d.nm) 4340 416.5 372.0 xx 4590 

 Birefringency No/Cloudy ++ No Gel/No No 

Liquid phase Hydro. Ratio(d.nm) 207.3 146.3 110.9 / / 

  Birefringency ++  No No  / / 
 
 

Just in two cases is possible to achieve birefrigency. Looking at the results for the 

reagent C16, it present birefrigency just with a medium value of esterification by gas phase 

and with low value of esterification by liquid phase, in other case and with the others 

reactants, no birefrigency is achieved. For palmitoyl chloride, the hydrodynamic ratio 

decrease with the degree of substitution. For ASA, the size is too big and for difunctional 

reactant was not possible to do the test. 
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5. DISCUSSION 

 

5.1. Nano cellulose preparation 
 

The preparation of microfibril and whiskers of cellulose were made by different ways. 

The homogenization and the hydrolysis not always have the same behavior. In the case of 

microfibril there is no reason to explain how difficult it was to find the conditions for a good 

product. In the other hand after five hydrolysis of cotton and two hydrolysis of wood, there 

is no reason to explain different values in the characterization parameters of cotton 

whiskers, however, at the end, good values in these parameters are achieved (group VI); the 

wood hydrolysis is an special case, it should find a way to purify the strange product 

obtained after dialysis. 

5.2. Liquid phase modification 
 

One of the main problems to perform this modification is the solvent exchange. 

Despite different techniques were tested, just one adjusting to the requirements. However, 

2IS had good dispersability, good particle size, but it has a little quantity of water witch 

represent a problem at the moment of perform the modification. The residual water reacts 

with the reagent, forming an unwanted product and doing then necessary to add larger 

amounts of reagent to counteract this residual water. That explain why our first modification 

in liquid phase (IV.1 and IV.5) doesn’t work. In the other cases, where the equivalent of 

reagent exceed the equivalents of water something happened.[15-17] 

Moreover, it is also important to level the equivalents of pyridine to the equivalents 

of reagent. When this happens it is possible to obtain good values of DSg in all cases. From 

the results we can say that the right temperature to accomplish this type of modification is 

90 ° C and the time can change between 24 and 96hours. 

The infrared spectra represent a good information to follow the scope of reaction. In 

these cases the sing around 1740cm-1 is not very clear, and in some cases two peaks appear.  

Is important to note that the purification of the product is not an easy task in this case, the 

different sign maybe corresponding a residual products created during the modification.[2,11] 
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5.3. Gas phase modification 
 

In this type of modification, the different powders played an important role in 

understanding the mode of action of reagents. Knowing the surface area available to modify 

each of them is possible to know whether the reaction that occurs is only superficial or goes 

to the heart of the crystal. Ds surface of the open microfibril is 0.11 and in close microfibril is 

0.02. [2,3] 

The product of monofunctional reactant reach DSg values of 0.52 (open powder) and 

0.70 (close powder), clearly indicating that not just the surface are modified, apparently the 

reaction continue to the hearth. In the other hand, the product of the difunctional reactant 

reach DSg of 0.15 and 0.01 for an open and close powder respectively; in this case, the 

nature of the reagent allow to stop the reaction in the surface of the crystal. Observing the 

results for whiskers, the DSg value for difunctional reactant is 0.21, just a little higher than it 

DS surface = 0.17; in these case is possible to say that the reaction occur just in the surface.    

To work with anhydrides could be a friendly way to perform this reaction. The results 

for ASA reactant are quite similar to the difunctional reactant studied before, even better. In 

this case all values of DSg are a little bit lower than the maximum possible (DS surface) to 

modify just the surface. The nature of ASA reactant allows to stop the reaction before the 

crystal is permeated. In the other hand, the conditions to work with Maleic anhydride should 

be improved; a good evaporation and condensation was achieved, but not good changes in 

mass were obtained. Is well known that the measure of DSg is not exact, but the infrared 

spectrum also doesn’t show any important change, just a small wide sign which can be 

associated to a bad purification or a very poor modification. 

In the case of the well known palmitoyl chloride, the conditions for low, medium and 

high DSG working with Whiskers are tabulated [10]. The behavior of the whiskers is similar to 

the microfibrils shown in previous works, allowing then to extrapolate these results without 

any inconvenience. 
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6. CONCLUSIONS 
 

In this work, we want to find the ways to modify cellulose nanocristal with diferents 

reactants. The ways to esterificate the cellulose were two, gas phase and liquid phase 

esterication. The reactants were, the well known palmitoyl chloride, decanoyl chloride, 

sebacoyl chloride, 2-Dodecen-1-ylsuccinic anhydride (ASA) and maleic anhydride. 

 

At the end of the investigation is possible to say that the modification of cellulose can 

be carried out with different reactants by using different process. Liquid phase modification 

represents one of this; the results allow knowing the process conditions to perform that kind 

of modification. Maybe is the most complicated, in this case we have to be careful with a 

large number of parameters, in each of them can make small mistakes that lead to an 

unfavorable outcome. Is not easy to control de advance of the reaction, is necessary to 

develop more works in perform a good process parameters to know very well the nature of 

the reaction. 

 

Gas phase modification allowed working with different reactants. Was possible to 

find two that just modify the surface of the crystal, and one of them is environmentally 

friendly. This behavior depends of it nature, is necessary to develop more works to known 

the mechanism of action of these reactants 

 

Is possible to achieve dispersion and birefringence in toluene of some modified 

products. The destruction of the crystal could explain the absence of birefringence in some 

samples. Whiskers that could be redisperse are expected to be useful in direct mixing with 

synthetic resins to form nanocomposites with improved dispersion and adhesion with 

matrices. 
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ANNEXES 
 
 
Annex  1  Conductimetric titration 

 

 Conductivity can determine the level of sulfur in suspension cellulose. We used a 

CDM210 conductivity and electrode types CDM 614T. A quantity of suspension of known 

concentration is introduced into a tube. Titration is carried out using a solution of NaOH 0.01 

M. The suspension is stirred during the assay. At equivalence, we have: 

 

Veq ´Csoude = ncellulose ´ ds 

 

 Where Veq is the equivalent volume of sodium hydroxide (known), Csoude the 

concentration (known), ncellulose the number of moles of glucose residues and the degree of 

substitution DS, the number of sulfur atoms per glucose unit. However, we know that: 

 

ncellulose = m cellulose / M moy 

 

 Where mcellulose is the dry mass of nanocrystals which is dosed and Mmoy, the average 

molecular weight of a glucose residue substituted. This is given by the following relationship: 

 

M moy = (1- d s )´162 + 242d s  

 where 162 g.mol-1 and 242 g.mol-1 respectively are the molecular weights of a 

glucose unit and a single unit sulfated. In this way it is possible to get an idea of the level of 

sulfides in the surface of the cellulose. 
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Annex 2 Zeta potential values 

 

 

 This table shows the characteristic values of a test which measures the Z potential. 

through these values is possible to know if the colloid is stable. 

 

Zeta potential [mV] Stability behavior of the colloid 

from 0 to ±5 Rapid coagulation or flocculation 

from ±10 to ±30 Incipient instability 

from ±30 to ±40 Moderate stability 

from ±40 to ±60 Good stability 

more than ±61 Excellent stability 
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