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ABSTRACT 
 

Since lignocellulosic materials are potential precursors for bio-energy resources, it 

would be interesting to develop technologies to capture the energy and use it in the 

transportation sector as fuels. The sugar contained in the lignocellulosic materials can 

be liberated by hydrolysis and subsequently used by microorganisms. This project aims 

to find a method to separate cellulose and poplar biomass into monomeric glucose upon 

complete hydrolysis. Therefore, three different methods have been studied; mechano-

catalysis using different types of mills and kaolinite as catalyst, hydrolysis with ionic 

liquids, studying the feasibility of the reactants [C4mim
+
][I

-
] and [C4mim

+
][PF6

-
] and 

acid hydrolysis, using HCl in different concentrations and temperatures in order to 

optimize the process. In all the cases a pretreatment has been performed and the TLC 

method has been applied as verification of the processes. The three methods have been 

compared and a correlation method between the TLC spot and product concentration 

has been developed. 

RESUMEN 

 
Los materiales lignocelulósicos son potenciales precursores de recursos bioenergéticos, 

por lo que sería interesante desarrollar tecnologías capaces de capturar su energía y 

utilizarla en el sector del transporte como combustibles. El azúcar contenido en los 

materiales lignocelulósicos puede ser liberado por medio de la hidrólisis y usado 

después por microorganismos. El objetivo del proyecto es encontrar un método de 

separación de la celulosa y la biomasa de chopo en monómeros de glucosa por medio de 

la hidrólisis. Para ello se han estudiado tres métodos de hidrólisis: la mecano-catálisis, 

utilizando diferentes tipos de molinos y caolinita como catalizador, la hidrólisis con 

líquidos iónicos, estudiando la viabilidad de los reactivos [C4mim
+
][I

-
] y  

[C4mim
+
][PF6-], y la hidrólisis ácida, usando HCl en concentraciones y temperaturas 

distintas para optimizar el proceso. En todos los casos se ha llevado a cabo un 

pretratamiento y se ha aplicado el método de TLC como verificación del proceso. Los 

tres métodos se han comparado y se ha desarrollado un método de correlación entre la 

mancha de TLC y la concentración del producto. 
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1. PURPOSE AND SCOPE 
 

The aim of this project is to find a method to separate cellulose and poplar biomass into 

monomeric glucose upon complete hydrolysis. For this purpose, three different methods 

have been used, mechano-catalysis, hydrolysis with ionic liquids and acid hydrolysis. In 

all cases a physical pretreatment has been performed. For the first method, the 

mechano-catalysis, kaolinite has been used as catalyst as well as different types of mills. 

The hydrolysis with ionic liquids allows to reduce the acid concentration and also to 

carry out the reaction under atmospheric pressure. The acid hydrolysis was carried out 

in order to optimize the process, changing different variables such as acid concentration 

and temperature These methods has been compared and a method to correlate “Thin 

Layer Chromatography” (TLC) spot area and product concentration has been created. 

Lignocellulosic materials are potential materials for bio-energy resources like biofuels. 

Such biofuels can be obtained at low cost from various resources, which contain sugars 

polymerized in form of cellulose and hemicellulose, that can be liberated by hydrolysis 

and subsequently used by microorganisms to produce ethanol (via fermentation), fatty 

acid ethyl esters (biodiesel), free fatty acids, or hydrocarbons. These microorganisms 

can also be genetically modified to improve the yield in all these products. 

In contrast with energy produced from fossil resources, bioenergy from lignocellulosic 

biomass is sustainable in the long term. Therefore, it would be interesting to develop 

realistic and scalable technologies that are able to capture the energy in lignocellulosic 

biomass and use it in the transportation sector as fuels. 
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2. INTRODUCTION 

 

Lignocellulosic materials are potential materials for bio-energy resources like biofuels. 

Lignocellulosic biomass, in the form of agricultural, herbaceous, and woody residues 

and energy crops, promises to provide a sufficient sustainable resource to address global 

energy demands and reduce dependence on petroleum-based liquid fuels (Wyman, 

2007). They can be obtained at low cost from various resources, that contain sugars 

polymerized in form of cellulose and hemicellulose, which can be liberated by 

hydrolysis and subsequently fermented to ethanol by microorganisms (Millati et al., 

2002).  

This transportation sector currently consumes approximately two-thirds of the world’s 

petroleum production (Lynd et al., 2008). In order to reduce the dependency from the 

fossil fuels, it would be interesting to develop technologies to capture the energy in 

lignocellulosic biomass. 

2.1 SUMMARY OF THIS PROJECT AND ITS GOALS 

 

This project is part of a line of investigation of Dr. Laureano Canoira’s research group, 

from the School of Mines and Energy (Technical University of Madrid), whose global 

goal is obtain energy (biofuels) through lignocellulosic materials (see Figure 1). This 

project focuses on the pretreatment and the hydrolysis of the lignocellulose, as well as 

on the analytical methods to measure the obtained mono and disaccharide sugars. 

The aim of this project is to hydrolyze cellulose and lignocellulose in order to obtain 

monosaccharide sugars, such as glucose. Those sugars may be used as feedstock for 

bacteria that will perform reactions to obtain ethanol, fatty acid ethyl esters (FAEEs), 

free fatty acids and hydrocarbons (Bokinsky et al., 2011).The lignocellulose hydrolyzed 

should be pruning remainders or come from other biological wastes that can be used for 

this purpose. The idea is to create a process as much environmental friendly as possible, 

using bio-resources that are not normally reused in order to reduce the environmental 

impact. This approach provides an economical route to production of advanced biofuels, 

using biomass digestion capabilities. 
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Figure 1 summarizes the goals of the mentioned research group, as well the processes 

carried out in this project and its goals: to hydrolyze lignocellulosic materials to produce 

mono and disaccharide sugars and to obtain energy through microorganisms that would 

use as feedstock the sugars obtained. 

 

Figure 1: General schema of research group's line of investigation 

2.2 PRECURSORS AND FEEDSTOCK 

 

The scheme presented in Figure 2 represents the precursors containing biomass that 

could be used in a biorefinery. It can be observed that glucose can be obtained from 

numerous precursors, due to the high presence of carbohydrates in biomass. Precursors 

such as wood, cereals and grass are presented in the scheme as a possible source of 

lignocellulose, and consequently, of glucose. 
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SOURCE: Kamm et al., 2004  

Figure 2: Scheme for precursors containing biomass 

 

A general scheme of a lignocellulosic biorefinery, with the products of each process, is 

represented in the following Figure 3. 

 

SOURCE: Kamm et al., 2006 

Figure 3: General scheme of a lignocellulosic biorefinery 

The potential of lignocellulosic materials worldwide is complicated to quantify, 

therefore only the biomass with non-industrial origin in Spain is presented in Table 1. 
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Also, the average cost of each type has been calculated. Depending on the production 

and on market prices of the original biomass, the production would be lower or higher. 

Table 1: Non-industrial total biomass potential growth 

Origin 
Biomass 
(t/year) 

Biomass 
(tep/year) 

Average cost 
(€/t) 

Existing forest biomass 

Rests of wood 
exploitation 

2 984 243 636 273 26.59 

Use of the whole 
tree 

15 731 116 3 414 158 43.16 

Agricultural remainders 
Herbaceous 14 434 566 

6 392 631 19.98 
Woody 16 118 20 

Susceptible to implementation herbaceous 
biomass in agricultural areas 

17 717 868 3 593 148 45.62 

Susceptible to implementation woody biomass in 
farming areas 

6 598 861 1 468 173 34.73 

Susceptible to implementation woody biomass in 
forest areas 

15 072 320 1 782 467 42.14 

Total biomass potential in Spain 88 677 193 17 286 851   

 

SOURCE: PER (Renewable Energies Plan) 2011-2020, IDEA (Institute for Energy Diversification 

and Saving), Industry, Tourism and Trade Ministry, Spanish Government 

 

2.3 COMPOSITION OF LIGNOCELLULOSE 

 

Lignocellulosic materials contain cellulose and hemicellulose, lignin, extractives and 

ashes. It is structurally durable and resistant to microbial or enzymatic disruption. 

Cellulose and hemicellulose are carbohydrate polymers and they are often described as 

“holocellulose”, referred to the total carbohydrate contained in a plant (Morohoshi, 

1991).  

Cellulose is the most abundant renewable carbon source. It is an unbranched linear 

polymer, whose length is determined by the number of glucan units in the polymer, 

referred to as the degree of polymerization. This polymerization degree depends on the 

type of plants and is typically estimated to be from 2000 to 27000 glucan units 

(Morohoshi, 1991). The tight hydrogen-bonding network and van der Waals 

interactions greatly stabilize cellulose, making it notoriously resistant to hydrolysis 

(Jarvis, 2003). 
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Cellulose gives rise to monomeric glucose upon complete hydrolysis with various 

processes catalyzed by mineral acids or enzymes (Zhang & Lynd, 2004), therefore, it is 

the most interesting compound of lignocellulose and the one that will be processed in 

this project.  

Hemicellulose belongs to a group of heterogeneous polysaccharides. The amount of 

hemicellulose is usually between 11 % and 37 % of the lignocellulosic dry weight. 

There are relatively easy hydrolyzed by acids to their monomer components consisting 

in xylose, mannose, glucose, galactose, arabinose and small amounts of rhamnose, 

glucuronic acid, methyl glucuronic acid and galacturonic acid (Morohoshi, 1991). The 

structures of these compounds are showed in Figure 4. 

 

SOURCE: Kamm et al., 2006 

Figure 4: Carbohydrates in lignocelluloses 

 

Lignin is a very complex molecule constructed of phenylpropane units linked in a three-

dimensional structure (Palmqvist & Hahn-Hägerdal, 2000). It could be a potential 

renewable source of aromatic compounds if a viable and economic method of extracting 

and depolymerizing could be developed. Lignin is extremely resistant to chemical and 
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enzymatic degradation, so its presence within lignocellulose is a major barrier to its 

hydrolysis. Therefore, the value of lignocellulosic materials decreases with the 

increasing amount of lignin in it. The presence of lignin within lignocellulose is also a 

major barrier to enzymatic hydrolysis of cellulose (Tan, 2009). 

Extractives refer to wood compounds that are soluble in water or neutral organic 

solvents. They represent a minor fraction (1-5 %) of lignocellulose. They can be 

classified in four groups: (a) terpenoids and steroids, (b) fats and waxes, (c) phenolic 

constituents and (d) inorganic components (Taherzadeh et al., 2000). 

The composition of different hardwoods, softwoods and agricultural residues differs in 

the amount of the carbohydrate polymers and lignin (Taherzadeh & Karimi, 2007).  

Hardwood refers to angiosperm trees, which are mostly deciduous in temperate and 

boreal latitudes and evergreen in tropics and subtropics. They have a more complex 

structure than softwoods and the main feature that distinguishes both is the presence of 

pores or vessels in hardwoods. A vessel is the water conducting tissue of hardwoods; 

they form an efficient system for transporting water from the root to the leaves of the 

plant. They tend to be expensive than softwoods, which refer to gymnosperm trees such 

as conifers. 

According to the compilation of lignocellulose compositions reported in several papers, 

hardwoods such as white birch, aspen, red maple and oak contain 39-54 % cellulose, 

14-37 % hemicellulose, and 17-30 % lignin. In softwoods, such as pines and firs, the 

composition is as follows: 32-47 % cellulose, 19-27 % hemicellulose, and 5-24 % lignin 

(Taherzadeh & Karimi, 2007). Because of its higher content in cellulose, hardwood 

would be more appropriate for the purpose of this project.  

In the first of the following tables (Table 2), the content of cellulose, hemicellulose and 

lignin in lignocellulosic materials is showed. Different materials, such as hardwood 

stems, paper, wheat straw, swine waste and switch grass are studied. All these materials 

have different origins. 

In the second one (Table 3), composition of several feedstocks in milligram/gram is 

exposed, considering the content of cellulose, starch, xylan, arabinan, lignin, ash and 

protein in the selected lignocellulosic materials. 
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Table 2: The contents of cellulose, hemicellulose, and lignin in common agricultural residues and 

wastes 

Lignocellulosic materials Cellulose (%) Hemicellulose (%) Lignin (%) 

Hardwoods stems 40-55 25-40 18-25 

Sotwoods stems 45-50 25-35 25-35 

Nut shells 25-30 25-30 30-40 

Corn cobs 45 35 15 

Grasses 25-40 35-50 oct-30 

Paper 85-99 0 0-15 

Wheat straw 30 50 15 

Sorted refuse 60 20 20 

Leaves 15-20 80-85 0 

Cotton seed hairs 80-95 5-20 0 

Newspaper 40-55 25-40 18-30 

Waste papers from chemical pulps 60-70 10-20 5-10 

Primary wastewater solids 15 NA 24-29 

Swine waste 6 28 NA 

Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7 

Coastal Bermuda grass 25 35.7 6.4 

Switch grass 45 32.4 12 

 

SOURCE: Sun et al. 2002 

 

Table 3: Feedstock composition (mg/g total solids) 

Feedstock Cellulose Starch Xylan Arabinan Lignin Ash Protein 

Barley straw 406 20 161 28 168 82 64 

Wheat straw 455 9 165 25 204 83 64 

Wheat chaff 391 14 200 36 160 121 33 

Switch grass 399 3 184 38 183 48 54 

Corn stover 408 3 128 35 127 60 81 

Maple wood 500 4 150 5 276 6 6 

Pine wood 648 1 33 14 320 0 2 

 

SOURCE: Kamm et al., 2006 
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2.4 METHODS OF PROCESSING LIGNOCELLULOSE 

 

A variety of processes can be applied to convert lignocellulosic materials to valuable 

fuels and chemicals (Lange, 2007), such as: 

- Pyrolysis 

- Gasification 

- Hydrolysis 

- Fermentation of sugars 

 

The pyrolysis produces char, which has high energy content. That makes it a valuable 

fuel for industrial and consumer applications. A variety of pyrolysis processes have 

been reported, all of them regarding three criteria: (1) a high temperature to enable 

cracking and decomposition reactions; (2) a large heat supply to drive them; and (3) a 

short residence time to minimize the condensation of volatile products. 

The gasification processes can be carried out in different reactors and with different 

conversion loops to convert the synthesis gas to methanol and alkanes.  

The hydrolysis process will be further discussed in this project. It includes several 

methods, which have their own variables and efficiencies.  

The fermentation of sugars is based in the conversion of glucose via acid media to 

ethanol. Modern processes are based on diluted acid concentration at higher temperature 

to make the process more efficient and cheaper. Also, the combination of several 

methods such as hydrolysis and fermentation is being studied (Lange, 2007). 
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3. HYDROLYSIS OF CELLULOSE 
 

3.1 INTRODUCTION 

 

The hydrolysis usually means the cleavage of chemical bonds by the addition of water. 

In this project, it refers to the conversion of carbohydrate polymers in the 

lignocellulosic materials into simple sugars. Complete hydrolysis of cellulose results in 

glucose.  

In order to fractionate biomass into useful chemicals, three processes have to be 

considered. The first one involves extracting lignin, usually at high temperature and 

pressure, leaving a cellulose-rich pulp. The second one involves mass depolymerisation 

of the lignocellulose structure via even more severe conditions or the use of mineral 

acids at elevated temperatures to liberate sugars for fermentation. The third and last 

process is the dissolution of cellulose, for example, using ionic liquids (Tan, 2009). 

From the main compounds of lignocellulosic materials, “holocellulose” can be 

converted to ethanol, while lignin remains as a by-product. The aim of this project is to 

compare the different methods of the hydrolysis of cellulose, and hemicellulose would 

not be considered.  

In Figure 5, the conversion reactions of both cellulose and hemicellulose are exposed. 

 

SOURCE: Taherzadeh et al., 2007 

Figure 5: Conversion reactions of cellulose and hemicellulose 

 

The factors that have been identified to affect the hydrolysis of cellulose include 

porosity (accessible surface area) of the waste materials, cellulose fiber crystallinity and 

lignin and hemicellulose content. The presence of lignin and hemicellulose makes the 

access of cellulose enzymes to cellulose difficult, thus reducing the efficiency of the 

hydrolysis (McMillan, 1994). 
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3. 2. KINETIC MODEL 

 

The hydrolysis reaction of cellulose is modeled by the following two consecutive first-

order reactions:  

 

where k1 is the rate constant for cellulose hydrolysis and k2 is the one for glucose 

degradation (Zhao & Kent, 2008). 

This equation has been applied to most of the kinetic studies and found to give 

reasonable levels of agreement with experimental data. The conditions employed to 

initiate and quench hydrolysis vary widely, and so do the reaction parameters, like the 

activation energy and the acid exponent (Lee et al., 1999). However, the activation 

energy is greater for the hydrolysis than the decomposition reaction.  

High reaction temperatures favor the hydrolysis more than the decomposition. 

Furthermore, the yield of glucose increases with the reaction temperature, so that in 

practice the highest possible temperature should be applied. This temperature is 

restricted only by factors such as pressure and the ability to control the short reaction 

time (Lee et al., 1999). 

3.3 PRETREATMENT METHODS 

 

Pretreatment of lignocellulosic materials to remove lignin and hemicellulose can 

significantly enhance the hydrolysis of cellulose. It also has the purpose to reduce 

cellulose crystallinity and to increase the porosity of the materials (Sun & Cheng, 2002). 

Pretreatment must meet the following requirements (Sun & Cheng, 2002): 

1. Improve the formation of sugars or the ability to form sugars by hydrolysis 

2. Avoid the degradation or loss of carbohydrate 

3. Avoid the formation of byproducts inhibitory to the subsequent hydrolysis 

process 

4. Be cost-effective  
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The pretreatment methods can be classified into: 

- Physical pretreatment 

- Physico-chemical pretreatment 

- Chemical pretreatment 

- Biological pretreatment 

They usually include heat, acid, and/or chemicals, usually in aqueous based reactions 

(Nguyen et al., 2015). 

 3.3.1 PHYSICAL PRETREATMENT 

 

Mechanical comminution and pyrolysis are considered physical pretreatments. In the 

first one, waste materials are comminuted through chipping, grinding and milling to 

reduce cellulose crystallinity, while in the second the materials are treated at 

temperatures greater than 300 ºC to produce gaseous products and residual char after the 

decomposition of cellulose (Sun & Cheng, 2002). 

Milling can improve susceptibility to other types of hydrolysis by reducing the size of 

the materials, and degree of crystallinity of lignocelluloses (Taherzadeh & Karimi, 

2008). 

Mechanical comminution as pretreatment has been used in this project to increase the 

reaction surface of the material. The method and results will be further discussed. 

3.3.2 PHYSICO-CHEMICAL PRETREATMENT 

 

Under physico-chemical pretreatments, steam explosion (autohydrolysis), ammonia 

fiber explosion (AFEX), and CO2 explosion are included. The three processes are 

carried out under high-pressure conditions and produce different yields.  

The steam explosion normally includes the addition of sulfuric acid (H2SO4) to improve 

the later hydrolysis, decrease the production of inhibitory compounds, and achieve a 

complete removal of hemicellulose. It requires low energy consumption but generates 

degradation products (Sun & Cheng, 2002). 
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In the ammonia fiber explosion, lignocellulosic materials are exposed to liquid 

ammonia at high temperature and pressure and after a period of time, pressure is quickly 

reduced. This method is not very effective for the biomass with high lignin content and 

does not significantly solubilize hemicellulose compared to the previously exposed 

pretreatment method (Sun & Cheng, 2002). 

The CO2 explosion is more cost-effective than ammonia explosion and does not 

generate degradation products, but the yields are low compared to the previous 

methods. 

3.3.3 CHEMICAL PRETREATMENT 

 

The methods considered chemical pretreatments are ozonolysis, acid hydrolysis, 

alkaline hydrolysis, oxidative delignification and organosolv process. The most used 

because of its effectiveness is the acid hydrolysis. Ozonolysis is an expensive process 

and alkaline hydrolysis is more effective with low lignin content.  

In the acid hydrolysis, concentrated acids such as H2SO4 and hydrochloric acid (HCl) 

have been reported to be powerful agents. Normally, it is necessary to achieve high 

temperatures, but recently developed processes use less severe conditions achieving 

appreciable conversion yields (Sun & Cheng, 2002). 

3.3.4 BIOLOGICAL PRETREATMENT 

 

Biological pretreatments use microorganisms such as brown-, white- and soft-rot fungi 

to degrade lignin and hemicellulose in waste materials. The first one mainly attacks 

cellulose, while the other two attack both cellulose and lignin (Schurz, 1978). 

3.3.5 EFFECTIVE PARAMETERS IN PRETREATMENT OF 

LIGNOCELLULOSE 

 

The best method and conditions of pretreatment depends greatly on the type of 

lignocelluloses and on the hydrolysis method that will follow it. 

The main factors considered as affecting the rate of biological degradation of 

lignocelluloses are (Taherzadeh & Karimi, 2008): 
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1. Crystallinity of cellulose 

2. Its accessible surface area and protection by lignin and hemicellulose 

3. The degree of cellulose polymerization 

4. The degree of acetylation of hemicelluloses 

3.4 HYDROLYSIS METHODS 

 

There are several methods to hydrolyze lignocellulosic materials and they can be 

classified in three groups: 

1. Chemical hydrolysis 

2. Enzymatic hydrolysis 

3. Mechanochemical hydrolysis 

3.4.1 CHEMICAL HYDROLYSIS 

 

These methods are based on exposing lignocellulosic materials to a chemical for a 

period of time at a specific temperature, and result in sugar monomers from cellulose 

and hemicellulose polymers. This chemical is usually H2SO4, although other acids such 

as HCl have also been used (Hashem & Rashad, 1993). 

Batch reactors have been the most used for kinetic study of chemical hydrolysis and for 

pilot study of ethanol production from lignocellulosic materials (Brandberg et al., 

2005), but others like shrinking-bed percolation reactor, plug-flow, and percolation 

reactor can also be used (Torget et al., 2000). 

Several steps in the acid hydrolysis of cellulose are involved, which are showed in the 

reaction of Figure 6. 

 

SOURCE: Kamm et al., 2006 

Figure 6: Steps involved in the acid hydrolysis of cellulose 
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Acid hydrolysis can be divided into two groups: (a) concentrated-acid hydrolysis and 

(b) dilute-acid hydrolysis. The first one can be operated at low temperature and has as a 

result high yields of sugar. The disadvantages are the high acid consumption, with the 

consequent corrosion of the equipment, long reaction time and the high energy 

consumption due to acid recovery. On the other hand, the dilute-acid hydrolysis has a 

low acid consumption and a short residence time in comparison with the concentrated-

acid hydrolysis. It also has its disadvantages; it has to be operated at higher 

temperatures in order to achieve acceptable rates of conversion of cellulose to glucose, 

increasing the rate of hemicellulose sugar decomposition. Other disadvantages are the 

lower sugar yield and the formation of undesirable by-products. This method, like the 

concentrated-acid hydrolysis, also has the equipment corrosion problem (Taherzadeh & 

Karimi, 2007). 

3.4.1.1 Concentrated-acid hydrolysis 

This process requires either expensive alloys or specialized non-metallic construction, 

such as ceramic or carbon-brick lining. It is also important to take into account that 

when sulfuric acid is used, the neutralization process produces large amounts of gypsum 

because lime is used for neutralization. On the other hand, if HCl is used, the 

environmental impact limits its application (Wynman, 1996).  

In this process, the biomass is impregnated with 70 % H2SO4 and hydrolyzed by adding 

water. The acid has to be recovered, partly by anion membranes, and partly in the form 

of sulphidric acid (H2S) from anaerobic wastewater treatment (van Groenestijn et al.,  

2006). 

Due to the high temperatures needed for this method, the only pressures involved are 

usually those created by pumping materials from vessel to vessel (Badger, 2002).  

3.4.1.2 Dilute-acid hydrolysis 

This method can be used either as a pretreatment preceding enzymatic hydrolysis, or as 

the actual method of hydrolyzing lignocellulose to sugars (Qureshi, 1995). Most of 

dilute-acid hydrolysis processes are performed in a batch mode with a retention time of 

a few minutes (Taherzadeh & Karimi, 2007).  
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The maximum yield of glucose of this method is obtained at high temperature and short 

residence time, but even under these conditions the glucose yield is only between 50 % 

and 60 % of the theoretical value (Galbe & Zacchi, 2002). The reason for this limited 

efficiency is that at least two reactions are part of this process. The first converts the 

cellulosic materials to sugar and the second one transforms the sugar into other 

chemicals. The required conditions for the first reaction are the same than for the second 

one, so once the cellulose is broken down into sugars, they break down again into other 

products, such as furfural. This degradation reduces the sugar yield and the products 

generated in the second reaction can be poisonous to the microorganisms that carry out 

the fermentation of sugars in downstream processes (Badger, 2002). Those reactions are 

exposed in Figure 7. 

 

 

Figure 7: Furfural formation starting with pentosane 

 

In order to facilitate continuous processing, due to its fast rate of reaction, and to allow 

adequate acid penetration, feedstock must be reduced through a mechanical 

pretreatment, so that the range of the maximum particle dimension is in the range of a 

few millimeters (Badger, 2002).  

To avoid degradation of monosaccharides at high temperatures and formation of 

poisonous products (Taherzadeh & Karimi, 2007), and since 5-carbon sugars degrade 

more rapidly than 6-carbon sugars (Badger, 2002), dilute-acid hydrolysis can be carried 

out in two (or more) stages. In the first one, which is conducted under mild conditions, 
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hemicellulose is converted to sugar monomers. It can be considered as a dilute-acid 

pretreatment step. In the second stage, the residual solid is hydrolyzed under harsher 

conditions, allowing cellulose to be hydrolyzed (Taherzadeh & Karimi, 2007). This 

separation of the process in two stages, allows lower temperatures of about 120 ºC to be 

applied for a longer time, while in a one-stage pretreatment, a temperature between   

140 ºC and 170 ºC would be used (Torget & Hsu, 1994).  

 

SOURCE: Taherzadeh et al., 2007 

Figure 8: Glucose yield from glucan (white dots) and mannose yield from mannan (black dots) in a 

one-step dilute-acid hydrolysis of (25 % dry weight) plotted as a function of hydrolysis temperature 

 

Using a two-stage dilute-acid hydrolysis process, recovery yields of as much as          

70-98 % of the xylose, galactose, mannose and arabinose from softwood have been 

reported (Nguyen et al., 1999). However, the yield of glucose was still low at 50 %. 

Comparing the recovery yields mentioned using a two-stage dilute-acid hydrolysis with 

the data exposed in Figure 8, which correspond to a one-step dilute-acid hydrolysis, it 

can be seen that the yields obtained should normally be higher with the two-step 

process. 

Dilute-acid hydrolysis reactors 

- Batch reactor 

These kinds of reactors are traditionally used for this kind of hydrolysis. The maximum 

yield of sugar increases with temperature, as it can be seen in Figure 9. In a batch 
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reactor, the maximum yield obtained is about 40 % at 210 ºC. Operating at higher 

temperature is not feasible, since operating difficulties would show up. 

 

SOURCE: Lee et al., 1999  

Figure 9: Glucose yield in a batch reactor as a function of time. Yield is calculated using the rate 

constants of Saeman, 1 wt % sulfuric acid 

 

- Plug flow reactor (PFR) 

It can be considered a continuous version of the batch reactor, in which the liquid and 

the solid travel through the reactor at the same velocity. The reaction is initiated by the 

injection of acid at the entrance of the reactor and, due to its design; precise control of 

residence time at low range is achievable. The maximum yield of glucose obtained from 

this system was about 50 % at 230 ºC, 1 % sulfuric acid, and 0.22 min. of residence 

time. It allows reducing the residence time by elevating the temperature (Lee et al., 

1999). 

- Percolation reactor 

The percolation reactor is a packed-bed flow-through reactor. It has advantages in 

comparison to a batch reactor or a PFR. First, the sugar product is removed as it is 

formed, which reduces the sugar decomposition. Second, it can operate with a high 

solid/liquid ratio, which allows obtaining a high concentration of the sugar. Third, a 

mechanical pretreatment to reduce the particle size it is not necessary, as the liquid 

product separates as it leaves the reactor.  
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Another important factor is the feeding speed. If the liquid is fed too fast in the reactor, 

the biomass would not react, and if it is fed too slowly, sugar will decomposed.  

In all those processes, the reported yield is 45-55 % with 2-4 % sugar concentrations 

(Lee et al., 1999), as it can be seen in Figure 10. 

 

SOURCE: Lee et al., 1999 

 Figure 10: Yield vs. concentration in a percolation reactor  

 

- Counter-current reactor 

It is a moving-bed reactor in which the directions of solid and liquid are reversed. The 

mayor part of the sugar is produced near the liquid outlet point of the reactor. It 

minimizes sugar degradation and product dilution by removing the sugars from the 

reaction zone before degradation actually occurs. This raises the yields and 

concentration of sugar with minimal formation of poisonous products. 

- Shrinking-bed reactor 

Bed shrinking occurs in a packed-bed reactor due to partial solubilization of the solid 

biomass during the reaction. This reactor has a fixed and a movable end. The liquid 

throughput reduced, which raises the sugar concentration (Lee et al., 2000). 

As it is showed in Table 4, the resulting yields of glucose using this kind of reactor were 

of 87.5, 90.3, and 90.8 % of the theoretical yield (for yellow poplar) at  205, 220, and 

235 ºC , respectively (Kim et al., 2001).  
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Table 4: Maximum glucose yields of batch and bed-shrinking reactor 

 

Maximum yield (%)/ reaction time (min) 

Reactor/feedstock 205 °C 220 °C 235 °C 

Batch (alpha-cellulose) 61.77/ 30 59.23/ 25 40.17/ 16 

Batch (pretreated yellow 
poplar) 

26.62/ 16 35.45/ 13 20.43/ 10 

Batch (untreated yellow 
poplar) 

49.82/ 16 50.98/ 16 35.22/ 13 

Bed-shrinking (untreated 
yellow poplar) 

87.54/ 25 90.32/ 20 90.78/ 20 

 

SOURCE: Kim et al., 2001 

 

3.4.1.3 Factors affecting acid hydrolysis 

There are several factors that influence the yields of the lignocellulose to the monomeric 

sugars, such as glucose, and by-products: 

1. Properties of the substrate: 

- Neutralizing capacity. 

- Proportion of easily hydrolysable hemicellulose and cellulose.  

- Amount and rate of hydrolysis of the difficult-to-hydrolyze materials. 

- Length of the macromolecules. 

- Degree of polymerization of cellulose, configuration of cellulose chain. 

- Association of cellulose with other protective polymeric structures 

within the plant wall such as lignin, pectin, hemicellulose, proteins, 

mineral elements, etc.  

- Particle size. 

 

2. Acidity of the system, which depends on: 

- Type and concentration of acid used. 

- Amount of acid solution. 

- Amount of acid released from the biomass during hydrolysis. 

- Liquid to solid ratio. 

- Neutralizing capacity of the lignocellulose. 

- Movement of the solution during heating. 
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The hydrolysis reactions in acid medium are very complex, mainly because the 

substrate is in a solid phase and the catalyst in a liquid phase. Therefore, it is very 

important to form a unique phase thanks to the agitator. The agitator speed has also to 

be optimized, because a very high speed could burn the lignocellulosic material. 

The diffusivity of sulfuric acid is dependent on the nature of the lignocellulosic 

materials, which is usually higher in agricultural residues than in hardwood (Kim & 

Lee, 2002).  

3. Rate of decomposition of hydrolysis products during hydrolysis, which depends 

on: 

- Temperature. 

- Acidity. 

- Reaction time. 

- Concentration of sugars. 

The glucose concentration obtained in the hydrolysis is usually presented as a function 

of time. It increases with an increase of reaction time, though several studies have 

proven that glucose concentration remains constant after 180 min of reaction (Herrera et 

al., 2004). This correlation of products concentrations and reaction time for three 

different acid concentrations can be seen in Figures 11, 12 and 13. 

 

SOURCE: Herrera et al., 2004  

Figure 11: Product concentration in relation to reaction time for an acid concentration of 2 % 
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SOURCE: Herrera et al., 2004 

Figure 12: Product concentration in relation to reaction time for an acid concentration of 4 % 

 

SOURCE: Herrera et al., 2004 

Figure 13: Product concentration in relation to reaction time for an acid concentration of 6 % 

 

The increase of catalyst concentration improves the hydrolysis reactions and do not 

increases the rate of decomposition reactions (Herrera et al., 2004). Temperature also 

affects the glucose concentration, although it is not the most significant variable. 

3.4.2 ENZYMATIC HYDROLYSIS 

 

Enzymes are protein plants that cause or catalyze certain chemical reactions (Badger, 

2002). Enzymatic hydrolysis of cellulose is carried out by cellulose enzymes which are 

highly specific. The products of this hydrolysis are reducing sugars, including glucose.  
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Its utility costs are lower than acid hydrolysis because it is conducted at mild conditions 

and does not have a corrosion problem (Duff & Murray, 1996). However, pretreatment 

is needed for the enzymatic hydrolysis to be effective. It is necessary to break the 

crystalline structure of the lignocellulose and remove the lignin to expose the cellulose 

and hemicellulose molecules. Depending on the biomass, either physical or chemical 

pretreatment methods may be used (Badger, 2002). If a chemical pretreatment is 

applied, the biomass has to be detoxified, because the chemicals used could be 

poisonous to the microorganisms utilized in the enzymatic hydrolysis. Enzymatic 

hydrolysis also has the advantage of quite high efficiency and easy control of byproduct 

production.  

Enzymatic hydrolysis of cellulose consists of three steps: adsorption of cellulase 

enzymes onto the surface of the cellulose, biodegradation of cellulose to fermentable 

sugars, and desorption of cellulase. The irreversible adsorption of cellulase on cellulose 

is partially responsible for this deactivation (Converse et al., 1988) 

Both bacteria and fungi can produce cellulases for the hydrolysis of lignocellulosic 

materials. These microorganisms can be aerobic or anaerobic, mesophilic or 

thermophilic. Some examples of bacteria that can produce cellulases are the ones 

belonging to Clostridium, Cellulomonas, Bacillus, Thermomonospora, Ruminococcus, 

Bacteriodes, Erwinia, Acetovibrio, Microbispora, and Streptomyces (Bisaria, 1991). 

Because of the low growth rate and the requirement of anaerobic conditions to grow of 

the anaerobes, most research for commercial cellulose production has focused on fungi 

(Duff & Murray, 1996). 

Cellulases are usually a mixture of several enzymes. At least three major groups of 

cellulases are involved in the hydrolysis process: (1) endoglucanase, which attacks 

regions of low crystallinity in the cellulose fiber, creating free chain-ends; (2) 

exogluccanase, which degrades the molecule further by removing cellobiose units from 

the free chain-ends, (3) β-glucosidase, which hydrolyzes cellobiose to produce glucose. 

(Sun & Cheng, 2002). Cellobiose is an end-product inhibitor of any cellulose, while on 

the other hand β-glucosidase is inhibited by glucose. Since the enzymes are inhibited by 

the end products, the build-up of any of these products negatively affects cellulose 

hydrolysis (Galbe & Zacchi, 2002). In addition to the three major groups of cellulose 
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enzymes, there are also ancillary enzymes that attack hemicellulose, such as 

glucuronidase, acetylesterase and glucomannanase (Duff & Murray, 1996).  

3.4.2.1 Factors affecting enzymatic hydrolysis 

The factors that affect enzymatic hydrolysis of cellulose include substrates, cellulose 

activity, and reaction conditions, such as temperature and pH (Sun & Cheng, 2002).  

The maximum cellulose activity for most fungally derived cellulases and β-glucosidase 

occurs at 50 ± 5 ºC and a pH of 4.0-5.0, although those conditions change with the 

hydrolysis residence time and are also dependent on the source of the enzymes 

(Tengborg et al., 2001). However, this temperature values range was not valid when 

longer residence times were employed (>24 h), since a temperature of 38 ºC was found 

to be optimal. Likewise, a higher pH (around 5.3) reduced the differences between the 

various temperatures (Galbe & Zacchi, 2002). 

Substrate concentration is one of the main factors that affect the yield and initial rate of 

enzymatic hydrolysis of cellulose. An increase of substrate concentration normally 

results in an increase of the yield and reaction rate of the hydrolysis (Cheung & 

Anderson, 1997). However, high substrate concentration can cause substrate inhibition, 

which substantially lowers the rate of the hydrolysis.  

The susceptibility of cellulosic substrates to cellulases depends on the structural features 

of the substrate including cellulose crystallinity, degree of cellulose polymerization, 

surface area, and content of lignin. Lignin interferes with hydrolysis by blocking access 

of cellulases to cellulose and by irreversibly binding hydrolytic enzymes. Therefore, 

removal of lignin can dramatically increase the hydrolysis rate (McMillan, 1994).  

Increasing the dosage of cellulases in the process can enhance the yield and rate of the 

hydrolysis, but would increase the cost of the process.  

In general, lower solids concentrations result in higher hydrolysis yield, especially for 

dry matter concentrations below 5 %. The concentration of cellulases has a high impact 

on the conversion of the cellulose. When softwood is hydrolyzed, extremely high 

enzyme loadings can be used without signs of approaching saturation (Galbe & Zacchi, 

2002). 
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3.4.2.2 Comparison between dilute-acid hydrolysis and enzymatic 

hydrolysis 

A summarized comparison between dilute-acid- and enzymatic hydrolysis is showed in 

Table 5. 

Table 5: Comparison between dilute-acid hydrolysis and enzymatic hydrolysis 

PARAMETERS DILUTE-ACID HYDROLYSIS ENZIMATIC HYDROLYSIS 

Hydrolysis speed Very high Low 

Global sugar efficiency Low High and depending on the pretreatment 

Catalyst's costs Low High 

Conditions Severe (high p and T) Mild (50 °C, atmospheric pressure, pH 4.8) 

Formation of inhibitory 
compounds 

Yes No 

 

SOURCE: ETSI de Minas y Energía, UPM 

3.4.3 MECHANOCHEMICAL HYDROLYSIS 

 

Heterogeneous catalysis cannot be easily applied to solids such as cellulose. However, 

by mechanically grinding the correct catalyst and reactant, it is possible to induce solid-

solid mechanocatalysis. The appropriated catalyst should possess high surface acidities 

and layered structures, so the maximum percentage of the available cellulose can be 

converted to water-soluble compounds in a single pass (Hick et al., 2010). Nowadays, 

the catalysts that are being used in mechanochemical processes are acidic solids, such as 

kaolinite, alumina super acid, and Y-type zeolite. 

Through mechanical force, it is possible to overcome diffusion barrier (mass transport) 

in a solid-solid reaction without the addition of solvents. It does not require external 

heat, since all the energy for the reaction comes from pressures and frictional heating. 

Usually, hammer mills, disk mills, roller mills, attrition mills, and planetary mills are 

being used, and the last three are the most effective in allowing good interaction 

between the catalyst and the biomass (Hick et al., 2010). 
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In some recent research, different milling modes were investigated, as well as different 

catalysts. In the Figure 14, a comparison between solubilized percent of cellulose, using 

different catalysts in a mixer mill, can be seen.  

 

SOURCE: Hick et al., 2010 

Figure 14: Solubilization of cellulose as a function of milling time in a SPEX 8000D mixer mill. 

Catalysts were milled with microcrystalline cellulose in a 1:1 ratio. The most rapid solubilization 

was measured using 1:1 aluminosilicates such as kaolinite 

 

It was also discovered that the hardness of the catalyst did not play a role in the 

efficiency of the depolymerization (Hick et al., 2010).  

Extended milling can induce significant defects in the crystal structure of the catalysts, 

but their active sites are surface protons that should not be affected by the defect 

structure of the slid. Prolonged milling may, instead, result in the formation of insoluble 

polymerization products, such as furfural polymerides (Hick et al., 2010). 

Figure 15 shows a comparison of the degree of polymerization as a function of degree 

of solubilization between different methods. Mechanocatalytic depolymerization does 

not follow a mechanism like acid or enzyme hydrolysis. It is dominated by two 

processes; attrition and hydrolysis. During the initial milling time, cellulose particles are 

being broken down physically and chemically. There are three main chemical reactions 

occurring; hydrolysis, catalyzed by the catalyst’s surface protons, dehydration by the 

catalyst, and retro-aldol condensation due to the localized high pressures (Hick et al., 

2010). 
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SOURCE: Hick et al., 2001  

Figure 15: Change in the degree of polymerization for the insoluble residue of cellulose hydrolysis 

as a function of degree of solubilization. 

 

3.4.3.1 Process variables 

It is necessary to optimize a number of variables in the process of milling in order to 

achieve the desired product. Some of these important parameters are: 

1. Type of mill 

2. Milling container 

3. Milling speed 

4. Milling time 

5. Grinding medium 

6. Ball-to-powder weight ratio 

7. Extent to filling the vial 

8. Milling atmosphere 

9. Temperature of milling 

All these process variables are not completely independent, for example, the optimum 

milling time depends on the type of mill, temperature of milling, ball-to-powder ratio, 

etc (Suryanarayana, 2001). 

Type of mill 

The types of mills differ in their capacity, speed of operation, and ability to control the 

operation by varying the milling conditions such as temperature (Suryanarayana, 2001). 
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While some mills can be useful for a specific reaction of the milled products, others 

cannot. Therefore, it is really important to select the correct type of mill so that the 

reaction can be performed and the desired product obtained. 

Milling container 

The material used for the milling container is important since due to impact of the 

grinding medium on the inner walls of the container, some material will be dislodged 

and get incorporated into the powder. This can contaminate the powder (Suryanarayana, 

2001) or alter the reaction that has to be performed during the milling process. For 

example, coal residues are difficult to totally clean up and the samples might be 

contaminated by it. 

 Milling speed 

The higher the mill rotates, the higher would be the energy input into the powder. There 

are limitations on the speed depending on the type and on the design of the mill. For 

example, in a conventional ball mill there is a critical speed. Above it, the balls will be 

pinned to the inner walls of the vial and will not fall down to exert any impact force. 

Therefore, the maximum rotation speed should be just below this critical value to 

optimize the height from where the balls will fall and the collision energy of them 

(Suryanarayana, 2001). 

It also has to be taken into account that, at high speeds, the temperature of the vial may 

reach a high value. This might be a disadvantage if the temperature is too high for the 

reaction to be performed or for the sample itself. This maximum temperature varies 

from type to type of mill. 

Milling time 

It is one of the most important parameters, since it would affect highly the reaction that 

is being performed. This parameter it is dependent on others like type of mill, intensity 

of milling, ball-to-powder ratio and temperature of milling. It has to be noticed that the 

level of contamination increases and the sample can be destroyed if it is milled for times 

longer than required (Suryanarayana, 2001). 
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Grinding medium 

The density of the grinding medium should be high enough so that the balls create 

enough impact force on the powder. Its size has also an influence on the milling 

efficiency; larger size is useful since the larger weight of the balls will transfer more 

impact energy to the powder particles (Suryanarayana, 2001). 

 Ball-to-powder weight ratio 

This parameter has a significant effect on the time required to achieve a particular phase 

in the powder being milled. The higher the ratio, the shorter is the time required, due to 

the increase of the number of collisions per unit time that increases the energy 

transferred to the powder particles (Suryanarayana, 2001). This high value of energy has 

to be studied, because it could also change the constitution of the powder if too much 

heat is generated. 

 Temperature of milling 

This parameter is dependent on the kinetic energy of the balls and can also determine 

the nature of the final product. It can be high due to two reasons: 

1. The kinetic energy of the grinding medium. 

2. The exothermic processes occurring during milling that can generate heat. 

It is very difficult to measure the local microscopic temperature during milling because 

of the dynamic nature of the milling process (Suryanarayana, 2001). 

The repeated welding and fracturing of powder particles increases the area of contact 

between the reactant powder particles and allows fresh surfaces to come into contact 

repeatedly. Due to this, the reaction can proceed without the necessity for diffusion 

through the product layer. As a consequence, reactions that normally require high 

temperatures will occur at lower temperatures during milling without any externally 

applied heat (Suryanarayana, 2001). 

A too high temperature can damage the powder or even destroy the final product. 

Therefore, this parameter should be controlled through milling time. 
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4. MATERIALS 

4.1 CELLULOSE 

 

Cellulose is an unbranched linear polymer, which length is determined by the number of 

glucan units in the polymer, referred to as the degree of polymerization. This 

polymerization degree depends on the type of plants and is typically estimated to be 

from 2000 to 27000 glucan units (Morohoshi, 1991).  

Cellulose is the most interesting compound of lignocellulose and the one that will be 

processed in this project through different types of hydrolysis. The process was 

optimized using commercial cellulose and it was later performed using lignocellulosic 

rests of poplar.  

The cellulose used in this project was from Perdomini S.A. The cellulose was dried and 

its content of water was determined by difference of weights before and after drying it 

in the oven and it was of 5 %.  It is very important to have a low content of water; 

otherwise it would interfere and modify the process, its optimization and its efficiency. 

4.2 CATALYST: KAOLINITE  

 

The catalyst used in the milling process is kaolinite, a clay mineral with the chemical 

composition Al2Si2O5(OH)4. Kaolinite is a layered silicate mineral with one tetrahedral 

sheet linked through oxygen atoms to one octahedral sheet of alumina. It is a primary 

constituent of clay beds formed by the decomposition of feldspar-bearing rocks and its 

hardness in Mohs’s scale is 2-2.5.  

Tetrahedral layers consist of continuous sheets of silica tetrahedra linked via three 

corners to form a hexagonal mesh and the fourth corner of each tetrahedron is shared 

with adjacent octahedral layers. These octahedral layers consist of flat layers of edge-

sharing octahedra containing cations at its center (Eman, 2013). The structure of 

kaolinite can be seen in Figure 16.  

Clays or clays-modified catalyst are commercially used catalysts, they have extensive 

applications due to their swelling, adsorption and ion exchange properties and high 

surface areas. Kaolinite is the most versatile industry clay. Its largest use is in the 
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catalytic cracking of petroleum but it is also used for the synthetic of zeolite and 

alumina (Eman, 2013). 

 

SOURCE: Davies, 2014 

Figure 16: Kaolinite structure 

 

Clays or clays-modified catalyst are commercially used catalysts, they have extensive 

applications due to their swelling, adsorption and ion exchange properties and high 

surface areas. Kaolinite is the most versatile industry clay. Its largest use is in the 

catalytic cracking of petroleum but it is also used for the synthesis of zeolite and 

alumina (Eman, 2013). 

The peculiar crystalline structure of clay minerals generates a capacity of reversible 

exchange with organic or inorganic cations and metal-organic. The exchange of specific 

cations can generate active centers in the clay minerals, making them catalysts, which 

can be then used for a large number of chemical reactions. The most important 

properties of clays, that make them useful as catalysts are: 

1. The crystalline structure. 

2. The modification of the original crystalline structure in a controlled way. 

3. The anisometric morphology and small sizes of the particles quite adapted for 

use in catalysis. 

4. The change of its basal spacing by acid treatment and subsequent modification 

(Eman, 2013). 
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The behavior of clays is governed by the nature of their external surface, which can be 

modified by acid-and thermal modifications. Those changes increase the catalytic and 

adsorbent activity in certain clays, such as kaolinite (Eman, 2013). 

Kaolinite clay (Figure 17) occurs in abundance in soils that have been formed from the 

chemical weathering of rocks in hot and moist climates. The proportion of kaolinite 

decreases comparing soils from cooler or drier climates with the mentioned ones.  

Kaolinite group of clays suffer transformations due to thermal treatment in air at 

atmospheric pressure. Exposure to dry air below 100 ºC it is enough to slowly remove 

water from the kaolinite. 

 

SOURCE: East Carolina University Geology Department 

Figure 17: Kaolinite 

4.2.1 KAOLINITE PROPERTIES 

 

Natural kaolinite is thermally inert and environmental friendly. Due to its low cost, 

relative abundance in nature, ion exchange ability and compatibility with several 

materials, the range of its applications is wide (Eman, 2013). 

Some of its most important properties are: 

1. Little substitution 

2. Minimal layer charge 

3. Low base exchange capacity  

4. Low surface area 

5. Very low adsorption capacity 

6. Low viscosity 

7. Layer ratio: 1:1 
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Kaolinite is an excellent support for Lewis acids, which has application in various 

organic reactions.  

4.2.2 KAOLINITE AS MECHANOCATALYST 

 

Layered compounds like kaolinite are effective mechanocatalysts because the layers are 

typically held together by weak forces such as hydrogen bonding and van der Waals 

forces, which are easy to break with mechanical processes. This grinding of layered 

compounds results in a material with a high specific surface area. In case of using 

kaolinite, only one side of the sheet of the sheet (AlO6 side) is catalytically active (Hick 

et al., 2010). 

4.2.2.1 Acid-modified kaolinite 

Due to the deactivation at high temperatures and the low ability to catalyze reactions, in 

either polar or non-polar media, of clays, it is very common to modify them to produce 

catalysts with high acidity (Eman, 2013).  

 

The acid-modified and cation exchanged clays act as heterogeneous catalysts and can be 

easy removed from the product. The modification is carried out by treating the clay with 

concentrated acids such as sulphuric, phosphoric and hydrochloric acids. The results are 

changes in the surface area, porosity and type and concentrations of the ions in the 

exchange sites (Eman, 2013).  

 

During these modifications, metal cations such as aluminium and magnesium are 

removed from the octahedral sites in the clay layers by the actions of the acid and are 

relocated in the interlayer space where they act as acid centers (Eman, 2013). 

4.2.2.2 Kaolinite pretreatment 

The kaolinite used in this project was generously provided by Caobar S.A. The grain 

size analysis was provided by Caobar S.A. and can be seen in Appendix 1.  

The acid used in the pretreatment was a 0.8 M solution of HCl. 10 mL of acid solution 

were mixed with 1 g of kaolinite with stirring during 8 h.   
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In order to remove the acid, the solution was centrifuged and washed with distillate 

water 3 times. Each time, a test with silver nitrate (AgNO3) was performed by mixing a 

drop of silver nitrate with another from the solution to see if any silver chloride 

precipitates. After the solution was totally mixed and free from acids, it was filtered 

with a kitasato flask and a Büchner-funnel and dried overnight in the heater at 80 ºC. 

4.3 POPLAR 

 

One of the purposes of the project was to hydrolyze lignocellulosic materials and to 

compare it with the hydrolysis of cellulose. Once the different processes were optimized 

with commercial cellulose, dried poplar wood, Populus x euramericana, I 214, as 

lignocellulosic material was used. 

4.3.1 CHARACTERISTICS OF POPLAR 

 

The genus has a large genetic diversity and can grow from anywhere between 15-50 m 

tall, with trunks of up to 2.5 m diameter (Figure 18). The bark is smooth, white to 

greenish or dark grey, and in old trees, rough and deeply fissured. The leaves are 

spirally arranged, and vary in shape from triangular to circular and with a long petiole. 

The flowers are mostly dioecious and appear in early spring before the leaves. 

 

Figure 18: Populus x euramericana 

 

The genus Populus comprises 25 to 35 species native to the Northern Hemisphere. 

Common names used for the different species include poplar, aspen, and cottonwood. 

There is considerable genetic diversity within this genus and hybrids are readily 
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produced to yield desirable traits. Poplars are among the fastest-growing trees in the 

Northern Hemisphere and are well suited for a variety of applications, such as biofuels 

production, pulp and paper and other biobased products (Sannigrahi et al., 2010). 

 4.3.2 POPLAR AS BIOMASS FEEDSTOCK 

Heating value is the net enthalpy released in the reaction of a material with oxygen 

under isothermal conditions. If water vapor formed during the reaction condenses at the 

end of the process, the latent enthalpy of condensation contributes to what is termed the 

higher heating value (HHV).  

Reported heating values for poplar species are around 19 MJ/kg, which is comparable to 

other woody and herbaceous biomass feedstocks, and to agricultural residues 

(Sannigrahi et al., 2010). In Table 6 a comparison of heating values between several 

hybrid poplar species and other common biomass feedstocks can be seen. 

The sulfur content of poplar wood is low compared to other biomass feedstocks such as 

wheatstraw and switchgrass, which is advantageous in terms of environmental 

regulations. The elemental composition of different poplar species does not present too 

many variations (Sannigrahi et al., 2010). 

Table 6: Heating values (HHV) of hybrid poplar and other common biomass feedstocks 

Biomass clone or species Heating value (dry) (MJ/kG) 

Hybrid poplar 19.38 

P. deltoides 16.26 

Black cottonwood 15 

P. tremuloides 13.5 

Ponderosa pine 20.02 

Douglas-fir 20.37 

Corn stover 17.65 

Wheatstraw 17.51 

Switchgrass 18.64 

 

SOURCE: Sannigrahi, P. et al. 2010 

 

The main components of lignocellulosic biomass are cellulose, hemicellulose and 

lignin. According to the literature, (Sannigrahi et al., 2010), the content of those 

components in poplar species and hybrids are from 42 to 49 % of cellulose, from 16 to 

23 % of hemicellulose, and from 21 to 29 % of lignin. Of the three, cellulose is the best 
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fraction to produce biofuels like ethanol and other higher molecular weight alcohols by 

hydrolysis and fermentation. The cellulose content of poplar is higher than other 

biomass feedstocks, which makes poplar a good candidate as biomass precursor.  

The lignin content is also high, which should be considered while designing pre-

treatments and conversion strategies for poplar (Sannigrahi et al., 2010). 

4.3.3 PREPARATION FOR THE HYDROLYSIS 

 

The poplar wood used in this project had been dried for three years. It was generously 

provided by Mafer Forestal, S.L.  

In Figure 19, the big poplar trunks can be seen, while the trunks in Figure 20 were 

already chopped. The trunks were chopped with a mechanical saw to obtain smaller 

trunks. 

In order to increase the reactant surface of the biomass and the efficiency of the process, 

a physical pretreatment was performed. The trunks were chopped and milled in a 

carpentry until shavings of sawdust were left. Then, it was milled in the laboratory 

using a mincer Moulinex (800W) and a strainer in order to obtain a fine sawdust powder 

(Figure 21). 

 

 

 Figure 19: Poplar trunks  
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Figure 20: Chopped poplar trunks 

 

 

Figure 21: Poplar biomass sawdust shavings 

 

4.4 IONIC LIQUID 

4.4.1 INTRODUCTION 

 

An ionic liquid is an organic salt that is liquid in their pure state at or near room 

temperature (Maginn et al., 2002). While ordinary liquids such as water are 

predominantly made of electrically neutral molecules, ionic liquids are largely made of 

ions and short-lived ion pairs. They have very good solvent characteristics. 

They have many applications, such as powerful solvents and electrically conducting 

fluids (electrolytes). The ionic bond is stronger than the Van der Waals forces between 

the molecules of ordinary liquids. For that reason, common salts tend to melt at higher 

temperatures than other solid molecules. Some salts, such as 1-ethyl-3-

methylimidazolium cation bounded with an anion, are liquid at room temperature. 
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They are highly viscous and with low vapor pressure. Many of them also have low 

combustibility and excellent thermal stability. 

Due to their unusual properties and ability to act as solvents and catalysts in a wide 

variety of reactions, ionic liquids (IL) have been investigated in a range of biomass 

processing applications, such as cellulose solvent. The properties of 1-butyl-3-

methylimidazolium chloride as biomass solvent have been already studied, therefore, in 

this project, 1-butyl-3-methylimidazolium iodide ([C4mim
+
][I

-
]) and 1-n-butyl-3-

methylimidazolium hexafluorophosphate ([C4mim
+
][PF6

-
]) biomass solvent 

characteristics will be discussed.  

The last one, [C4mim
+
][PF6

-
], is very soluble and it is easily prepared from raw 

materials.  

4.4.2 PREPARATION OF [C4mim
+
][PF6

-
] 

 

The ionic liquid was prepared according to a procedure explained in the literature 

(Alcántara et al., 2001), although some changes have been made. 

The ionic liquid was prepared in a two-step synthesis. First, [C4mim
+
][I

-
] was prepared 

by reaction of equal molar amounts of 1-methylimidazole (from Fluka AG) (8.2 g, 0.1 

mol, 7.9 mL) and 1-iodobutane (from Fluka AG) (18.4 g, 0.1 mol, 11.4 mL) in a three 

necked round bottomed flask fitted with a reflux condenser, by heating and stirring at 70 

ºC for 72 h. The resulting viscous liquid was cooled to room temperature and then 

washed three times with 20 mL portions of ethylacetate. After that, the remaining 

ethylacetate was removed in a rotary evaporator at 70 ºC. [C4mim
+
][I

-
] was a viscous 

brown oil. An identification through infrared spectroscopy between KCl disks was 

made and the result can be seen in Figure 22. 

In the figure, the characteristic bands of [C4mim
+
][I

-
] can be identified. These bands are: 

3175, 3125 (=C-H), 2966, 2939, 2878 (C-H), 1575, 1467, 1386 (imidazole ring bands) 

(Alcántara et al., 2001). 
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Figure 22: Infrared result of [C4mim
+
][I

-
] 

 

To prepare [C4mim
+
][PF6

-
], 65 % w/w hexafluorophosphoric acid (HPF6) in water (2.65 

g, 1.5 mL) was added slowly to prevent a temperature rise through an adding funnel to a 

mixture of [C4mim
+
][I

-
] (2.43 g) in 5 mL of water, in a three necked round bottom flask, 

surrounded by a cold water bath. After stirring for 20 h at room temperature (20 ºC), the 

acidic aqueous layer was decanted, and the lower liquid-phase was washed with water 

(18 times, 5 mL) until the washings were no longer acid. Sodium sulfate (Na2SO4) was 

added to remove water and the solution was filtered and rotated in a rotary vapor at 70 

ºC. The yield was of 26.58 %, with 0.64 g of ionic liquid obtained. 

An identification through infrared spectroscopy between potassium chloride (KCl) disks 

was made and the characteristic bands of [C4mim
+
][PF6

-
] can be identified. Those are: 

3139, 3074 (=C-H), 2958, 2933, 2872 (C-H), 1570, 1463, 1380 (imidazole ring bands), 

821, 752 (P-F in salts) (Alcántara et al., 2001). 

Both infrared spectra from the two ionic liquids with the number of peaks detailed can 

be seen in Appendix 2. 

The synthesis of [C4mim
+
][PF6

-
] is represented in the following reaction (Figure 23). 
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Figure 23: Synthesis of 1-n-butyl-3-methylimidazolium hexafluorophosphate [C4mim
+
][PF6

-
] 

 

4.4.2.1 Security precaution of this procedure 

A consideration has to be made during the preparation of the [C4mim
+
][PF6

-
]: the HPF6 

reacts with glass, causing a gas liberation and the degradation of the glass container. 

Therefore, it should be always kept in a plastic bottle inside the refrigerator.  

The danger of reaction with the glass disappears when the HPF6 is added to   

[C4mim
+
][I

-
] through the funnel, because it reacts with the media instead of reacting 

with the glass container. The reactions that could take place if it is kept in a glass bottle 

can be seen in Figure 24. 

 

Figure 24: Reaction of HPF6 with glass 
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5. EXPERIMENTAL PROCEDURES 
 

5.1 MILLING 

 

Milling can be employed to alter the structure of lignocelluloses and the crystallinity 

degree and, consequently, make it more amenable to hydrolysis. 

5.1.1 TYPES OF MILLS USED 

 

The different types of mills differ in their capacity, efficiency of milling and additional 

arrangements for cooling, heating, etc (Suryanarayana, 2001). 

5.1.1.1 Mortar mill 

A mortar mill consists of a semicircular recipient and a pestle driven by electronic 

control. Pressure on the pestle grinds samples between the bottom edge of the pestle and 

the rounded mortar wall. The pressure on the pestle is adjustable, depending on the 

sample and on the desired particle size. It also has an adjustable scraper that 

continuously guides material towards the grinding surface and away for the mortar 

walls, in order to ensure a homogeneously ground sample. 

It comminutes mixes and triturates by pressure and friction. The necessary grinding 

pressure is achieved by the weight of the pestle itself combined with the adjustable 

pressure acting on its axis. The mortar mill can mix and homogenize powders, 

suspension and pastes even with high viscosity. The mortar mill used in the project 

(Figure 25) is from the brand Retsch. 

 

Figure 25: Mortar mill used in the project 
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5.1.1.2 Disc mill 

A disc mill is an attrition mill in which two surfaces rotate past each other at high 

speeds. It comminutes by impact and friction: rotating disc crushes the material by 

attrition force at great speed during the desired time.  

The grinding set is firmly attached to the vibration plate with a quick-action lever and 

this plate is subjected to circular horizontal vibrations. The centrifugal force acting on 

the grinding ring results in extreme pressure, impact and frictional forces acting on the 

sample. For security reasons, the cover has a safety interlock and can only be opened 

when the mill is at a standstill. 

It is suitable for extremely quick, loss-free and reproducible grinding of medium-hard, 

brittle and fibrous materials to analytical fineness. The instrument has a maximum 

speed and it is suitable for bigger quantities of sample. 

The disc mill used in the project (Figure 26) is from the brand Siebtechnik. A detail of it 

can be seen in Figure 27. 

 

Figure 26: Disc mill used in the project 

 

 

Figure 27: Detail of the discs from the disc mill 
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5.1.1.3 Ball mill 

A conventional ball mill works on the principle of impact and attrition. It consists of a 

rotating horizontal drum half-fill with metallic balls, usually made of steel. As the drum 

rotates the ball drop on the powder that is being ground, therefore the rate of grinding 

increases with the speed of rotation. However, at high speeds, the centrifugal force 

acting on the steel balls exceeds the force of gravity, and the balls are pinned to the wall 

of the drum. At this point the grinding action stops (Suryanarayana, 2001). 

The balls can be of different materials and have different diameters and the inner 

surface of the container is usually covered by a material resistant to the attrition.  

The use of grinding balls of the same size has been showed to produce tracks. That 

means that the balls roll along a well-defined trajectory instead of hitting the end 

surfaces randomly. Therefore, it is generally more efficient to use several balls, for 

example, a combination of smaller and lager balls to ‘randomize’ the motion of the 

balls. 

Ball mills grind and homogenize small samples volumes quickly and efficiently by 

impact and friction. The centrifugal force in this kind of mills act in a specific direction 

and this cause the grinding balls to run down the inside wall of the mill. The friction 

effect, followed by the material being ground and grinding balls lifting off and traveling 

freely through the inner chamber cause the impact effect. 

Powder size reduction is caused by impact between balls, between balls and container 

wall, and some appears to take place by inter-particle collisions and by ball sliding. 

The advantages of the ball mill over other milling systems are the cost of installation, 

the low power and grinding medium, suitable for batch and continuous operation, and 

the fact that it is applicable for materials of all degrees of hardness. Also, it can be used 

for either dry or wet materials. However, it involves significant energy costs. 

The effect of ball milling on surface area and crystallinity has been studied and an 

increase in crystallinity of cellulose by reducing the size of cellulose by milling has 

been observed (Suryanarayana, 2001). 
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The ball mill used is from the brand Jemac S.L., powered by a Siemens AC electric 

engine (Figure 28 and 29). 

 

Figure 28: Ball mill used 

 

 

Figure 29: Balls used in the ball mill 

 

Ball mill assembly 

Firstly, the cylindrical recipient and the two types of balls had to be cleaned up in order 

to remove all the coal residues that it contained. Secondly, it was fasten to a wooden 

board and finally it was connected to the Micromaster 420, a frequency inverter that 

controls the speed of three phase AC engine. The electrical installation was performed 

by connecting with cables the terminals showed in the following schema (Figure 30).  

Once the installation was completed, the parameters such as rated motor frequency, 

nominal motor voltage, and maximum and minimum motor frequency were set up with 

the commands given in the micromaster’s guide.  
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SOURCE: Micromaster 420 operating instructions 

Figure 30: Micromaster connection terminals 

To set up the values, the speed needed for the ball mill (3000 rpm) as well as its 

specifications were taken into account. 

5.1.2 LABORATORY TESTS 

 

Several tests have been performed with the types of mill exposed before.  

5.1.2.1 Mortar mill 

After the catalyst’s pretreatment, 1 g of catalyst and 1 g of cellulose were milled during 

a specific time. After the milling, 0.1 g of the mixture was dissolved in 30 mL of 

distilled water and the solution was filtered. The filter was dried in the heater overnight 

at 60 ºC and weighted. The difference of weights between the original sample and the 

filter remainders is the amount of cellulose that changed into glucose and/or similar 

sugars and was dissolved into the remaining liquid after the filtering. This aqueous 

solution was reduced by stirring and heating, until only 1 mL was left. 2.33 mL of 

methanol (in order to fulfill the ratio 3:1 of methanol and water of the TLC procedure, 

explained in Section 6.2) were added to it and 2 μL of the solution were injected into a 

TLC plate.  

5.1.2.2 Disc mill 

After the catalyst’s pretreatment, 1 g of catalyst and 1 g of cellulose were milled during 

3 minutes. After the milling, 2 g of the sample were dissolved in 80 mL of distilled 

water and the solution was filtered. The filter was dried in the heater overnight at 60 ºC 

and weighted. The aqueous solution that remains after the filtering was reduced by 

stirring and heating, until only 1 mL was left. 2.33 mL of methanol were added to it and 

2 μL of the solution were injected into a TLC plate.  
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5.1.2.3 Ball mill  

After the catalyst’s pretreatment, 2 g of catalyst and 2 g of cellulose were milled during 

3 hours. Then, 0.5 g of the sample were dissolved in 30 mL of distilled water and the 

solution was filtered. The filter was dried in the heater overnight at 60ºC and weighted. 

The aqueous solution was reduced in two flasks by stirring and heating, in order to 

obtain different concentrations, until only 0.1 mL and 0.3 mL were left and 0.23 mL and 

0.69 mL of methanol were added to it, respectively. Both solutions were injected into 

TLC plates. 

 5.1.3 INFRARED ANALYSIS 

 

A cellulose sample was analyzed with the infrared spectrophotometer to be used as 

control sample. Solid samples of the resulting product of the milling process with the 

disc mill and with the mortar mill were also analyzed. The three spectra, as well as a 

graph comparing the three, can be seen in Appendix 2. The spectra of the two solid 

samples present a modification in comparison to the cellulose spectrum: a new band at 

1740 cm
-1

. It corresponds to the kaolinite that has passed through the filter with the 

hydrolyzed liquid sample. 

5.2 IONIC LIQUID 

 

The hydrolysis with ionic liquids was considered for the project, as an option for a 

method under atmospheric conditions. Other existing methods include very aggressive 

acid conditions or carrying out the reactions under harsh pressure and temperature 

conditions.  

After a bibliographic research, some papers about the hydrolysis with ionic liquids 

using [C4mim
+
][Cl

-
] were found. As it is always interesting to have diverse reactive 

options for the processes, the experiments using [C4mim
+
][I

-
] and [C4mim

+
][PF6

-
] as 

ionic liquids were carried out. 
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5.2.1 LABORATORY TESTS  

 

Two hydrolysis of cellulose were performed, one with the [C4mim
+
][I

-
] and another 

with the [C4mim
+
][PF6

-
]. The procedure was adapted from the literature (Li & Zhao, 

2007). 

First, cellulose was dried at 100 ºC during 24 h to remove the water. Then, the first 

reaction with [C4mim
+
][I

-
] was carried out by mixing 21.2 g of ionic liquid with 1.7 g of 

cellulose or poplar biomass, and heating it with stirring at 100 ºC until a solution was 

formed. Once the two products were mixed, 0.33 mL (or the equivalent) of water and 

424.36 μL (or the equivalent) of 98 % H2SO4 were added to the solution, and the 

reaction mixture was stirred and heated during 42 min. Once the reaction was finished, 

it was quenched with cold water and neutralized with 0.5 M sodium hydroxide (NaOH). 

Then the solution was filtered and the filter was dried and weighted. The efficiency of 

the reaction could not be found out by filtering and weighting, since some residues of 

the ionic liquid seems to be left out in the filter, falsifying the results. 

The second reaction with [C4mim
+
][PF6

-
] was performed by mixing 4.626 g (or the 

equivalent amount) of the ionic liquid and 0.368 g (or the equivalent amount) of the 

cellulose, or poplar biomass. The mixture was stirred and heated at 100 ºC. No solution 

was formed, since the amount of ionic liquid was so little that it was not able to dilute 

the cellulose. Then, 92.5 μL (or the equivalent amount) of 98 % H2SO4 and 71.84 μL 

(or the equivalent amount) of water were added to it and the whole mixture was stirred 

and heated during 42 minutes. After the reaction was carried out, it was quenched with 

cold water and neutralized with 0.5 M NaOH. Then the solution was filtered and the 

filter was dried and weighted. The same problem with the filtering and weighting 

method appeared here again. 

To analyze the resulting products of both reactions, a TLC test was carried out, as 

explained in the corresponding section of the project, using commercial glucose in 

concentrations of 5 mg/mL and 10 mg/mL as standards.  
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5.3 ACID HYDROLYSIS 

5.3.1 INTRODUCTION 

 

Acid hydrolysis and its variables have been discussed in section two of this document. It 

consists in the transformation of cellulose into monomeric glucose and other 

disaccharide products in an acid catalytic media. In this project, an acid hydrolysis in a 

batch reactor has been carried out.  

Acid hydrolysis is usually performed with H2SO4, but in this project the reactions will 

be carried out using HCl, which is less aggressive. According to the literature, HCl may 

work better as a catalyst as H2SO4, depending on the raw material that is being 

hydrolyzed (Herrera et al., 2004). 

The experiments were performed under slight pressure. Many acid hydrolysis are 

performed under high pressures due to the high efficiency of the processes. However, it 

is interesting to optimize and study the reactions under slight pressure, as it is easier 

than at high pressures. 

In order to determine the optimal reaction conditions, several tests were undertaken with 

cellulose at different temperatures and with different acid concentrations. Once the 

conditions were optimized, the reactions under the most efficient conditions were 

performed with poplar biomass. 

To improve the hydrolysis efficiency and results, a mechanical pretreatment as the one 

presented in section three has been performed. 

5.3.2 BATCH REACTOR (AUTOCLAVE) 

 

The batch reactor is used for a variety of process operations such as solids dissolutions, 

product mixing, chemical reactions, batch distillation and polymerization. A typical 

batch reactor consists of a tank with an agitator and integral heating/cooling system. 

The vessel is usually made of steel or stainless steel. Vapors are discharged through 

connections in the top.  

The principal advantage of the batch reactor is its versatility, considering that a single 

vessel can carry out a lot of different operations. 
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For this project, a batch reactor from the brand Büchi AG has been used. Its agitation is 

a centrally mounted driveshaft and it is controlled by a magnet. The revolutions per 

minute are indicated in a monitor and they can be increased or reduced with a wheel 

(Figure 31).  

The vessel is made of steel and has an inside jacket of Teflon that has been used for the 

experiments. In order to hold the reactor contents at the desired temperature and to 

avoid Foucault currents, the reactor has a cooling system consisting of a water circuit. 

Foucault currents are loops of electric current induced within conductors by a changing 

magnetic field in the conductor, due to Faraday’s law of induction. 

 

Figure 31: Detail of speed control 

 

An external heating jacket surrounds the vessel in order to maintain the reaction at the 

programed temperature and control heating.  

The heating temperature is controlled by a PID (proportional-integral-derivative) 

controller which allows the temperature regulation digitally.  

A PID controller is a control loop feedback mechanism. It continuously calculates an 

error value as the difference between a measured process variable and a desired set 

point. The controller attempts to minimize the error over time by adjustment of a control 

variable, such as the power supplied to the heating jacket, to a new value determined by 

a weighted sum:  
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𝑢(𝑡) = 𝐾𝑑  𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏) 𝑑𝜏
𝑡

0

+ 𝐾𝑑  
𝑑𝑒

𝑑𝑡
 

where Kp, Ki and Kd are the coefficients for the proportional, integral, and derivative 

terms, respectively. The first one accounts for present values of the error, while the 

second accounts for the past values of it. The last one, Kd, accounts for possible future 

values of the error, based on its current rate of change. 

Figure 32 presents the schema of a PID controller and its different functions. 

 

Figure 32: PID controller schema 

 

In the batch reactor used for the project the set point is set manually and the PID 

operates to present the desired output. As it can be seen in Figure 33, the set point was 

100 ºC and the controller was iterating to adjust the temperature. In the moment the 

photo was taken, the temperature was 74 ºC, and the pressure was slightly over 

atmospheric pressure. On the right side, the turn speed in revolutions per minute can be 

seen. 

 

Figure 33: PID controller 
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The batch reactor also has a protection screen to avoid incidents in case of a too high 

temperature or gases escape. 

Figure 34 presents the batch reactor working. 

 

Figure 34: Batch reactor used for the project 

 

5.3.3 LABORATORY TESTS 

 

Several tests were performed in the batch reactor. 20 g of cellulose or poplar biomass 

were mixed with 200 mL of distillate water. HCl concentrated was added as catalyst 

changing the concentrations from 3 % to 6 % on the basis of total reacting mass. The 

reactor was prepared and the temperature changed from 100 ºC to 120 ºC. The reaction 

was running for 5 h with an agitation speed of 100 rpm. 

Once the reaction was over, the mixture was filtered and the filter was dried in the 

heater overnight. The efficiency of the process was obtain by difference of weights of 

the original sample and the remaining cellulose and dried after the filtering. 

The solution was divided into two parts, the first one was acid and the second part was 

neutralized with NaOH 0.5 M. Samples of the two media were saved it order to test in 

the future whether microorganisms are able to survive and proliferate in these media. 

To analyze the resulting products of both reactions, a TLC test was carried out, injecting 

2 μL of sample in the plates, and using commercial glucose in concentrations of 5, 10, 

and 15 mg/mL as standards.  



55 
 

 

  



56 
 

 

6. ANALYTICAL METHODS 

6.1 INFRARED SPECTROSCOPY 

 

Infrared (IR) spectroscopy is a technology used to analyze components through band 

assignment. This is an interesting and important part of spectroscopy that allows 

conclusions to be drawn on the chemistry and physico-chemical properties of samples 

(Schwanninger et al., 2011). 

IR spectroscopy is the analysis of infrared light interacting with a molecule, which can 

be by measuring absorption, emission or reflection. The main use of this technique is in 

organic and inorganic chemistry to determine functional groups by measuring the 

vibrations of atoms. Generally, stronger bonds and light atoms will vibrate at a high 

frequency (wavenumber) than lighter bonds and stronger atoms. 

The IR region is divided into three regions: the near, middle, and far IR. The middle IR 

region is of greatest practical use for organic chemistry. This is the region of 

wavenumber between 400 and 4 000 cm
-1

. An increase in wavenumber corresponds to 

an increase in energy. 

The near infrared region (NIR) of the electromagnetic spectrum was discovered in 1800, 

but the first useful application was found out in 1881. In that year, an infrared spectrum 

of any organic compound was measured photographically from 14 285 to 8 333 cm
-1

 by 

Abney and Festing (Schwanninger et al., 2011). 

The near infrared region of the spectrum has two major advantages; the high speed of 

spectral acquisition, that facilitates the collection of descriptive data, and second, 

spectra can be recorded form a diverse range of material after little preparation of the 

sample. The region range goes from 12 820 cm
-1

 to 4000 cm
-1

 and it expresses the non-

harmonic motions of a chemical bond (Schwanninger et al., 2011). 

The IR spectroscopy by Fourier transform represents the amplitude change in the 

chemical bonds of the sample. The radiation is absorbed by organic molecules and 

converted into energy of molecular vibration. When the radiant energy matches the 

energy of a specific molecular vibration, absorption occurs. The wavenumbers at which 

a molecule absorbs radiation give information on functional groups present in the 

molecule. Certain groups of atoms absorb energy and therefore, give rise to bands at 
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approximately the same frequencies. This is used to match an experimental spectrum 

with that of a known compound with a peak-by-peak correlation. An absorption peak is 

defined as the highest absorption in a band. 

Figure 35 presents the spectrophotometer by Fourier transform used in this project. 

 

Figure 35: Spectrophotometer Bruker FT vector 22 

 

The spectrophotometer operation is based on the principles of Michelson interferometer.  

Figure 36 presents a schema of the sample analysis process.  

IR energy is emitted from a glowing black-body source. This beam passes through an 

aperture which controls the amount of energy presented to the sample.  

The beam enters the interferometer where the “spectral encoding” takes place. The 

resulting interferogram signal then exits the interferometer. The beam enters the sample 

compartment where it is transmitted through or reflected off of the surface of the 

sample, depending on the type of analysis being accomplished. This is where specific 

frequencies of energy, which are uniquely characteristic of the sample, are absorbed.  

The beam finally passes through the detector for final measurement. The detectors used 

are specially designed to measure the special interferogram signal.  

The measured signal is digitalized and sent to the computer where the Fourier 

transformation takes place, finally presenting an infrared spectrum. 
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Figure 36: Schema of sample analysis process 

 

6.1.1 SAMPLE PREPARATION 

 

6.1.1.1 Solid sample 

For the analysis of the solid milling samples, a pellet had to be prepared. A little portion 

of the sample that has to be analyzed is mixed with potassium bromide (KBr). The 

mixture gets grinded and mixed with a pestle and a mortar. It must be very finely 

ground to reduce scattering losses and absorption band distortions.  

The cutout hole of one stainless steel disk is filled with the mixture, while the second is 

placed on top. Both disks are transfered to the pistil in the hydraulic press and the 

hydraulic pump is moved with a pumping movement until the needed pressure is 

reached. After a few seconds, the pressure is released and the pellet, that should be 

homogenous and transparent, is removed from the disks. The pill has to be inserted into 

the IR sample holder, so it can be analyzed. 

There are several reasons for a cloudy disk, such as: 

- KBr mixture was not enough grounded. 

- The sample was not dry. 

- The pellet was too thick. 

- The pressure was not high enough. 
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6.1.1.2 Liquid sample 

The liquid samples are placed between two KBr plates. A small drop of the sample is 

drop in one of the plates and the second is placed on top to obtain a thin film. These 

plates are transparent to infrared light, so no lines are introduced into the spectrum. The 

plates are placed into the sampler holder in order to be analyzed. 

6.2 TLC 

 

Thin layer chromatography, or TLC, is a method used to separate and analyze 

nonvolatile mixtures by separating it in its compounds. It is a sensitive technique and it 

takes little time for an analysis. It is performed on an aluminum foil, coated with a thin 

layer of silica gel. 

First, all reagents used in the process have to be prepared. As a solvent, a solution of 

acetonitrile and water (85/15) was used and the samples were dissolved in a methanol-

water (70/30) solution. The detection mixture is a solution of 0.3 % (w/w) of n-(1-

naphthyl)- ethylenediamine and 5 % (v/v) of H2SO4 in methanol. Then, the layer has to 

be activated in the oven at 100 °C during 1 h.  

When the layer is ready, 2 µL of sample are injected with a micro pipet at the end of the 

plate and it is placed into a glass cuvette that contains the solvent and is covered with a 

watch glass. Due to capillary action, the solvent meets the sample and thanks to 

solvent’s polarity, which has to be higher than the one of the silica gel, the sample 

injected moves up the plate. The differences of travel rates between different 

compounds are due to their solubility in the solvent.  

The retention factor, or Rf, is defined as the distance traveled by the compound divided 

by the distance traveled by the solvent. 

𝑅𝑓 =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑓𝑟𝑜𝑛𝑡
 

The Rf value depends on the solvent system, the adsorbent and its thickness, the amount 

of material spotted and the temperature. If one of these conditions changes from one 

experiment to another, the Rf value does not remain constant. Since these factors are 

difficult to keep constant from experiment to experiment, relative Rf values are 
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generally considered. That means that the values are reported relative to a standard, or 

that the comparison is made between the Rf values of compounds run on the same plate 

at the same time. 

When comparing two different compounds run under identical chromatography 

conditions, the compound with the larger Rf is less polar because it interacts less 

strongly with the polar adsorbent on the TLC plate.  

Silica gel consists of a three-dimensional network of thousands of alternating silicon 

and oxygen bonds, with O-H groups on the outside surface, which makes it capable of 

hydrogen bonding. Due to that, bonds between the solute and the plate are formed and 

the solvent dissolves it, carrying the solute along as it travels up the plate. The position 

of the spot in the plate is determined by a balance of intermolecular forces. 

When the solvent has traveled almost to the top of the plate, the plate is removed and 

dried with a hair dryer. To detect the spots, a visualization method is needed. The plate 

is impregnated with the detection mixture and then dried in the oven at 120 °C during 

10 min. A spray was used to impregnate the layer with the detection mixture, so the 

spots that will appeared later, have a defined outline. This makes it easier to analyze the 

correlation between sample’s concentration and spot’s area. 

Thus, this qualitative analysis has been used in this project to determinate if the 

hydrolysis of cellulose and poplar biomass has succeeded. The appearance of a spot in 

the layer confirms that a product was generated in the reaction, for example, glucose. 

To test the method, samples of commercial glucose and fructose were analyzed. The 

resulting plates with different concentrations are showed in Appendix 3. 

6.3 WEIGHT DIFFERENCE METHOD 

 

The main method for analyzing the efficiency of the different tests has been the 

difference of weight of the samples. Its principle is that the mono and disaccharide 

sugars solubilized in the liquid phase, whereas the oligosaccharides and polysaccharides 

do not solubilized and remain in the filter in a solid phase. 
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Once the reaction was over, the samples were filtered and the material that remained in 

the filter was dried in the oven overnight. After that, the filter with the material was 

weighted and the filter weight was subtracted from the value.  

Supposing the difference between the original amount of material and the remaining 

biomass from the filter was the lignocellulose that has been hydrolyzed, the efficiency 

of the process can be calculated.  

The method should be right, as the obtained results are coherent. The efficiency 

increases by increasing the temperature and the acid concentration. 

The filtering was carried out with a kitasato flask and a porcelain filter, where the paper 

filter was placed. The vacuum system was an electrical membrane pump that was 

attached to the kitasato flask by a plastic tube. 

6.4 IMAGE J 

 

ImageJ is a program for image processing and analysis in Java. The program has been 

used in this project to measure the TLC spots area. It also allows the verification of the 

method of difference of weights. 

In Image 37 a screenshot of the toolbar of ImageJ can be seen. 

 

Figure 37: ImageJ toolbar 

 

The first step to analyze the images is to upload the file, which has to be in jpg format. 

Then, the buttons “Image”, “Adjust” and “Threshold” from the menu had to be selected. 

The program will select then the image pixels that have color and they will be selected 

in red, as it can be seen in Figure 38. 



62 
 

 

 

Figure 38: Area selection with Threshold Color 

 

When the TLC spots are selected, the buttons “Analyze”, “Tools” and “ROI Manager” 

have to be selected from the menu. The spot that is going to be analyzed has to be 

selected with the magic wand button in the toolbar (“Wand (tracing) tool”) and it has to 

be added to the ROI Manager through the “Add” button. Finally, the “Measurement” 

button has to be pressed and the results will appear in the Results window (Figure 39). 

The results given showed the width, height and area of the selected spot in pixels and 

square pixels, respectively. 

 

Figure 39: Selection of the area and results 
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6.4.1 AREA-CONCENTRATION CURVE FOR GLUCOSE 

 

With this useful tool, a curve correlating the area and concentration of glucose from 

three different TLC plates has been plotted.  

First, three plates were injected with 2 μL of solutions with different glucose 

concentrations. The solutions were prepared before, so the concentrations were known. 

After the TLC process, the plates (can be seen in Appendix 3) showed one spot for each 

concentration with different areas. These areas were bigger as concentration of the 

solutions increases.  

The three plates were analyzed with ImageJ as explained before and the corresponding 

data for area, width and height of the spots can be seen in Table 7. The data values are 

showed in pixels.  

The Bx and By data refer to the position of the spot in the whole plate in the x and y 

axes.  

Table 7: Glucose plates values: correlation between area and concentration of glucose spots 

  Area Min Max BX BY Width Height 

Glucose 5 mg/mL_1 3079 85 233 1131 371 88 53 

Glucose 10 mg/mL_1 13523 85 249 1038 248 201 85 

Glucose 15 mg/mL_1 15691 85 242 1034 149 233 92 

                

Glucose 5 mg/mL_2 3308 85 237 1082 508 83 57 

Glucose 10 mg/mL_2 12194 85 235 1005 377 203 97 

Glucose 15 mg/mL_2 15146 85 236 1024 269 200 105 

                

Glucose 5 mg/mL_3 3134 85 236 1101 676 73 59 

Glucose 10 mg/mL_3 13778 85 235 1020 504 180 114 

Glucose 15 mg/mL_3 17839 85 234 1021 357 193 136 

 

With the area and concentration values of the three plates, a correlation curve has been 

plotted (Figure 40 and 41). The x-axis represents the concentration of glucose, while the 

y-axis represents the area of the spots in pixels. 

The coefficient of determination denoted R
2
, is a number that indicates how well data fit 

a statistical model. An R
2 
of 1 indicates that the regression line perfectly fits the data. 
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As it can be seen in Figure 40, the trend line in normal scale follows the equation: 

y = 1305.2 x – 2197  R² = 0.896  

The curve seems to follow a logarithmic trend because of the saturation point it seems 

to reach for high values of concentration. Therefore, the same curve has been plotted in 

figure 41 in logarithmic scale. 

The logarithmic trend line plotted follows the equation: 

y = 12153 ln(x) – 15963  R² = 0.959 

Comparing the two graphs, it can be observed, that using a logarithmic scale is more 

accurate. Not only the value for R
2
 indicates that the model is better, but also the 

saturation point for a certain concentration can be seen. Beyond the concentration of this 

saturation point, the spot does not grow anymore. The model with R² = 0.959 is 

acceptable for the purpose of this project. 

 

 

Figure 40: Area curve in normal scale 
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Figure 41: Area curve in logarithmic scale 

 

This curve should be very helpful for further analysis of TLC plates, as it will allow the 

determination of TLC spot concentration by measuring the area with ImageJ.  
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7. RESULTS AND DISCUSSION 

7.1 RESULTS OF MILLING PROCESS 

 

The results of the seven milling hydrolysis performed in the laboratory are presented in 

the Table 8. 

Table 8: Results of milling tests 

TYPE OF MILL 
MILLING 

TIME (min) 
CATALYST 

(g) 
CELLULOSE 

(g) 

MONO AND 
DISACCHARIDE 

SUGARS  
OBTAINED (g) * 

MONO AND 
DISACCHARIDE 

SUGARS  
OBTAINED (%) 

TLC 
SPOT 

Mortar 10 1 1 0.0194 19.4 - 

Mortar 90 1.0637 1.0637 0.0026 2.6 - 

Mortar 180 2 2 0.0094 9.4 - 

Disc 3 1 0.9983 0.1259 11.54 - 

Disc 3 5.371 5.376 0.1148 9.65 - 

Ball 180 2 2 0.0409 8.18 - 

Ball 180 2 2 0.0331 6.62 - 

 

* The method used to measure the content of mono and disaccharide sugars in the remaining liquid 

was the weight difference method, explained in Section 6.3.  

 

The efficiencies are always lower than 15 %, but using the TLC method, no spot 

appears. This is probably due to the low concentrations of the sugars obtained, which 

might be under the TLC detection limit, and also due to the size of the catalyst used. It 

may be small enough to be able to go through the filter and contaminate the liquid 

phase. To avoid this, a smaller filter should be used.  

The solid samples after the evaporation of water from two of the seven laboratory test 

and a cellulose sample were analyzed with the IR. The infrared pills were prepared as it 

has been exposed in Section 6.1.1.1 and the resulting graphs are exposed in Appendix 2.  

As it can be seen, the graphs show that almost no changes in the structure of cellulose 

have been performed, so glucose and saccharide compounds are difficult to distinguish 

with this method. 

A further analysis should be made to determinate the composition of these sugars. 
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7.2 RESULTS OF THE HYDROLYSIS WITH IONIC LIQUIDS 

7.2.1 TLC 

The results of the seven milling hydrolysis performed in the laboratory are presented in 

the Table 9. 

Table 9: Results of hydrolysis with ionic liquids 

FEEDSTOCK IONIC LIQUID USED TLC SPOT 

Cellulose [C4mim
+
][I

-
]   

Cellulose [C4mim
+
][PF6

-] - 

Poplar biomass [C4mim
+
][I

-
]   

Poplar biomass [C4mim
+][PF6

-] - 

 

As it can be seen, only the hydrolysis using [C4mim
+
][I

-
] as ionic liquid succeeded. The 

[C4mim
+
][PF6

-
] was correctly prepared, as the infrared bands showed so. However, the 

efficiency of the second step of the ionic liquid preparation was very low (about 26 %), 

so there was not much sample available for the hydrolysis performed with cellulose and 

poplar biomass. Other tests should be carried out, regarding the low efficiency of the 

process. 

The [C4mim
+
][PF6

-
] ionic liquid is very dense, so the separation between it and the 

remaining feedstock is very difficult. Some liquid could be separated by filtering, so the 

TLC analysis was possible. However, the separation was not complete, so the efficiency 

of the process could not be determined through the weights difference method. 

Therefore, it is important to carry out an analysis of the TLC plates with ImageJ. 

7.2.2 IMAGE J ANALYSIS 

 

The area of the corresponding spots was analyzed with ImageJ and correlated with its 

concentration using the area-concentration curve plotted for commercial glucose. 

The plates were analyzed and the results can be seen in Table 10. 

As expected, the area was bigger for the hydrolysis of poplar biomass than for the 

hydrolysis of cellulose. This is due to the size of the pieces of the sample, which was 
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smaller for the poplar. The reacting surface is bigger, so the efficiency of the process 

increases. 

Table 10: Results of the area analysis with ImageJ 

[C4mim+][I-] CELLULOSE Area Min Max Bx By Width Height 

  7897 85 244 2440 1202 104 105 

[C4mim+][I-] POPLAR 
BIOMASS 

Area Min Max Bx By Width Height 

  8242 198 255 1700 774 49 236 

 

The correlation curve between area and concentration, as well as the equation, give the 

corresponding concentrations, as it can be observed in Figures 42 and 43. 

 

Figure 42: Area curve for hydrolysis of cellulose with [C4mim
+
][I

-
] 

 

Figure 43: Area curve for hydrolysis of poplar biomass with [C4mim
+
][I

-
] 
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Knowing the final total volume of the reaction and the calculated concentrations, the 

amount of mono and disaccharide sugars obtained and the efficiency of the process can 

be calculated. The efficiency of the two performed tests is 7 %., which is lower than the 

efficiencies of other studies. This can be due to the use of the I
-
 instead of the Cl

-
 and to 

the sugar amount that remained in the filter due to the high viscosity of the ionic liquid, 

which saturates the filter pores. For further experiments, the filtering method should be 

improved and the reaction time increased, so better efficiencies can be obtained.  

7.3 RESULTS OF ACID HYROLYSIS 

 

The results of the acid hydrolysis tests performed in the laboratory are presented in 

Table 11. The reaction time was 5 h, the feedstock weight 20 g, and the agitation       

100 rpm in all the experiments. 

The efficiency of the hydrolysis process progresses with the increase of the reaction 

temperature and the catalyst (HCl) concentration. Once the concentration of the acid 

was optimized, two more tests were carried out with cellulose as feedstock increasing 

the temperature by 10 ºC each. The experiments with 6 % of acid concentration were 

performed with poplar biomass as feedstock at the three different temperatures.  

In all cases a TLC process was performed and a spot appeared. 

Table 11: Results of acid hydrolysis 

FEEDSTOCK 
TEMPERATURE 

(°C) 

HCl 
CONCENTRATION 

(%) 

MONO AND 
DISACCHARIDE 

SUGARS  
OBTAINED (g) * 

MONO AND 
DISACCHARIDE 

SUGARS  
OBTAINED (%) 

TLC SPOT 

Cellulose 100 2 2.416 12.08   

Cellulose 100 4 3.428 17.14   

Cellulose 100 6 3.845 19.22   

Cellulose 110 6 4.496 22.48   

Cellulose 120 6 6.128 30.64   

Poplar biomass 100 6 6.690 33.44   

Poplar biomass 110 6 7.334 36.61   

Poplar biomass 120 6 7.4960 37.48   

 

* The method used to measure the content of mono and disaccharide sugars in the remaining liquid 

was the weight difference method, explained in Section 6.3.  
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As it can be seen, the efficiencies for the hydrolysis of poplar biomass are better than 

the ones of cellulose. One reason for that could be that the size of poplar biomass 

particles was smaller than the size of cellulose samples. If the sample is smaller, the 

reacting surface of the material would be bigger, so the catalyst will have more reacting 

surface to attack and the hydrolysis results would be better. 

The efficiency of the hydrolysis at 100 °C for the three different concentrations of HCl 

used has been plotted and the result can be seen in Figure 44. In Figures 45 and 46, the 

efficiency of the hydrolysis of cellulose and poplar biomass, respectively, with HCl 6 % 

at different temperatures (100, 110 and 120 ºC) can be observed. 

 
Figure 44: Efficiency curve for hydrolysis of cellulose at 100 °C 

 

 

Figure 45: Efficiency curve for hydrolysis of cellulose with HCl 6 % 
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Figure 46: Efficiency curve for hydrolysis of poplar biomass with HCl 6 % 

 

7.3.1 TLC ANALYSIS 

 

The most relevant TLC plates have been analyzed with ImageJ to get the area and, by 

correlation, also the concentration of the spots. The results are presented in Table 12. 

In Figures 47, 48, 49 and 50, the concentrations for the areas listed in Table 12 are 

showed. The four experiments use the same volume; therefore the calculated 

concentration reflects the reaction efficiencies. It can be seen that the concentrations 

obtained in the hydrolysis of cellulose and poplar biomass at 120 ºC are higher than the 

ones at 110 ºC. It can be also observed that the obtained concentration is higher for the 

hydrolysis of poplar biomass than for the hydrolysis of cellulose. 

Table 12: Results of the area analysis with ImageJ 

CELLULOSE 6 % 110 °C Area Min Max Bx By Width Height 

  6785 181 254 1902 1232 98 91 

CELLULOSE 6 % 120 °C               

  8457 199 255 2237 599 94 108 

POPLAR BIOMASS 6 % 110 °C               

  8404 231 253 1498 1246 81 131 

POPLAR BIOMASS 6 % 120 °C               

  8628 190 250 1340 1515 80 125 
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Figure 47: Area curve for hydrolysis of cellulose at 110 °C 

 

 

 

Figure 48: Area curve for hydrolysis of cellulose at 120 °C 
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Figure 49: Area curve for hydrolysis of poplar biomass at 110 °C 

 

 

Figure 50: Area curve for hydrolysis of poplar biomass at 120 °C 
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  8457 7.46 
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POPLAR BIOMASS 6 % 120 °C     
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It has been observed that the TLC method does not work well with the mixtures of 

sugars and only TLC standards of glucose have been made.  

It has to be taken into account, that only plates with spot that have a defined outline can 

be analyzed by ImageJ. If the spot outline is hard to distinguish or the spot is too spread 

out, the correlation method should not be used. 

The area, and thus the concentration, obtained with ImageJ increases with the growth of 

temperature. It is also bigger for poplar than for cellulose because of the size of the 

sample, as mentioned before. 
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8. CONCLUSIONS 

8.1 INTRODUCTION 

 

Lignocellulosic materials are a promising energy source, as they can be used by genetic 

modified microorganisms to produce fuels as bioethanol, biodiesel or hydrocarbons. For 

that purpose, it is necessary to hydrolyze its content of cellulose to obtain mono and 

disaccharide sugars (fundamentally glucose) that are assimilable for microorganisms. 

The three hydrolysis methods performed are promising. The milling process is more 

environmental friendly than the acid hydrolysis and could be implementing in the 

industry in large amounts, as big mills are already used for other purposes in several 

industries. The hydrolysis with ionic liquids could be really interesting, as less amount 

of acid is used in comparison with the acid hydrolysis, although its efficiencies are 

lower. Another advantage of this kind of hydrolysis is that the reaction conditions 

(temperature, time and pressure) are milder than the ones of the acid hydrolysis. 

However, acid hydrolysis has the advantage of higher efficiency, as well as easier 

implementation in the industry.  

The purposes of this project were to make a comparison between the methods to expose 

their advantages and disadvantages and to develop methods to measure the efficiency of 

the hydrolysis. These methods were the weight difference method and the TLC, which 

correlates spot area and product concentration. With further investigation, a correlation 

between spot intensity, area and concentration could be studied. 

8.2 CONCLUSIONS OF MILLING PROCESS 

 

Mechano-chemical hydrolysis is a promising process to convert cellulose into glucose 

and/or simple sugars. As it can be seen in the results obtained, the tests performed in the 

laboratory were unsatisfactory, but an exhaustive analysis of the sugars obtained could 

be performed in further investigations.  

The concentration of glucose obtained is very low and therefore no TLC spot appears.  

Among the mills used, and taking into account the bibliographic revision that has been 

carried out, the most promising mill is the ball mill. For further experimentation, the 

mill speed should be better controlled. 
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The efficiency of the mortar mill is surprisingly high, but it is probably due the pore size 

of the filter. A solution could be to use a smaller filter, so the kaolinite does not come 

through it and contaminates the sample.  

8.3 CONCLUSIONS OF THE HYDROLYSIS WITH IONIC LIQUIDS 

 

The hydrolysis of lignocellulosic materials using ionic liquids is an interesting 

hydrolysis method in comparison with the acid hydrolysis due to the possibility of 

performing the process under atmospheric pressure. As it can be seen in the results 

obtained, the tests performed in the laboratory were successful, so further 

experimentations should lead to process variables optimization. 

However, an important consideration has to be made; the efficiency of the preparation 

process of the ionic liquid, as the efficiency of the hydrolysis itself, is low. 

Once the process is optimized and extrapolated to the industry, tests to separate the 

remaining ionic liquid from the hydrolyzed sugars should be carried out. Some 

experiments of the literature suggest performing an ion exchange method using a cation 

resin. 

In conclusion: the effectiveness of [C4mim
+
][I

-
] as catalyst has been tested, which is a 

step forward for this industry, since the majority of the papers written about the topic 

consider only [C4mim
+
][Cl

-
] as an accurate ionic liquid for this purpose. This is a 

progress for this area of study. It is also easier to produce than [C4mim
+
][PF6

-
], since 

less chemical stages are needed. 

8.4 CONCLUSIONS OF ACID HYDROLYSIS 

 

The efficiency of the acid hydrolysis of lignocellulose was already proven. Two of the 

purposes of this project were to optimize the process variables and validate poplar 

biomass as a promising feedstock. As it can be observed in the results, poplar could be a 

relevant biomass feedstock since its hydrolysis efficiency is high. 

It has to be taken into account that to achieve better efficiency in the process, it is 

important to do a physical pretreatment, so the reaction surface is as big as possible, 

since this could affect a lot the efficiency of the hydrolysis. The benefits of this kind of 
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acid hydrolysis is that it is performed under relative low pressure conditions, so its 

implementation in the industry would be easier than other processes performed under 

higher pressure conditions. Other variables that affect the efficiency of the process are 

temperature and time. After performing the tests exposed in this project, the conclusion 

is that the optimal temperature for this process is 120 °C, since the efficiency rises with 

increasing temperature, but too high temperatures could burn the biomass. Reaction 

time is also a very important parameter, and thanks to previous investigations, the 

conclusion is that after 180 min the product concentrations remains constant. 

Performing this hydrolysis with HCl instead of using H2SO4 is also an improvement, 

since HCl is less aggressive with the reactor than H2SO4. 

In order to improve the process and to avoid degradation of the products and formation 

of poisonous products, the hydrolysis could be carried out in two or more stages. 
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1. COSTS OF THE PROJECT 
 

In order to estimate the total costs precisely, it is necessary to take into account the costs 

of the products, the materials and the labor costs.  

The kaolinite, cellulose and poplar biomass used in this study has been generously 

provided by Caobar, S.A., Pedormini S.A. and Mafer Forestal, S.L., respectively. 

The costs of the products are exposed in Table 14. 

 

Table 14: Product costs 

PRODUCTS PRICE/QUANTITY QUANTITY COST (€) 

Hydrochloric acid 127 €/500 mL 150 mL 38.1 

1-methylimidazole 32.4 €/100 mL 32 mL 10.37 

Iodobutane 28.5 €/100 mL 46 mL 13.11 

Ethylacetate 166 €/2 L 2 L 166 

Hexafluorophosphoric acid 32.6 €/15 mL 12 mL 26.08 

Sodium sulfate 21.8 €/500 g 5 g 0.22 

Glucose 22.6 €/100 g 0.6 g 0.14 

Methanol 112.5 €/2 L 2 L 112.5 

Sulfuric acid 158.5 €/100 mL 65 mL 103.025 

Sodium hydroxide 20.1 €/25 g 5 g 4.02 

Potassium bromide 18.7 €/100 g 0.5 g 0.1 

Acetonitrile 60.9 €/100 mL 35 mL 21.32 

N-(1-naphthyl)-ethylenediamine 120 €/25 g 3 g 14.4 

TOTAL     509.4 € 

 

The mills used, as well as the batch reactor and other laboratory materials, such as 

flasks and precisions scales, are not consider as project expenses, as all this equipment 

were already owned by the laboratory. 

The material costs are presented in Table 15. 

The estimated price for the infrared spectroscopy, carried out at the School of Mines 

and Energy (Technical University of Madrid), is the provided by this entity. This and 

the cost of the poplar biomass physical pretreatment are detailed in Table 16. 
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Table 15: Material costs 

MATERIAL 
PRICE/QUANTITY 

(€/unit) 
QUANTITY COST (€) 

Plastic points for 
micropipettes 

15.95/1000 30 0.48 

Plastic pipettes 44.2/1000 35 1,55 

Filters 8.51/100 25 2.25 

TLC plates 109.5/50 25 54.75 

TOTAL     59.03 € 

 

Table 16: Tests costs 

TESTS UNIT PRICE QUANTITY COST (€) 

Infrared spectroscopy 24.8 € 5 124 

Poplar biomass milling 20 € 1 20 

TOTAL     144 € 

 

The estimation of labor costs has considered the estimated price by hour of a Junior 

Freelance Engineer and an engineer intern. 

Table 17: Labor costs 

LABOR COSTS COST/HOUR HOURS COST (€) 

Engineer 35 € 100 3500 

Engineer intern 5 € 300 1500 

TOTAL     5 000 € 

 

All costs exposed in Tables 14, 15, 16 and 17 include taxes. The total cost of the project 

can be seen in Table 18. 

Table 18: Total costs 

CONCEPT COSTS (€) 

Products 509.4 

Material 59.03 

Tests 144 

Labor cost 5000 

TOTAL 5 712.43 € 
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1. GRAINSIZE ANALYSIS 
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PRODUCT KAOLINITE 
 DATE 24/04/2014 
 

   CHEMICAL ANALYSIS: % 

SiO2 49.5 

Al2O3 36.2 

TiO2 0.18 

CaO 0.1 

K2O 0.52 

Fe2O3 0.45 
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2. INFRARED ANALYSIS 
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[C4mim
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CELLULOSE 

 

 

 

 

SOLID SAMPLE OF THE 1
st
 TEST WITH DISC MILL  
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SOLID SAMPLE OF THE 2
nd 

TEST WITH MORTAR MILL 

 

 

COMPARISON BETWEEN THE THREE IR CHARTS  

(Data provided by the spectrophotometer) 
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3. TLC PLATES 
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HYDROLYSIS WITH [C4MIM
+
][I

-
] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACID HYDROLYSIS OF CELLULOSE: 

WITH 2 % HCl AT 100 ºC  
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WITH 6 % HCl AT 110 ºC  

Acid phase      Neutral phase  
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ACID HYDROLYSIS OF POPLAR BIOMASS: 

WITH 6 % HCl AT 100 ºC  

Acid phase      Neutral phase  
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WITH 3 % HCl AT 120 ºC  

Acid phase      Neutral phase  
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