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Resumen 

 La celulosa es el polímero más abundante en el planeta, y como 

tal, es ampliamente usado. Entre sus usos más comunes se encuentran la 

producción de cartón y papel hechos a partir de pulpa de celulosa. Sin 

embargo, existe una producción menor pero importante de derivados de 

celulosa obtenidos a partir de la producción de pulpas de disolución 

(dissolving pulps), es decir, pulpas con alto contenido de celulosa. En el 

caso de las pulpas para papel y cartón, el proceso más común el proceso 

Kraft, junto con otros procesos minoritarios. Por el contrario, el proceso de 

sulfito ácido es el principal método usado en la producción de pulpas de 

disolución. Debido a la derivatización aplicada a las pulpas, el proceso 

Kraft normal no es apropiado para la producción de pulpa de disolución, y 

por lo tanto el proceso es modificado, añadiéndose una hidrólisis previa, 

resultando el proceso Kraft con Prehidrólisis (PHK, su sigla en inglés). La 

reactividad de la celulosa es usualmente uno de los parámetros más 

importantes para determinar la calidad de pulpas de disolución. Es uno de 

los principales datos considerados en la producción de derivados de la 

celulosa, como viscosa o acetato de celulosa, y también un parámetro 

fundamental en la producción de bioetanol. La reactividad es un concepto 

relacionado con la accesibilidad de los grupos hidroxilo en proceso de 

conversión determinado. Por ejemplo, la reactividad de la pulpa de 

celulosa respecto al proceso de formación de viscosa se determina por el 

método de Fock o el método del valor de filtro de viscosa. Sin embargo, 
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estos métodos llevan mucho tiempo y no están claramente relacionados. 

Entre los productos de derivatización de la celulosa, el acetato de celulosa 

es uno de los más importantes. Por lo tanto, diversas aplicaciones del 

acetato de celulosa son de importancia industrial y nuevas aplicaciones 

son desarrolladas continuamente. De esta forma, la producción industrial 

y el mecanismo de acetilación son considerados. 

 En este estudio, la reactividad de muestras de pulpa de celulosa se 

determinó mediante la cinética de acetilación, mientras que la 

accesibilidad se estudió mediante 31P-NMR, aunque en este último 

estudio los resultados no fueron satisfactorios. Para el desarrollo del 

método de acetilación, se usaron pulpas de diferentes orígenes: dos 

pulpas de disolución de Eucalyptus, una producida por proceso del sulfito 

ácido y la otra mediante el Kraft con Prehidrólisis; una pulpa de disolución 

de madera blanda hecha con el proceso de sulfito ácido; dos pulpas para 

papel, una de madera dura hecha con el proceso Kraft y la otra de 

madera blanda hecha con el proceso de sulfito ácido; y por último, una 

pulpa de disolución de madera blanda, cuyo proceso era desconocido. El 

estudio de la cinética de acetilación implicó la reacción de celulosa con 

anhídrido acético catalizada con ácido sulfúrico a una temperatura 

determinada. El grado de sustitución (DS) se determinó mediante HPLC y 

luego mediante la técnica FT-IR. La Distribución de la Masa Molar y 

composición de carbohidratos también se analizaron y se correlacionaron 

con la velocidad de reacción. En conclusión, el método de acetilación 
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demostró ser adecuado para determinar la reactividad de muestras de 

pulpas de forma reproducible. Los resultados revelaron una clara 

diferencia entre la reactividad de las pulpas. 

 Se realizó una presentación oral de los resultados obtenidos para 

las pulpas de Eucalyptus en el Sexto Coloquio Internacional en Pulpa de 

Eucalyptus (Bonfiglio & Sixta, 2013).   
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importance and new applications are developed continuously. The 

industrial production and the mechanism of acetylation are reviewed.  

In this study, the reactivity of cellulose samples was determined by 

the kinetics of acetylation, and the accessibility was studied by 31P-NMR, 

although in this latter study the results were unsatisfactory. For the 

development of the acetylation method, pulps from different origins were 

used:  two Eucalyptus dissolving pulps, one produced by the Acid Sulfite 

(AS) process and the other by the pre-hydrolysis Kraft (PHK) process; a 

softwood acid sulfite dissolving pulp; two paper pulps, one hardwood Kraft 

pulp and the other softwood acid sulfite pulp; and finally, a softwood 

dissolving pulp, from an unidentified process. The study of the acetylation 

kinetics involved the reaction of cellulose with acetic anhydride catalyzed 

by sulfuric acid at a defined temperature. The degree of substitution (DS) 

was determined by HPLC and separately by the FT-IR technique. Molar 

Mass Distribution and Carbohydrate composition of the pulps were also 

analyzed and correlated to the speed of reaction. In conclusion, the 

acetylation method proved to be adequate to determine the reactivity of 

pulp samples in a reproducible manner. The results revealed a clear 

difference in the reactivity of the pulps. 

The Eucalyptus pulps results and discussion were orally presented 

in the 6th International Colloqium on Eucalyptus Pulp (Bonfiglio & Sixta, 

2013).  
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Figure 2. Inter- and intramolecular bonds in cellulose (Baptista et al., 
2013) 

 

2.1.2 Reactivity 
 

Pulp reactivity is the key parameter for the dissolving pulp 

production because it determines the efficiency of the conversion 

processes and the quality of the resulting products, such as cellulose 

derivatives or regenerated cellulose fibers. This parameter is related to the 

accessibility of chemicals to cellulose. However, the first problem that 

arises when discussing the reactivity of cellulose is that there is no 

universal method for the characterization of pulp reactivity. Usually, pulp 

reactivity is specifically determined based on its respective chemical 

conversion reaction (Klemm et al., 1998, Sixta, 2006). 

A complete functionalization of all the hydroxyl groups of cellulose 

is a hard task, and the majority of the cellulose derivatives produced in the 
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industry consists of partially modified cellulose with a significant number of 

free hydroxyl groups. The extent of the reaction is described by the degree 

of substitution (DS), which indicates the average number of hydroxyl 

groups modified per AHG. Therefore, a 0 DS means non-substituted 

cellulose, and the maximum DS is 3, where the possible places of 

substitution are the hydroxyls placed at C-2, C-3 and C-6 of the AHG. 

As with the normal polymer reactions, the reactions of cellulose 

may be classified as homogeneous reactions - where cellulose is 

dissolved - or heterogeneous reactions - where cellulose is in a solid and 

more or less swollen state. With a suitable preparation of the cellulose 

sample, and adjusting the reaction medium and external conditions, the 

heterogeneous reactions can behave as quasi-homogeneous bulk 

reactions. (Klemm et al., 1998).  

Regarding the homogeneous reaction of cellulose, its dissolution is 

a prerequisite; it can be made by means of a nonderivatizing solvent (as 

N,N- dimethylacetamide/LiCl), a derivatizing medium, or by the dissolution 

of a cellulose derivative in an adequate solvent. Although the reactivity of 

the hydroxyl groups depends on the conditions of the reaction, it can be 

assumed that the OH at C-3 has the poorest reactivity, with the C6-OH 

being the most reactive and C2-OH being variable. (Klemm et al., 1998) 

(Ramos et al., 2011) (Marson & El Seoud, 1999) 
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reaction. Similarly, acetylation rates were estimated by following the 

increase in the temperature of the reaction, as in the work of Yang et al. 

(2008).  Also, Wollboldt (2011), studied the acetylation kinetics of different 

pulps after optimizing the experimental conditions, in particular how to 

finish the reaction. Unfortunately, lack of reproducibility in the results was 

found. 

An important input in the determination of the kinetics is the 

determination of the Degree of Substitution in the resulting cellulose 

acetate. Elemental or functional group analyses are usually employed to 

determine the DS (Klemm et al., 1998) (Vaca-Garcia et al., 2001). The 

typical volumetric method, called the Eberstadt method, involves the 

addition of NaOH to produce the alkaline hydrolysis and then a back-

titration of the excess with HCl (Subcommittee on Acyl Analysis, Division 

of Cellulose Chemistry Committee on Standards and Methods of Testing, 

1952) (Murray et al., 1931). The most extended spectroscopic technique 

to determine the DS is the H-NMR in CDCl3 (Buchanan et al., 1987) (Luo 

et al., 2013) (Satgé et al., 2002). A comparative technique used, where 

calibration takes place first, is the FT-IR (Sassi & Chanzy, 1995) 

(Hurtubise, 1962). Samples of known DS are related to the disappearance 

of the OH signal, creating a calibration curve. The HPLC is used not only 

as a technique to determine the acetyl functional group, but also as a way 

to determine the intermolecular acetyl distribution of cellulose triacetate 

(Asai et al., 2006). In addition, alkaline hydrolysis followed by gas 
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chromatography-mass spectrometry was also studied, and it was found to 

be a fast and reliable method (Freire et al., 2005). 

2.2 Dissolving pulp 
 

2.2.1 Introduction  

A pulp with high cellulose content is called a dissolving grade pulp. 

Until World War II it was produced from purified cotton linters or using the 

acid sulfite process with higher temperature and acidity along with 

prolonged cooking. The aim of this process was to remove the majority of 

the hemicelluloses, which cannot be done by the regular Kraft pulping 

process, where the presence of pentosans in the final product may 

interfere with the chemical conversion of cellulose into viscose, cellulose 

ethers or acetates. However, the abundance and variety of species of 

hardwoods made their use economically attractive. Therefore, the 

prehydrolysis Kraft (PHK) process was developed during World War II in 

Germany; in this process, the prehydrolysis step introduced liberates 

organic acids from the wood, which in turn hydrolyze the hemicellulose to 

produce water-soluble carbohydrates. (Sixta, 2006) (Charles, 1963) 

When the pulp is used for chemical conversion to produce 

regenerated fibers or cellulose derivatives, it is called a dissolving grade 

pulp. It represents around the 2 to 3 % of the total wood pulp production, 

and there has been a remarkable shift in the demand during the last few 

years, as can be observed in the figure 4 (Sixta H. , 2006) (Patrick, 2011). 
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Table 1 Some products and the corresponding process made with the 
dissolving pulp (Strunk, 2012) 

Process 
 

Product 
Segment  

Products    

Etherification 
  

Ethers 
  

Food 
additives 

Binders Glues  

  Pharmacy 
Oil 

drilling   

Nitration   Nitrates   Explosives Lacquers Celluloid   

Acetylation   Acetates   Filament Tow Mouldings Films 

Xanthation 

  

Viscose 

  Filament 
Rayon 
Staple 

Cord and 
Industrial 

yarn 
 

  Cellophane 
films 

Sponge 
products 

Sausage 
casings 

 

Other 
Chemicals 

  
CuO + 
NH4OH 

  Cupra       

  ZnCl2   
Vulcan 
Fiber 

      

  NMMO   
Lyocell / 
Tencell       

  H2SO4   Parchment       

  Resins   
Paper 

laminates 
      

Other 
treatments 

  Mechanical 
+ Grinding 

  MFC, NFC Papers     

  Grinding   MCC       
 

In order to obtain a high quality dissolving grade pulp from softwoods 

and hardwoods, drastic conditions in pulping and bleaching operations 

must be applied, as even small amounts of impurities may affect several 

aspects of the outcome; e.g. residual impurities can affect the filterability of 

viscose. Even so, the complete removal of noncellulosic impurities would 
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be a very expensive and environmentally harmful task, and therefore the 

demands of the cellulose products are satisfied by adjusting the refining 

processes. (Sixta, 2006) 

The main problem of dissolving pulps is to determine their suitability, 

which can be done only by simulating the conversion process to the final 

products. There are several methods for evaluating the pulp quality, and 

analytical methods are continuously developed to provide a rapid and 

reliable assessment of the quality of the dissolving pulp. (Sixta, 2006). 

Usually, the characteristics demanded in dissolving pulp are that it 

should have high brightness, low amount of impurities such as resins, 

waxes and salts, and high alpha cellulose (which in turn helps to avoid the 

spinneret plugging and improves the spinning properties) (Steinmeier, 

2004). Also, hemicelluloses in the dissolving pulp are detrimental to the 

properties of the cellulose acetate. E.g. glucomannans favor the formation 

of cellulose acetate haze, affect the measurement of viscose and 

contribute to poor behavior during filtration. Xylans affect mainly the color, 

and it must be taken into account that all dissolving pulps have higher 

xylan content in the surface layer than in the inner fiber wall. Physical 

properties of the pulp sheet are controlled, too: homogeneity of the fibres, 

density variations and moisture content may affect the activation of the 

cellulose (Steinmeier, 2004, Sixta, 2006). 
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2.2.2.2. Process 

The delignifying medium in the Sulfite Chemical Pulping is bisulfite, 

with common cations being calcium, magnesium, sodium and ammonium. 

The precipitation of calcium sulfite hinders the use of calcium (it can be 

used in the pH 1-2 ranges); this, among other reasons, has restricted the 

use of the acid calcium bisulfite process to a few pulp mills with complete 

by-product recovery. Nowadays, magnesium is the most common base 

used in sulfite pulping. (Sixta, 2006) 

In the acid sulfite cooking, the cooking conditions and the chemical 

composition of the cooking chemicals almost determine the composition of 

the sulfite liquor spent, which in turn has influence on the reactions 

involved. The [H+]·[HSO3
-] affects the degree of delignification and the [H+] 

affects the rate of cellulose hydrolysis. (Sixta, 2006) 

The reactions occurring in the cooking media can be classified in 

four types (Sixta, 2006):  

- sulfonation, which is the basis of the delignification. The lignin is 

transformed into hydrophilic compounds in order to dissolve it in the 

cooking liquor. 

- In the case of carbohydrates, and in particular hemicelluloses, 

hydrolysis is the main reaction, which also occurs in the bonds 

between lignin and carbohydrate. The hydrolysis of galactan under 

acidic conditions is faster than that of xylan, which in turn is faster 
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than the hydrolysis of mannan, with the hydrolysis of cellulose 

being the slowest. In the case of hardwoods the presence of 

glucuronic acid side chains diminishes the rate of hydrolysis of the 

xylans. (Figure 5) 

 
Figure 5. Carbohydrate degradation phenomena during sulfite cooking of 
spruce (from School of Environmental and Forest Sciences, College of the 
Environment, University of Washington) 

On the other hand, the influence of the temperature can be 

observed in the comparison of carbohydrate degradation and 

delignification rate, the former being the most affected one. 

- The third type of reaction is the condensation reactions, as can be 

seen in the Figure 6. 
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Following, the neutralization liquor is displaced from the bottom to the top, 

expelling acid-volatile substances. (Sixta, 2006) 

In a modification of the Visbatch process (VisCBC), the parameters 

of the process are adjusted in order to minimize the variations in 

temperature, pressure and OH ion concentrations. This process avoids 

excessive cellulose degradation and levels the pulp quality, while 

guaranteeing a high delignification rate along with the prevention of the 

xylan reprecipitation. (Sixta, 2006) 

In the prehydrolysis step and in the posterior neutralization, the 

majority of the hemicelluloses are degraded. The ensuing alkaline process 

steps contribute to the solubilization. To ensure the degradation of 

polysaccharides and to prevent a recondensation and precipitation of 

carbohydrates and lignin compounds, a sufficient supply of Effective Alkali 

is required. After the neutralization step, depending on the process, the 

hot displacement or cooking stage may be applied. Cellulose yield loss is 

highest during the neutralization and hot displacement, an effect that may 

be corrected by lowering the temperature level. (Sixta, 2006). 

The conditions during prehydrolysis determine the purity of the 

dissolving pulp. The removal of xylan is dependent of the intensity of the 

prehydrolysis, (soft conditions are enough); also, this dependence reveals 

the presence of at least two types of xylans. However, lowering the xylan 

content below 2 % implies high yield losses and significant reductions in 
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acetate plastics and films unmatched by any other polymer; they also have 

an excellent performance in cigarette smoke filters. (Steinmann, 1998) 

2.3.2 Cellulose acetylation 
 

The industrial acetylation of cellulose is a heterogeneous reaction, 

and therefore it is influenced by the accessibility of the cellulose molecules 

and also by the propensity of the individual cellulose crystallites to 

acetylate. Macro and micro morphology of the cellulose fibers affect the 

course and mechanism of the reaction with a mutual interaction between 

these aspects. The penetration of the reagent and the cleavage of 

hydrogen bonds are the decisive parameters. To facilitate accessibility, the 

fiber bundles are separated into individual fibers by gentle mechanical 

treatment, followed by a thorough impregnation in pure acetic acid. (Sassi 

& Chanzy, 1995) (Klemm et al., 1998) 

The reaction of cellulose to cellulose triacetate may be 

schematically seen in the Figure 8. 

 
Figure 8. Schematic transformation of cellulose to triacetate cellulose with 
acetic anhydride, using sulfuric acid as catalyst 

 

The formation of cellulose sulfate is the first step in the mechanism 

of acetylation with sulfuric acid. In the next step, cellulose is trans-
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esterified from sulfate to acetate in the presence of acetic anhydride. 

Several studies have shown that in the absence of an activating acid, 

there is little or no acetylation (Akim, 1967) (Malm et al., 1946). 

Nevertheless, different studies of the acetylation under atypical conditions 

have been carried out, such as a solvent-free acetylation with acetic 

anhydride using iodine as a catalyst (Li et al., 2009) (Cheng et al., 2010) 

Two mechanisms for acetylation are more or less accepted for the 

acetylation of cellulose with sulfuric acid as catalyst (Steinmeier, 2004) 

(Steinmann, 1998). A first step common to both involves the formation of 

cellulose sulfate 

Cell-OH + H2SO4 + Ac2O          Cell-O-SO2OH + 2 AcOH 

In the first mechanism the sulfate of cellulose sulfate cedes a proton 

to the acetic anhydride, to finally form the cellulose acetate (Figure 9).  

 

 

Figure 9. First mechanism proposed of the acetylation 
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In the second mechanism, a cellulose acetosulfate may be formed 

previously (Figure 10). 

 

 

Figure 10. Second mechanism proposed of the acetylation 

 

Esterification is an equilibrium reaction, meaning that it also 

involves hydrolysis. The presence of water in the system promotes that 

hydrolysis, which in turn is prevented by an excess of acetic anhydride 

(Steinmeier, 2004). 

 

2.3.3 Industrial production 
 

The Acetic Acid Process is the modern industrial process for 

cellulose acetylation manufacturing. A schematic diagram of the cellulose 

acetate process is shown in Figure 11. In this process, the acetylation of 

cellulose is carried out by using acetic anhydride and an acid catalyst. The 

acid catalyst (usually sulfuric acid) is one of the variables of the acetylation 

process, where it can be added in low amounts, as in the Drum or 
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Rhodiaceta process (less than 2% catalyst by weight), in medium 

amounts, 4-8% catalyst, or as in the Dreyfus process, 11-15% catalyst. 

(Steinmeier, 2004; Steinmann, 1998). In the medium and high catalyst 

processes the sulfuric acid acts also as a solvating agent, which enhances 

the solubility in the final (triacetate) stage; nevertheless, these levels affect 

the viscosity of cellulose and cellulose acetate, promoting a faster 

degradation. (Steinmeier, 2004) 

 

Figure 11. Cellulose Acetate process, from Steinmann (1998) 

 

In the acetylation of cellulose, the activation of the cellulose is a 

very important step. The target of the activation is that all cellulose 

hydroxyl groups have a homogeneous accessibility, considering for 

example that cellulose has a non-crystalline and crystalline phases 
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 3.2 Methods 
  

3.2.1 Method development 

Since the introduction of commercial-scale manufacture of cellulose 

acetate in 1905 (Rustemeyer, 2004), several studies on the acetylation 

mechanism and kinetics have been conducted over the years. Quite 

recently, Wollboldt (2011) optimized the precipitation conditions of the 

resulting cellulose acetate based in a procedure developed by Obermaier 

(Obermaier, 2001), which has been adopted. Also, the procedure used to 

obtain full cellulose/catalyst contact has been assured, as described by 

Griskey (1965). Besides, this study confirmed the influence of the 

concentration of the activating acid (Malm et al., 1946) on the acetylation 

rate. Therefore, the percentage of sulfuric acid in the activating acid was 

adjusted so it would be the same in all the samples. Nevertheless, some 

assessments were available in the higher level (0.6% sulfuric acid in the 

activating acid), that are reported in this work to verify the influence of the 

catalyst.  The study also showed that the volume of the aliquot taken from 

the reaction vessel affected the reaction rate, as the ratios of reactants 

could be changed. In this case the amounts of the reactants were 

augmented and the aliquot was reduced to diminish this possible effect. 

Finally, it should be mentioned that in both assessments of DS by 

HPLC and FT-IR, the existence of a degradation of the different Cellulose 

Acetates could have been detrimental to this study, as some 

measurements made some time later yield uneven results; they were not 
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considered in this work. A review made by Puls et al. (2011) enumerates 

various causes for the degradation of cellulose acetates. 

 

3.2.2 Acetylation 

After cutting 7.5 g of the pulp (o.d. weight) into small pieces, a 350 

mL volume of glacial acetic acid was added. Then, the pulp was 

disintegrated by vigorous mechanical stirring. The suspension was 

filtrated; the wet pulp cake was put in a screw-capped Duran bottle and 

glacial acetic acid was added until the weight was 82.5 g (pulp and acetic 

acid). 37.5 mL of the activation acid (0.3 % sulfuric acid in acetic acid) was 

added and shaken for 2 hours. After the activated pulp was taken to a 

target temperature (25 °C or 30 °C) in a temperature-controlled glass 

reaction vessel equipped with a magnetic stirrer, 75 mL of acetic 

anhydride was added to trigger the reaction. Small aliquots were taken at 

specified times and poured into a 100-mL sodium acetate solution (40 g/L) 

to stop the reaction. This mixture was stirred for 30 minutes, filtered and 

washed. Finally, it was dried at 50 °C in a vacuum oven. 

 

 

3.2.3 Determination of the Degree of Substitution by HPLC 

A 40 - 50 mg sample of the previously dried cellulose acetate was 

filled into a screw-capped 10 mL vial. 0.5 mL of 72.2 % sulfuric acid was 
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Table 3. Correspondence between the different terms used (from 
Comprehensive Cellulose Chemistry, Klemm et al, 1998) 

Degree of 
Substitution 

Acetyl 
content (%) 

Combined acetic 
acid (%) 

0 0 0 

0.50 11.7 16.3 

0.75 16.7 23.2 

1.00 21.1 29.4 

1.50 28.7 40.0 

2.00 35.0 48.8 

2.50 40.0 56.2 

3.00 44.8 62.5 

 

 

Figure 12. Relationship between the different terms applied to the degree 
of substitution of cellulose. 
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39 

4. RESULTS AND DISCUSSION 

4.1 Molar Mass Distribution 

 

Figure 13 shows the Molar Mass distributions of the different pulps. 

In favor of greater clarity, the individual results are presented in Figure 14 

to 19, also showing the two different ways of evaluating the Size Exclusion 

Chromatography (SEC) results. In the traditional way, the molar masses 

are expressed as Pullulan equivalents, while in the second way the molar 

masses are expressed as cellulose equivalents. As shown in the 

Experimental Part, an empirical equation was used to transfer the Pullulan 

molar mass equivalents to the cellulose molar mass equivalents. The latter 

were determined by Multi Angle Laser Light Scattering (MALLS) detection. 

Table 4 shows the numerical calculations of the different parameters 

derived from this test, and Table 5 shows the polydispersity. 
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Figure 13. Molar mass distributions of the different pulps studied. SEC-
MALLS has been used to obtain the results 
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Figure 14. Molar Mass Distribution of the Bahia HW-PHK pulp. The red 
curve represents the data obtained with SEC-MALLS, while the blue curve 
is the result relative to Pullulan standards 

 
 

 
Figure 15. Molar Mass Distribution of the Saiccor HW-sulfite pulp. The red 
curve represents the data obtained with SEC-MALLS; the blue curve is the 
result relative to Pullulan standards 
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Figure 16. Molar Mass Distribution of the Domsjö SW-sulfite pulp. The red 
curve represents the data obtained with SEC-MALLS, the blue curve is the 
result relative to Pullulan standards. 

 
 

 
Figure 17. Molar Mass Distribution of the Paskov SW-sulfite paper pulp. 
The red curve represents the data obtained with SEC-MALLS, the blue 
curve is the result relative to Pullulan standards. 
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Figure 18. Molar Mass Distribution of the Botnia HW-Kraft paper pulp. The 
red curve represents the data obtained with SEC-MALLS, the blue curve is 
the result relative to Pullulan standards. 

 

Figure 19. Molar Mass Distribution of the Softwood FE 2035 (without data 
about its process). The red curve represents the data obtained with SEC-
MALLS, the blue curve is the result relative to Pullulan standards. 
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Table 4. Molar Mass Distributions of the pulps (relative MALLS) 

Pulp 
Mn 

(103) 
Mw 

(103) Mz (103) 
Mz+1 
(103) DP50 DP100 DP2000 

Bahia HW-
PHK 91 250 495 830 0,007 0,023 0,246 

Saiccor HW-
sulfite 57 299 763 1365 0,029 0,058 0,292 

Domsjö SW-
sulfite 57 257 650 1206 0,028 0,056 0,246 

Paskov SW-
sulfite paper 79 639 1399 1981 0,023 0,052 0,552 

Botnia HW-
Kraft paper 72 518 1340 2019 0,007 0,041 0,464 

Softwood 
FE2035 45 173 427 698 0,024 0,081 0,149 

 

 

Table 5. Polydispersity calculated as Mw/Mn 

 Polydispersity 
index 

Bahia HW PHK 2.7 

Saiccor HW sulfite 5.2 

Domsjö SW sulfite 4.5 

Paskov SW sulfite paper 8.1 

Botnia HW Kraft paper 7.2 

Softwood FE2035 3.8 
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The MMD of the Botnia Pulp (now Metsä Fiber), which is a Kraft 

paper pulp, shows the typical bimodal character with its minimum between 

the cellulose and hemicellulose content. This will be also represented in 

the carbohydrate composition and in the reactivity as studied.  

 

4.2 Carbohydrate composition of the different pulps studied 

 

 

Table 6. Carbohydrate composition 

Pulp Type Glucose Xylose Mannose 

Bahia HW PHK Hardwood 95.8 2.1 - 

Saiccor HW sulfite Hardwood 92.0 1.4 - 

Domsjö SW sulfite Softwood 97.7 0.4 0.9 

Paskov SW sulfite 
paper 

Softwood 85.2 3.2 5.4 

Botnia HW Kraft 
paper 

Hardwood 74.4 23.5 - 

Softwood FE2035 Softwood 88.6 5.1 3.5 
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The results of the carbohydrate composition of the different pulps 

studied reflect the raw material used and the process involved, as shown 

in Table 6. All the softwood pulps appear to have mannose as sugar 

monomer of their hemicelluloses, an element that is not present in the 

hardwood pulps. It also shows the purification process used to produce a 

dissolving pulp applied to the Bahia, Saiccor and Domsjö pulps, with a 

higher amount of cellulose.  

The Botnia paper pulp has the highest amount of hemicelluloses, 

which explains the previously discussed MMD. Of course, this (the low 

cellulose content) is explained by the fact that this is a paper pulp that 

does not require high cellulose contents. The Paskov pulp was also a 

paper pulp, and therefore its behavior was similar. 

The higher percentage of cellulose in the PHK pulp was expected, 

and it could be suggested that purity may influence reactivity, at least at 

baseline conditions (see the kinetic model discussed next). However, 

although the values for the PHK pulp are reasonable, in the case of the 

Saiccor HW-sulfite pulp the xylan content is questionable. Typical values 

for the sulfite pulps lie around 3-4 % (Christov et al., 2000; Sixta, 2006), 

thus, this result should be revised in future work. 
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4.3 Acetylation kinetics measured by HPLC 

 

4.3.1 PHK and Acid Sulfite Pulps (Bahia and Saiccor) 

 

 

 
Figure 20. OH remaining in the AHG unit vs time of acetylation for the Pre-

Hydrolysis Kraft Pulp at two different temperatures (25 °C and 30 °C) 
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Figure 21.  OH remaining in the AHG unit vs time of acetylation for the 

Saiccor Sulfite Pulp at two different temperatures (25 °C and 30 °C) 

 

Figure 20 and Figure 21 show the reaction profiles for two 

Eucalyptus pulps, the Bahia PHK pulp and the Saiccor sulfite pulp towards 

acetylation for the temperatures tested, i.e., 25 °C and 30 °C. In both 

figures, the lines represent the non-linear curve fit, using Equation 5. Table 

7 presents the kinetic constants calculated for each reaction. As expected, 

the speed of reaction (i.e. the reactivity) for the pulps increases as 

temperature increases. It becomes apparent that the increase in the two 

pulps is of similar order, meaning that the constant at 30 °C is almost twice 
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the constant at 25 °C. A duplication of the rate constants within a 5-degree 

range is consistent with the presence of the catalyst, and hence it is a 

minor indicator of the accuracy of the method. Also logical are the error 

values for the kinetic constants, where the standard errors for the lower 

temperature are lower than the errors at higher temperatures (0.0011 and 

0.0010 min-1 at 25 °C versus 0.0023 for both pulps at 30 °C). This effect 

should be attributed to a more controlled reaction, where similar values 

can be interpreted as indicators of the precision of the method. The values 

of the activation energy shown in Table 7 are only rough estimates, 

because they were calculated on the basis of just two temperature levels; 

the higher values observed in this work compared to those in previous 

studies would be explained by this error (Griskey, 1965) (Luo et al., 2013). 

The effect of the diffusion of the reagents was eliminated by the excess of 

acetic acid and acetic anhydride, and by the sufficient stirring. The high 

rate/temperature dependence may be interpreted as a confirmation of the 

chemically controlled reaction (Levenspiel, 1986) 
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4.3.2 Acid Sulfite Pulp (Domsjö) 

 
Figure 22. OH remaining in the AHG unit vs time of acetylation for the 

Domsjö Sulfite Pulp Pulp at 30 °C 

Figure 22 shows the reactivity profile at 30 ºC for the Domsjö Sulfite 

Pulp, a dissolving pulp that uses spruce as raw material. The value of the 

kinetic constant for this pulp is 0.0499 min-1, in between of the two 

previous pulps studied. An attempt to explain the higher reactivity of this 

pulp compared to the Saiccor sulfite pulp is consistent with one of the 

assumptions: the lower presence of long chains of cellulose of the Domsjö 

pulp makes it more suitable to reaction -not impeded by the shorter 

chains, as in the Saiccor pulp. In the same order are the values of the 

standard error, as expected. In the case of this pulp, the kinetic study by 
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the second model revealed an improvement of the R-square (Table 8, 

0.961 to 0.987). Also according to this model, the Domsjö Sulfite pulp had 

a comparatively higher amount of fast OH (7 %), although their kf is the 

lowest of the three pulps discussed so far. The F-test, which assumes the 

models are nested, gave preference to this second model of acetylation, 

probably directly related to the higher amount of fast OH (the statistical 

comparison is made in the Appendix 3). 

4.3.3 The paper pulps: acid sulfite softwood pulp (Paskov) and Kraft 

hardwood pulp (Botnia)  

Figure 23. OH remaining in the AHG unit vs time of acetylation for the 
Paskov Paper Sulfite Pulp at 30 °C 
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The reaction graph for the Paskov Paper Pulp is shown in Figure 

23. According to the first model shown in Table 7 the speed of the reaction 

at 30 ºC (as the k value) is the lowest of all the sulfite pulps studied. 

Starting with the obvious, this pulp is not intended for dissolving pulp 

specialties and, in the same vein, the higher percentage of hemicelluloses 

and the lower content of cellulose found (Table 6) may be indicating a 

relationship between these two aspects. Consideration of the second 

kinetic model results in a higher R-square that can be seen graphically in 

Figure 23, suggesting that this model provides a better interpretation of the 

reaction path. 

 
Figure 24. OH remaining in the AHG unit vs time of acetylation for the 
Botnia Paper Kraft Pulp at 30 °C- comparing model 1 fitting and model 2 
fitting 
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In the case of the Botnia Paper Pulp, the profile of the reaction is 

plotted in Figure 24. As it can be seen, there is a clear difference in the 

fitting curves when applying model 1 or model 2. The statistical tests 

applied showed a preference for the second model (Table 8 and Appendix 

3) 

The preference of these two paper pulps for the second kinetic 

model might be explained by the higher amount of hemicelluloses, 

although other characteristics of the paper pulps should be studied.  

4.3.4 The unidentified Softwood pulp (The influence of the activation 
acid in the speed of reaction) 

 

Table 9 shows the kinetic parameters according to the first model 

for the acetylation of a softwood pulp (identified as FE2035, with no other 

known characteristics), doubling the percentage of sulfuric acid in the 

activation acid. Figure 25 shows the graphic representation of these 

acetylations. There is a significant change in the speed of the reaction as 

the percentage increases, although the kinetic constant is not the double.  

Table 9. Reactivity of the Softwood FE2035 pulp at 30 °C, model 1 

Pulp Sample 
Percentage of 
Sulfuric in the 

activation acid (%) 
k (min-1) 

Standard error 
(min-1) 

R2 

Softwood 
FE2035 

0.30 0.0610 0.0022 0.972 

0.60 0.0893 0.0029 0.974 
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Figure 25. Acetylation of Softwood FE2035 at 30 ºC with two different 
activation acid concentration. 

 

As Table 10 shows, the kinetic parameters calculated considering 

two different OH groups reflect some characteristics worth noticing. First of 

all, it shows a better adjustment (R-square) compared to model 1, 

although the statistics tests applied still gave a preference to the first 

model. Nevertheless, there is evidence of a higher amount of fast OH 

calculated as the percentage of sulfuric acid increases, an aspect 

consistent with what is expected in the reaction and supportive of the 

model. However, the fast OH groups at 0.60 % sulfuric acid in the 
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Figure 28. Polydispersity vs kinetic constant. 

A similar trend can be seen when the percentage of the degree of 

polymerization analyzed is higher than 2000, as in Figure 29. It could be 

suggested that the short chain material reacts faster, making it more 

difficult for the long molecules to react with the acetic anhydride. 

Nevertheless, explaining the various reactivities solely by the aspects 

studied in this work will not be entirely satisfactory. Several aspects can be 

affecting the reactivity of the pulps, including hornification and the 

ultrastructure of cellulose. 

A similar comparison can be made with the percentage of cellulose, 

with the important caveat that these results were not entirely trustable.  

Figure 30 shows a comparable behavior, making it difficult to draw 

conclusions. In four of the six pulps, the higher the content of cellulose, the 

faster the reaction. In the rest of the pulps, it is just the opposite. 
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Figure 29. Fraction of cellulose with a Degree of Polymerization higher 
than 2000 vs the kinetic constant 

 

 

Figure 30. Impact of the cellulose content on the kinetic constant 
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and the peak at 1750 cm-1 that represents the C=O stretching. As a result 

of the acetylation, this latter peak should be increasing, and so should the 

ratio of the peaks. However and unfortunately, it is not a smooth transition, 

which in turn affects the calibration, as discussed above. Another aspect 

that affects calibration can be deduced from Figure 31, where the smaller 

DSs have a small C=O/O-H ratio range, and the higher DSs have a 

greater range: big changes in the DS may not be clearly differentiated in 

the ratio, and the opposite also applies: big ratio changes are not 

consistent with changes in the DS. 

 
Figure 32- FT-IR of the different cellulose acetates obtained. 

  



66 

4.5.2 Kinetics of acetylation using the FT-IR calibration 

 

 

Table 11 shows a calculation of the kinetic parameters of 

acetylation of the pulps using the FT-IR calibration. Although the precision 

of the parameters is not as good as using the DS determined by HPLC, it 

must be pointed out that the FT-IR allowed more points to be studied in 

each curve. Moreover, some curves that were not available by the HPLC 

technique became available with the FT-IR technique. These new curves 

are the acetylation of the pulps Botnia and Domsjö at 25 ºC and the 

acetylation of the Paskov pulp at 30 ºC using 0.60 % of sulfuric acid in the 

activating acid. In the case of Botnia and Domsjö, the new kinetic values 

are logical and consistent with the previous data obtained for other pulps, 

since there is a decrease of the speed of reaction. Moreover, the 

reductions for both pulps are in the same order to the previously discussed 

pulps. Also logical is the kinetic value of the Paskov with 0.60 % of sulfuric 

acid, with a high kinetic constant similar to the case of the Softwood 

FE2035, mentioned above. 
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Table 11. Kinetic parameters of the pulps using the FT-IR calibration 

Pulp Sample 
Temperature 
of acetylation 

(°C) 
k (min-1) 

Standard 
error (min-1) 

R2 

Bahia HW-
PHK pulp 

25 0.0286 0.0024 0.849 

30 0.0591 0.0025 0.861 

Saiccor HW-
sulfite pulp 

25 0.0201 0.0020 0.823 

30 0.0415 0.0021 0.881 

Domsjô SW-
sulfite pulp 

25 0.0363 a 0.0038 a 0.783 a 

30 0.0441 0.0031 0.919 

Botnia HW-
Kraft paper 

pulp 

25 0.0241 a 0.0025 a 0.780 a 

30 0.0375 0.0059 0.857 

Paskov SW-
sulfite paper 

pulp 

30 b 0.0901 b 0.0082 b 0.890 b 

30 0.0394 0.0036 0.884 

Softwood 
FE2035 

30 b 0.0798 b 0.0062 b 0.837 b 

30 0.0348 0.0030 0.788 

a. These kinetic values were not determined by HPLC.  

b. The percentage of sulfuric acid in the activation acid was 0.6%. All the 
other determinations had 0.3% sulfuric acid. 

 

4.5.3 Comparison of the FT-IR and HPLC kinetic constants 

Figure 33 shows the comparison of the kinetic constants as 

assessed by the two different methods. It can be seen that most of the 

constants determined by HPLC have a good correspondence with the 

constants determined by FT-IR.  
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Moreover, it can be seen that the error made with the FT-IR method 

is generally higher than the error made with the HPLC determination of the 

DS. Nevertheless, in some determinations the lower precision of the FT-IR 

method is compensated by the higher amount of points available to build a 

curve.  

However, there is a clear outlier identified as the Softwood FE2035 

using 0.3% of sulfuric acid in the activation acid. In this point, the kinetic 

constant determined by the FT-IR method is significantly lower than the 

one determined by HPLC.                           .
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5. CONCLUSIONS 
 

The kinetic method to determine the reactivity of cellulose towards 

acetylation gave reliable results mainly depending on the technique used 

to determine the degree of substitution (DS) for the acetyl groups on 

cellulose. The FT-IR technique can be used for the determination of the 

DS.  

However, as implemented, the FT-IR technique was not suitable for 

the determination of kinetic parameters. Yet, it can be used for the fast 

and rough estimation of the reactivity. 

It was also found that the OH groups within the anhydroglucose 

(AHG) unit react almost uniformly. However, in some cases, there was an 

indication that a given fraction of the OH groups react far faster than the 

others.  While the proportion of these groups is low, the amount and the 

velocity of reaction increased significantly with elevated temperature.  

Within the pulps studied, no clear correlation between the viscose 

value and the velocity of reaction towards acetylation was identified. 

Similar trend was observed for the cellulose content. Nevertheless, lower 

polydispersity and lower content of chains with a high degree of 

polymerization seemed to yield faster acetylation rates.  
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6. FUTURE WORK 

 After having proved that the acetylation method is reliable, it could 

be improved if some aspects of the experimental part were upgraded. In 

particular, if the method for taking the aliquots from the reaction vessel 

could be mechanized, the determinations of cellulose might become more 

accurate. The temperature could be better controlled and the time points 

could be more accurately determined. 

 The carbohydrate composition should be re-studied and improved. 

An intensive study of the hemicelluloses content of the different pulps is 

another aspect that can contribute to the better understanding of the 

different relationships.  

 Besides the obvious fact that more pulps can be used to confirm or 

dismiss some of the comparisons studied, tests such as viscose, 

yellowness and other tests used to characterize dissolving pulps should be 

useful as well. 
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Reactivity Calculations 

The amount of reactive hydroxyls was calculated based on the 

theoretical value of 18.5 mmol of hydroxyl groups present per gram of 

AHG. 

Results and discussion 

All the spectra obtained by 31P-NMR are like those seen in Figure 

35, which is the spectrum obtained from one of the samples.    

 

Figure 35. Typical quantitative 31P-NMR spectrum of remaining 
phosphitylation reagent 

   

H2O adduct of 
phophitylating 

reagent 

(ppm) 
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Even assuming that the response at 30 minutes is correct (since it is the 

point where both trials of Bahia pulp obtain similar results), and 

considering a wrong correction due to unidentified issues (but making the 

same wrong correction in all cases, i.e. with a systematic error), there is no 

correlation between these results and those previously obtained by 

acetylation, as seen in Figure 37. 

 

Figure 37. Correlation between the acetylation constant and the reactive 
hydroxyls as determined 

 

The reasons behind this unexpected behavior are unclear. 

Discarding gross mistakes, and assuming the theoretical correctness, the 

problems might be searched at the moment of following the reaction, i.e. 

practical aspects of the method. E.g., something about the preparation of 

cellulose, as the grinding or the time involved in the measurements can be 

held responsible. Otherwise, the adducts formed in the reaction vessel 
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might be solubilized and mask the real amount of cellulose reactive. 

Anyhow, this method should be revised and some corrections would 

probably be made. On the speculation side, maybe changing the actual 

object of study, i.e. studying the phosphitylated cellulose itself could be a 

solution. 
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APPENDIX 2- Determination of structural carbohydrates 
and lignin in biomass 
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APPENDIX 3- Modelling comparison (one group of OH vs two 
groups) 
  

Bahia pulp- 30 ºC 
 

 

  



89 

Bahia Pulp- 25 ºC 
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Saiccor pulp- 25 ºC 
 

 

  






























