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Abstract 

Acid catalysts have been successfully used for pretreatment of cellulosic 

biomass to improve sugar recovery and its later conversion to ethanol. However, use of 

acid requires a considerable equipment investment as well as disposal of residues. 

Acid-functionalized nanoparticles were synthesized for pretreatment and hydrolysis of 

lignocellulosic biomass to increase conversion efficiency at mild conditions. Advantages 

of using acid-functionalized metal nanoparticles are not only the acidic properties to 

catalyze hydrolysis and being small enough to penetrate into the lignocellulosic 

structure, but also being easily separable from hydrolysis residues by using a strong 

magnetic field. 

Cobalt spinel ferrite magnetic nanoparticles were synthesized using a 

microemulsion method and then covered with a layer of silica to protect them from 

oxidation. The silanol groups of the silica serve as the support of the sulfonic acid 

groups that were later attached to the surface of the nanoparticles. TEM images and 

FTIR methods were used to characterize the properties of acid-functionalized 

nanoparticles in terms of nanoparticle size, presence of sulfonic acid functional groups, 

and pH as an indicator of acid sites present. Citric acid-functionalized magnetite 

nanoparticles were also synthesized and evaluated.  

Wheat straw and wood fiber samples were treated with the acid supported 

nanoparticles at 80°C for 24 h to hydrolyze their h emicellulose fraction to sugars. 

Further hydrolysis of the liquid fraction was carried out to account for the amount of total 

solubilized sugars. HPLC was used to determine the total amount of sugars obtained in 

the aqueous solution. The perfluroalkyl-sulfonic acid functional groups from the 

magnetic nanoparticles yielded significantly higher amounts of oligosaccharides from 

wood and wheat straw samples than the alkyl-sulfonic acid functional groups did. More 



 

stable fluorosulfonic acid functionalized nanoparticles can potentially work as an 

effective heterogeneous catalyst for pretreatment of lignocellulosic materials. 
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CHAPTER 1 - Introduction 

General Background 

In the U.S. and worldwide, economies have been depending on fossil fuels (coal, 

oil, and natural gas), which are finite, nonrenewable energy sources. With finite 

reserves, non-uniform distribution, and volatile prices of fossil fuels, as well as the 

desire to decrease U.S. dependence on foreign oil, renewable fuels are increasingly 

being considered as replacements for petroleum-based fuels. The U.S. government 

recently called for this nation to annually produce 36 billion gallons of renewable fuels 

by 2022 (Allred et al. 2008). In 2008, about 9.4 billion gallons of fuel ethanol were 

produced in the U.S. (International Trade Commission and Jim Jordan and Associates 

2009). At present, ethanol is produced primarily from corn (97%); however, using 100% 

of the 2008 corn crop for ethanol production would produce about 36 billion gallons of 

ethanol; this amount would meet only about 17% of the nation’s needs. Furthermore, a 

dramatic increase in ethanol production using current grain-starch-based technology 

may be limited by the fact that grain production for ethanol will compete for limited 

agricultural land also needed for food and feed production. Cellulosic biofuels do not 

have the same limitations of grain-starch-based biofuel production. 

Conversion of cellulosic biomass such as agricultural residues to biofuels offers 

major economic, environmental, and strategic benefits.  DOE and USDA projected that 

U.S. biomass resources could provide approximately 1.3 billion dry tons of feedstock 

(998 million dry tons from agricultural residues) for biofuels, which would meet about 

40% of the annual U.S. fuel demand for transportation (Perlack et al. 2005). However, 

production of biofuels from cellulosic biomass faces significant technical challenges. 

Success depends largely upon the physical and chemical properties of the biomass, 

pretreatment methods, effective enzyme systems, efficient fermentation 

microorganisms, and optimization of processing conditions.   Pretreatment, enzymatic 

hydrolysis and fermentation are the three major steps for ethanol production from 

lignocellulosic biomass. The challenge of producing ethanol from cellulose is the 

difficulty in breaking down cellulosic matter to sugars.  Cellulosic materials are a 

complex mixture of cellulose, hemicellulose, and lignin.  In their original form, the 
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cellulose of these materials is not readily available for hydrolysis, so pretreatment (both 

physical and chemical) is usually required. Pretreatment of lignocellulosic biomass is 

crucial before proceeding to hydrolysis. The purpose of pretreatment is to break the 

lignin seal, disrupt the crystalline structure of cellulose, and increase the surface area of 

the cellulose, making the polysaccharides more susceptible to enzyme hydrolysis.  The 

polymers of glucose are joined by glycosidic bonds. These polymers can be hydrolyzed 

with acid or base solutions or with steam or hot water (Jacobsen and Wyman 2002; 

Teymouri et al. 2004a; Herrera et al. 2004; Liu 2005). High sugar yields have been 

reached with acid hydrolysis treatments using sulfuric acid (Corredor et al. 2008). 

However, even low concentrations of sulfuric acid can cause degradation of glucose to 

hydroxymethylfurfural and other undesirable compounds (Mosier et al. 2002). Use of 

sulfuric acid also requires a greater investment because equipment will wear out faster, 

and waste materials generated from the hydrolysis have to be separated and disposed 

of. Pretreatment and enzymatic hydrolysis steps account for more than 30% of the cost 

of cellulosic ethanol (Allred et al. 2008). A variety of degradation products derived from 

pretreatment of cellulosic biomass could inhibit the normal growth and ethanol 

fermentation using Saccharomyces cerevisiae (Nilsson et al. 2005; Oliva et al. 2006). 

Detoxification, neutralization, and separation steps have to be applied before enzymatic 

hydrolysis. 

Two primary methods are used for cellulose hydrolysis: mineral acids and 

enzymes. Mineral acids (most commonly sulfuric acid) have several advantages.  They 

can be used for chemical pretreatment, and they also give fast hydrolysis rates.  

However, because of the corrosive nature of mineral acids, capital costs are increased 

due to the need for more expensive construction materials.  In addition, costly 

separation steps are typically required in order to reuse the acid.  Enzymes have a 

number of advantages over mineral acids.  First, capital costs should be less because 

there is no need to buy corrosion-resistant materials.  Second, enzymes are much more 

selective to glucose than mineral acids, which can catalyze decomposition of cellulose.  

However, enzymes are expensive and cannot be reused, adding to the operating cost of 

a cellulosic ethanol plant. They are also not capable of catalyzing hydrolysis without 

pretreatment.   
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Acid-supported materials have been successfully used for a diverse number of 

catalytic organic reactions (Alvaro 2005; Bootsma and Shanks 2007; Lien and Zhang 

2007). Nanoporous solids with acid sites have shown high catalytic activity in gas and 

liquid phase reactions (Harmer et al. 2007). Efficient catalysis of the hydrolysis of 

cellulose was observed using amorphous carbon-bearing acid groups (Suganuma et al. 

2008). High cellobiose conversion was obtained using acid organic functionalized 

mesoporous silica (Bootsma and Shanks 2007). Significant yields of glucose were 

reported for selective hydrolysis of cellulose using acid zeolites and acid-activated 

carbon (Onda et al. 2008). Catalytic performance of sulfonic acid-modified mesoporous 

silica was also evaluated over the hydrolysis of sugars (Dhepe et al. 2005). Because of 

their tunable properties, functionalized nanoparticles have become an important 

research subject (Corma and Garcia 2006). Catalytic activity of surface funtionalized 

nanoparticles has recently been studied to mimic biologic reactions (Vriezema et al. 

2005). Monodisperse nanoparticles have the advantage of behaving like a fluid solution. 

The dispersed nanoparticles can’t be seen by the naked eye. If the nanoparticles 

happen to have magnetic behavior, the particles can be recovered by applying a 

magnetic field (Yoon et al. 2003). Acid-functionalized nanoparticles may have potential 

as catalysts for pretreatment and hydrolysis of lignocellulosic biomass.  Using acid-

magnetic functionalized nanoparticles would potentially provide the benefits of acid 

solutions with the advantage that they can be recovered and reused. 

 

The goal of this research is to develop acid-functionalized nanoparticles for 

hydrolysis of lignocellulosic feedstocks for biofuel production. Specific objectives of this 

research are as follows: 

1. Synthesis of cobalt spinel ferrite magnetic nanoparticles functionalized with acid 

functions using alkyl-sulfonic and perfluoroalkyl-sulfonic acid.  

2. Characterization of acid-functionalized nanoparticles in terms of particle size, acid 

functional groups, and pH. 

3. Evaluation of the hydrolysis performance of acid-functionalized nanoparticles for 

sugar production from wheat straw and wood fiber. 
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CHAPTER 2 - Literature Review 

 

2.1 Biomass Structure and Composition 

Agricultural and forest residues, herbage plants, short rotation crops such as 

willows and poplars, and lignocellulosic crops such as reed canary grass, miscanthus, 

and switch grass are all considered as renewable biomass. The structure of 

lignocellulosic biomass is highly complex, and native biomass is resistant to enzymatic 

hydrolysis. Major composition of biomass feedstocks includes cellulose, hemicellulose, 

and lignin (Figures 2-1).  Cellulose is a polymer of D-glucopyranose monomers linked 

by β-1,4 bonds. Cellulose is highly crystalline, water insoluble, and highly resistant to 

depolymerization. Conversely, glucose molecules in starch are linked by α-1,4 bonds, 

which are less stable than the aforementioned. The top and bottom moieties of the 

polymer chain are hydrophobic; in the meantime, the polar hydroxyl groups in the sides 

give the chain a hydrophilic characteristic (Iborra et al. 2006). The cellulose polymer is 

embedded in a heteropolymer chain of five and six carbon sugars, hemicellulose. Both 

of these polymers are protected by lignin layers. 

Hemicellulose is a heterogeneous polymer of pentoses (e.g., xylose and 

arabinose), hexoses (e.g., mannose, glucose or galactose), and sugar acids. Unlike 

cellulose, hemicelluloses are not chemically homogeneous. Because of its amorphous 

structure, the hemicellulose polymer is easily hydrolyzed to its monomers. However, the 

mixture of sugars obtained after hydrolysis makes the conversion to other valuable 

products such as ethanol, xylitol, and 2,3-butanediol more difficult (Saha 2003). 

Traditional yeast strains used to ferment sugar to ethanol can not ferment xylose or 

arabinose to ethanol, and the microorganisms that convert xylose to xylitol can’t do it as 

efficiently in the presence of glucose.  

Lignin, on the other hand, is a highly branched polyphenolic resin. The three 

major phenylpropane units of lignin are p-coumaryl, coniferyl, and sinapyl alcohol. 

Lignin restricts hydrolysis by shielding cellulose surfaces or by absorbing and 

inactivating enzymes. It is understood that the close union between lignin and cellulose 

prevents swelling of the fiber, thereby affecting enzyme accessibility to the cellulose. 



 5 

The removal of these polymers enhances the enzymatic digestibility of cellulose (Yang 

and Wyman 2004). As by-products from cellulosic ethanol production, lignin derivatives 

would be a renewable alternative replacement for current oil-based products such as 

phenol formaldehyde resins and wood adhesives (Salvado and El Mansouri 2006; 

Effendi et al. 2008).  

Biomass also contains minor compounds classified as extractives and ashes. 

Water or alcohol extractives can be fats, proteins, starches, monomeric sugars, gums, 

resins, essentials oils, etc. Ash is an inorganic material that the plant could have taken 

from the soil for its growth. 

 

Figure 2-1 Structure of different biomass fractions  (modified from Iborra et al. 

2006) 

 

2.2 Biomass Pretreatment Methods 

The challenge in producing ethanol from cellulose is the difficulty in breaking 

down cellulosic matter to monomeric sugars (Iborra et al. 2006). Since the cellulose is 

not readily available for hydrolysis, pretreatment (both physical and chemical) is usually 

required.  Pretreatment, enzymatic hydrolysis and fermentation are the three major 

steps for ethanol production from lignocellulosic biomass. The purpose of the 
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pretreatment method is to break the lignin seal, disrupt the crystalline structure of the 

cellulose and increase the surface area of the cellulose, making the polysaccharides 

more susceptible to enzyme hydrolysis. The process is often conducted using mineral 

acids or basic solutions with steam or hot water (Jacobsen and Wyman 2002; Teymouri 

et al. 2004a; Herrera et al. 2004; Liu 2005). Dilute-acid treatment, steam explosion, 

alkaline treatment, ammonia fiber explosion, and supercritical CO2 and SO2 are the 

methods most often used. 

 

2.2.1 Acid Hydrolysis 

Sulfuric acid with concentrations between 0.5% and 2% is the most common 

reagent for acid pretreatment methods (Saeman 1945; Herrera et al. 2004; Liu and 

Wyman 2004; Nilsson et al. 2005; Corredor et al. 2008); although, chloridric and 

phosphoric acids have also been studied ( Herrera et al. 2003; Herrera et al. 2004; Kim 

et al. 2009). The more diluted the acid solution is, the higher the temperatures need to 

be get a high yield of glucose during the enzymatic hydrolysis. However, the harsher the 

conditions are, the less glucose is recovered. Cellulose should remain in its solid phase 

and its conversion to soluble β-1,4 glucan must be avoided; meanwhile, the lignin and 

hemicellulose components have to be solubilized. Temperatures in the range of 120 to 

220°C are commonly used with this method and the re sidence time is from a few 

minutes to 30 minutes, depending on temperature. Increase in temperature improves 

the sugar yield but increases the glucose degradation. Concentrated acids are used at 

relatively mild conditions and longer residence times. The sugar yield can be close to 

the theoretical with concentrated acids, but the cost of the large amounts of acid that is 

required and the environmental problems associated are a drawback for this method 

(U.S. Department of Energy 2006). 

 

2.2.2 Alkaline Hydrolysis 

Sodium hydroxide and ammonium hydroxide are the common basic reagents 

reported in the literature for alkaline pretreatment of biomass (Teymouri et al. 2004a; 

Kim and Lee 2005; Sun et al. 2005). Alkaline hydrolysis has higher reaction rates than 

acid hydrolysis or hydrothermolysis (Bobleter 1994). Its major effect is the removal of 
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lignin from the biomass (Kim and Lee 2005). However, even at temperatures lower than 

100°C, basic reagents could react with monomeric su gars such as glucose, fructose, or 

cellobiose (Yang 1996; Cejpek 2008). Dilute sodium hydroxide works well as a 

pretreatment driving force because it causes swelling of cellulose, and breaks the 

crystalline structure and binding forces between lignin and carbohydrates (Deng and 

Wang 2009). 

 

2.2.3 Hot Compressed Water 

The hot compressed water method uses temperatures higher than 150°C and 

pressures from 0.1 up to 25MPa. At the pretreatment condition with high temperature 

and high pressure, water could favor either ionic or free-radical reactions. Subcritical 

water, or water at temperatures below its critical point and under pressurized conditions, 

has a greater ionic product (expressed as log [H3O
+][OH-]). This fact explains why 

subcritical water has the properties of an acid or a basic catalyst (Pang et al. 2008). 

Bobleter et al. (1994) concluded that the mechanism of cellulose degradation with a 

hydrothermolisis (temperatures about 215-219°C) is similar to that of an acid hydrolysis 

but with slower reaction rates. Therefore, conditions close to the critical point must be 

used in order to increase the reaction rates. The high energy input of the process and 

the high rate of decomposition products at the high temperatures are the disadvantages 

of this method (Lou et al. 2008). 

 

2.2.4 Steam Explosion 

When treated with the steam explosion method, the biomass is heated and 

pressurized with steam, and then subjected to a rapid decompression. It has been 

reported that this method effectively enhances the conversion rate of cellulose into 

fermentable sugar (Mosier et al. 2002).  This pretreatment method is based on the fact 

that the high temperatures and pressures, plus the rapid decompression to which the 

material is subjected, can disrupt the plant cell structure. Nonetheless, the catalyst plays 

an important role (Varga et al. 2004; Datar et al. 2007; Corredor et al. 2008). Varga et 

al. (2004) showed that the enzymatic hydrolysis of corn stover improves only 3% when 

the process is carried out at 180°C without acid lo ading. High sugar yields have been 
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obtained when acid catalysts plus steam are used (Varga et al. 2004). They reported 

that corn stover treated at 200°C for 5 min with 2% H2SO4 resulted in the highest 

enzymatic conversion rate (from cellulose to glucose), which was four times greater 

than untreated material and up to 73% of the theoretical maximum; meanwhile, they 

obtained 86% sugar yield when the acid loading to 3 wt.%. At these temperatures, 

undesired reactions products such as HMF, and formic and acetic acids are also 

formed, which is the drawback of this method. Viola et al. (2007) reported that the 

amount of these volatile products increases when the temperature and the acid loading 

increases. 

 

2.2.5 Ammonia Fiber Explosion 

Ammonia fiber explosion (AFEX) differs from steam explosion in that 

lignocelluloses are exposed to liquid ammonia instead of water vapor.  In a typical 

treatment, the lignocellulosic materials are treated with high pressure liquid ammonia at 

70-100°C for up to 30 min, and then the pressure is  quickly reduced.  AFEX 

dramatically increased lignocellulose susceptibility to enzymatic attack in the hydrolysis 

step. Teymouri et al. (2005) and Viola et al. (2007) optimized the AFEX method for 

switchgrass, and found that 100°C and 5 min of resi dence time are the best conditions 

for its pretreatment. Ninety-three percent of glucan conversion was the maximum yield 

reached during the enzymatic hydrolysis. In another work (Teymouri et al. 2005), 98% 

of the theoretical glucose yields were achieved during enzymatic hydrolysis of the 

optimal treated corn stover. Treatment temperature of 90°C and 5 min of residence time 

were the optimal conditions for this type of biomass. The same authors reported 

complete cellulose conversion when they treated DDGS (distiller’s dry grains and 

solubles) with the AFEX method at 70 and 80°C (Teym ouri et al. 2004b). The AFEX 

method was also evaluated with hardwood (Bals et al. 2006). Although 93% yield was 

achieved, the process required higher temperatures and longer residence times (180°C 

and 30 min). A major advantage of this method is that the ammonia from the process 

can be recovered or used as a nitrogen source in the fermentation step. Dale et al. 

(2009) reported that metabolic yield and the specific ethanol production during 



 9 

fermentation of pretreated corn stover are enhanced by the degradation products of the 

AFEX treatment (0.46 g ethanol/g consumed sugars; 0.3 g/L xylitol compared to the 

complex media 0.43 g ethanol/g consumed sugars; 3.2 g/L xylitol) (Sousa et al. 2009).  

 

2.2.6 Supercritical CO2 Pretreatment 

Supercritical CO2 pretreatment is a process in which lignocellulosic materials are 

placed in a pressure vessel with CO2 at pressures that vary from 120 up to 285 atm for 

a certain time to allow CO2 penetration into the lignocelluloses matrix, and then the 

pressure is rapidly released to flash decomposition reactions. Supercritical CO2 has the 

advantage over steam in that the supercritical conditions are reached at low 

temperatures and pressures: 31°C and 73 atm. Theref ore, side reactions such as 

xylose decomposition can be avoided. Dale and Lau (2009) showed that supercritical 

CO2 pretreatment of cellulose Avicel can increase glucose yield by 50%. Kim, K. et al. 

(2001) reached 85% of sugar yield from hardwood when they treated it at high moisture 

content (73% w/w). Supercritical CO2 at 220 atm, 165°C, and 30 min were the 

conditions for this experiment. Lin et al. (1995) applied this method to the enzymatic 

hydrolysis of cellulose Avicel and obtained 100% glucose yield. The authors used 

supercritical carbon dioxide at 120 atm, 50°C for 9 0 min to achieve these results. Ryu et 

al. (2001) used both subcritical water and carbon dioxide to treat ginger bagasse starch. 

The highest degree of hydrolysis (97.1%) was obtained at 200°C for 15 min. 

 

2.3 Enzymatic Hydrolysis 

Three different types of cellulases can be used to degrade cellulosic materials: 

endocellulases, exocellulases, and β-glucosidases. The endocellulases (also called 

endoglucanases) cleave the polymer chains internally, whereas exocellulases (referred 

to as exoglucanases) cleave from the reducing and nonreducing ends of the molecule, 

most often generated by the action of endocellulases. Hence, the endo- and exo-

cellulases work synergistically, and together are required for efficient degradation of 

cellulose to glucose and cellobiose. The latter is then further cleaved by β-glucosidase. 
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A mixture of at least three of these enzymes is needed for complete enzymatic 

hydrolysis of cellulose for biomass conversion. The enzymatic hydrolysis of 

lignocellulosic materials is relatively slow compared to acid hydrolysis. If biomass was 

not subjected to a previous pretreatment, the hydrolysis would require high loading of 

enzymes. In addition, enzymes are also very specific and mild conditions are needed for 

high enzyme activity and efficiency. At present, high-efficiency enzymes are expensive 

to produce (Petenate et al. 2004) and their activity can be inhibited by the products of 

the reaction (Ruth et al. 1999). 

  

2.4 Nanocatalyst to Mimic Enzymes 

Enzymes are very complex molecules that decrease activation energy for a 

specific reaction. These molecules are highly specific for particular reactions. However, 

the limitations of using enzymes for hydrolysis are expensive and relatively slow 

reaction, which has led researchers to explore alternatives (catalysts). A lot of research 

work has been conducted in trying to develop compounds that imitate what enzymes do 

(Lopezsantin et al. 1985). 

Some compounds that would potentially work as enzymes do are the self-

assembled systems. Ciclodextrines are a good example of self assembled 

nanoreactors; they are molecules that contain a cavity big enough in which a reaction 

can take place (Vriezema et al. 2005). Vriezema et al. (2005) also discussed non-

covalent systems such as micelle and vesicle-based systems where the cavities or 

binding sites are formed through reversible and non-covalent interactions. However, 

macromolecular reactors such as polymers have an advantage above vesicles in that 

are more stable and rigid.  

Other systems receiving a lot of attention for enzyme mimicking are 

functionalized nanoparticles (Breslow 1995; Mosier et al. 2000; Vriezema et al. 2005; 

Zheng et al. 2006; Guler and Stupp 2007). Fan et al. (2006) did a mini-review on 

nanoparticle-supported catalysts and catalytic reactions; gold and magnetic 

nanoparticles with a large superficial area allow high-capacity loading (Fan and Gao 

2006) and because the domain sites are usually bound to the surface, the reactants can 

easily reach the active sites. Gold and magnetic nanoclusters can also be easily 
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recovered by centrifugation or applying a permanent magnet. The catalysts are usually 

anchored to the magnetic nanoparticles as a layer of organic coatings using silanes or 

etheneodiols (McCarty and Weiss 1999). Gold and magnetic particles are basically 

carriers; they don’t directly promote the reaction. The particles can hold up heavy metal 

complexes, organic catalysts, enzymes, and biomimetic catalytic species. The gold 

species have a monolayer of long-chained alkanethioles, with an SH- or –S-S- terminus, 

that are linked to the catalyst. Another advantage of using functionalized nanoparticles 

is that the dispersion can have a solution-like behavior. With proper selection of ligand 

functionality and solvent, single-crystal nanoparticles with controlled diameters (typically 

1-10nm) can be made to behave like molecular solutions (as compared to colloidal 

solutions that require stabilization via dispersion) (Hyeon 2003). 

 

2.4.1 Acid-Supported Materials 

Because of environmental issues associated with use of homogeneous acids, 

such as sulfuric and fluorhidric acid catalysts, development of heterogeneous acid 

catalysts is receiving a lot of attention (Kim et al. 2005). Homogeneous catalysts have 

recently been replaced by acid supported catalysts due to recovery advantages. A 

heterogeneous catalyst can be made by physical or covalent attachment of the active 

molecule to a support. Preparation of the catalyst usually requires modification of the 

support to make it able to host the moieties that contain either active sites or specific 

functional groups. These procedures could demand dedicated organic synthesis; 

therefore, the catalyst must be reusable many times to balance this difficulty (Hart et al. 

2002; Alvaro 2005; Rac et al. 2006; Bootsma and Shanks 2007; Harmer et al. 2007). 

 

2.4.2 Acid Functionalization of Silica 

MCM-41 and SBA-15 are the most common silica mesoporous structures 

available in the market. Their porous structures allow them to host molecules with 

particular functional groups. In general, these porous structures have a mildly acidic 

activity (Corma and Garcia 2006). In order to increase the acid activity of these 

structures, acid sites can be added to the surface. For example, the synthesis of MCM-
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41/SO3H or SBA-15/ SO3H can be achieved by linking a precursor and a 

tetraalkoxylane such as tetraortosilicate TEOS with mercapto groups such as MPTMS 

(3-mercaptopropyltrimethosxysilane) and CSPTMS (2-(4-

chlorosulfonylphenyl)ethyltrimethoxylane) that are oxidated later. This method is known 

as co-condensation (Corma and Garcia 2006; Margelefsky et al. 2007). MCM-41/SO3H 

has been used for esterification of fatty acids and organic alcohols among other 

reactions (Corma and Garcia 2006; Rac et al. 2006). Corma and Garcia (2006) also 

prepared and evaluated the performance of MCM-41 functionalized with perfluoroalkyl-

sulfonic acid groups. The catalysts were tested in the esterification of long-chain fatty 

acids with ethanol and conversion rate up to 95% was reached. Figure 2-2shows how 

the acid groups attached to silica surfaces. 

3-Propylsulfonic acid on silica 3-Aminopropyl (3-oxo butanoic acid) on silica3-Propylsulfonic acid on silica 3-Aminopropyl (3-oxo butanoic acid) on silica
 

Figure 2-2 Acid-functionalized silicas representati on 

2.4.3 Silica-Supported Perfluoroalkyl-sulfonic Acids 

Nafion has been reported as one of the most important examples of an insoluble 

strong acid (Alvaro et al. 2005) (Figure 2-3). It is a perfluoroalanesulfonic acid and 

contains about 15-20 mol% of sulfonic groups. Even though it is a strong and stable 

acid, it has a small surface area. Nafion has no permanent porosity and swells slowly 

and relatively little in most polar solvents (Corma and Garcia 2006; Siril et al. 2007).  

In order to increase the area and improve the catalytic activity, Nafion was 

anchored to MCM-41. This new composite is called Nafion@MCM-41. Nafion@MCM-41 

was used for the catalytic esterification of carboxylic acids. The method by which it was 

attached to MCM-41 is called the grafting approach (Siril et al. 2007). Nafion@MCM-41 

has the advantage that it can increase the acid site accessibility. However, it has limited 

stability. Starting with a pre-formed support, such as MCM-41, could have some 

hindrances because the Nafion resin is a fine colloidal dispersion and the polymer can’t 

penetrate effectively within the internal pores of the support. The polymer could remain 
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as micron lumps on the outer surface of the support according to Harmer et al. (2000). 

The authors recommend the in-situ approach sol-gel method because of the improved 

dispersion, higher effective surface area of the Nafion, and improved stability. Harmer et 

al. (2000) also recommend using silicon alcoxides as the precursor rather than sodium 

silicate as the silica source when a highly dispersed Nafion in silica system is required.  

Siril et al. (2007) compared the catalytic activity of sulfonic acid on polymeric and 

silica supports. The nafion-functionalized silica SAC-13 gave better results than 

Amberlyst, arylsulfonic and propylsulfonic acids, and even Nafion pellets. The better 

performance of Nafion SAC-13 was explained because of the accessibility of the acid 

sites due to its dispersion on a nanometer scale (Harmer et al. 1998). Harmer et al. 

(1998) also affirmed that Nafion silica nanocomposites have the solid-acid properties of 

Nafion resin and phychemical properties of silica such as high surface area, and 

mechanical and thermal stability.  

On the other hand, the affinity of the catalyst surface and the reaction medium 

strongly influence the performance of silica-supported sulfonic acids. Therefore, the 

hydrophilicity of these solids acids made them adequate for reactions in polar mediums. 

(Siril et al. 2007) affirmed that resins containing acid groups such as Nafion are strong 

enough to protonate water. (Harmer et al. 1998) evaluated the performance of silica-

supported Nafion as catalyst on the removal of methyl tert-butyl ether (MTBE) from 

water. The authors reached separation efficiency up to 70%. However, the 

transformation accounted just 18% of the MTBE lost. Lien and Zhang (2007) also 

affirmed that after 10,000 turnovers the catalyst become darker in color and lose 

activity. According to their reported results, the catalysts can be recovered using nitric 

acid of 25 % (wt) at 50°C for 4h. 

The amorphous silica-supported acids have reaction limitations in the liquid 

phase. A dispersed system is necessary to increase their reaction activities and types of 

reactions. Fortunately, acids groups can be attached to disperse nanoparticles. Jones 

and his research group have developed a method to bind acid groups to silica-coated 

magnetic nanoparticles (Harmer et al. 2000). The magnetic core is first synthesized and 

then coated with a silica layer. This layer is later functionalized with acid groups in a 

similar way as mesoporous silica is functionalized (Gill et al. 2007).  



 14 

 

Figure 2-3 Flurosulfonic acid resin Nafion® SAC-13 

 

2.4.4 Acid Strength of Sulfonic Supported Acids 

Some authors have used ion exchange titrations for determination of the acid 

loading capacity of sulfonated resins through ion exchange titrations (Phan and Jones 

2006; Gill et al. 2007). Table 2-1 shows some of the values reported in the literature for 

some solid acids. Acid loading is expressed as the concentration of the hydronium ion in 

solution. The protons in the acid sites are exchanged for the cations in a salt solution; 

the protons are expelled to the solution and counted through titration with a basic 

solution. This value is the total amount of acid sites available in the material. However, 

in aqueous solutions, the amounts of dissociated protons depend on the ion exchange 

capacity of the particular media. Some of the protons might remain in the associate 

state and some others would go to the solution. The acid strength of solid acid 

composites also can be measured by the determination of the molar enthalpies of 

neutralization and by ammonia adsorption calorimetry (Hart et al. 2002; Melero et al. 

2002).  Hart et al. (2002) found that the acid strength of hydrated and dehydrated 

sulfonic functionalized resins increases with the degree of sulfonation. The authors also 

observed that the catalytic activity was increased as the water content decreased. 

Diminution of the acid strength is expected in the presence of water because of the 

dissolution of the hydro-ion, whose acidity is not as strong as that of the sulfonic group. 

However, an increase in the molar enthalpy of neutralization was found. The enhanced 

acid strength in the presence of water was explained as the higher acid concentration in 
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the hydrated resin that leads the acid groups to the associated state. In order to improve 

the acid strength of acid solid supported materials, some studies have been reported on 

the attachment of perfluoroalkyl-sulfonic acid groups upon mesoporous silica (Hart et al. 

2002; Siril et al. 2007). The increase in the acid strength of the sulfonic group is 

attributed to the electron withdrawing properties of the F atoms (Harmer et al. 1998; 

Corma et al. 2004).  

 

Table 2-1 Acid loading of some solid acids 

 Functional group Acid sites (mmol/g) 

Activated carbon nd 1.25 a 

Activated carbon/SO 3H SO3H 1.63a 

Sulfated zirconia SO 3H 1.60a 

Amberlyst 15 SO 3H 1.8a 

Amberlyst-15 SO 3H 4.65b 

Nafion-SAC13 FSO 3H 0.17b 

H-modernite Acidic OH 0.7 c 

Si-MPTMS nanoparticles SO 3H 0.47d 

Si-FSO3H nanoparticles SO 3H 0.78d 

Data from a Corma et al. (2004), bOnda et al. (2008), cDhepe et al. (2005), dFukuoka 

and Dhepe (2006) 

 

2.5 Solid Supported Acids for Cellulose Hydrolysis 

Homogeneous acids have been used effectively for pretreatment of 

lignocellulosic materials that would be later degraded to sugar monomers for ethanol 

production. At present, lignocellulosic alcohol is not yet economically feasible (Gill et al. 

2007). Regular inputs of catalyst and continuous disposal of waste material are 

substantial costs of the process. The recoverability of solid acid supported systems 

makes them a suitable alternative for their homogeneous counterparts. In this area, 

some preliminary studies have been conducted (Allred et al. 2008; International Trade 

Commission and Jim Jordan and Associates 2009; Van Dyne et al. 2000). Dhepe et al. 



 16 

(2005) used water tolerant sulfonated silicas to break the α-1,2 glycosidic bond between 

the glucose and fructose units in the sucrose molecule, and yields of up to 90% were 

obtained. The α-1,4 glycosidic bond in starch was also subjected to hydrolysis but the 

glucose yields barely reached 40%. In a different approach, Shanks et al. (2007) used 

acid-functionalized mesoporous silica as catalyst to break ß-1,4 glycosidic bonds in the 

cellobiose. lucose yields up to 90% were reported for some of the functionalized silicas. 

Cellulose has also been hydrolyzed with acid sulfonated carbon. Some authors have 

reported the treatment of treated microcrystalline cellulose with sulfonic acid-

functionalized amorphous and activated carbon; glucan yields of 64% and 45% were 

obtained (Bootsma and Shanks 2007). Besides microcrystalline cellulose, Suganuma et 

al. (2008) hydrolyzed eucalyptus flakes and got conversion rates higher than 90% 

(Figure 2-4). Other substrates such as cellulose and cellobiose have also been 

evaluated and the previous reported results are summarized in Table 2-2.  

To increase the contact area between mesoporous materials and substrates for 

high conversion yield and efficiency, the present work proposes use of acid-

functionalized nanoparticles for treatment of cellulosic materials. 

 

Table 2-2 Glucose yields from oligosaccharides usin g solid acid catalyst 

Catalyst Substrate Temperature (°C) Glucose yield ( %) Time (h) 

AC-SO3H
a Cellobiose 90 80 24 

Amberlysta Cellobiose 90 60 24 

AC-SO3H
a Cellohexaose 90 80 15 

AC-SO3H
b Cellulose 150 40.5 24 

AC-SO3H
c Cellulose 100 4 (glucan 64) 3 

H2SO4
c Cellulose 100 10 (glucan 38) 3 

Amberlyst-15c Cellulose 100 0 3 

Nafionc Cellulose 100 0 3 

(Adopted from a Kitano, 2009; b Onda 2008; c Suganuma 2008)  
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Figure 2-4 Cellulose Conversion using amorphous car bon with sulfonic 

groups (Adopted from Suganuma et al. 2008).  
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CHAPTER 3 - Synthesis and Characterization of Acid-

functionalized Magnetic Nanoparticles 

3.1 Introduction 

Strong mineral acids such as sulfuric and fluorhidric acid are commonly used as 

catalysts in oil refining and chemical synthesis (Albright 1990; Martinez and Corma 

1993; Rhodes 1994). The chemical waste of these processes contaminates surface 

water sources and decreases air quality. SO2 emissions and acidic water streams 

derivated from the production and utilization of sulfuric acid create serious 

environmental problems such as acid rain, acidification of the soil, and reduction of the 

amount and diversity of aquatic species (U.S EPA 1984; Van Vuuren 2002; Orisakwe 

2008; Zhang 2008; Richardson 2009;, Taniyasu 2009; Ward 2009).  Environmental and 

safety concerns have stimulated the research on solid supported acid as an alternative 

for homogeneous catalysts. Zeolites (aluminosilicate), amberlytes (resine), sulfated 

zirconia, and perfluorinated resin sulfonic acids are already available on the market. 

Extensive studies have also been reported on the synthesis and evaluation of 

mesoporous silicas functionalized with acid groups (Harmer et al. 1996; Harmer et al. 

1998; Van Rhijn 1998; Corma et al. 2004; Alvaro 2005; Rac et al. 2006; Harmer et al. 

2007). Van Rhijin et al. (1998) synthesized MCM with covalent attachment of alkyl-

sulfonic acid groups. The MCM-SO3H was used to catalyze the formation of 

bisfurylalkanes and polyol esters. Catalysis of reactions such as alkenes isomerization, 

alkylation, and acylation with perfluoroalkyl-sulfonic acids attached on silica supports 

were reported by Harmer et al. (1997). In another work, Melero et al. (2002) produced 

SBA-15 mesoporous silica containing arenesulfonic acid groups; the material was 

reported to be stable to temperatures up to 380°C a nd resistant to leaching in aqueous 

solutions. Nevertheless, acid-functionalized mesoporous silicas possess a limited 

accessibility of the reagents to the active sites. 

Monodisperse materials have an advantage that provides large surface areas. 

Several studies can be found on supported acid groups linked to disperse materials (Li 

2003; Fiurasek 2007; Gill 2007). Monodisperse materials such as nanoparticles have a 
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great potential for developing heterogeneous catalysts with the dispersion capability of 

their homogeneous counterparts. In general, the nanoparticles have a large superficial 

area that provides a high reaction rate between the reagents and the acid groups.  

The word nanoparticle is the term applied to materials whose size is too small 

that the system can’t be well described by common Newtonian physics. On the other 

hand, nanoparticles are not small enough to be considered as belonging to the 

molecular scale, so they can not be explained by quantum mechanics (Roukes 2001). 

New physical and chemical properties are being revealed for certain materials when 

their size is at the nanometer scale. Surface chemistry is enhanced because the 

increase in surface area allows better contact with other reagents, metals improve their 

hardness, and ceramics increase their ductility and plasticity (Averback 1989; Li 1993; 

Utamapanya 1993). Elements such as Na and Li show nonmetallic behavior in the 

nanoscale. Conductivity of these materials decreases as size decreases due to the 

expansion of the band gap; in this instance, their nanoscale counterparts can be used 

as insulators (Rogers 2008). Optic and magnetic behaviors, as well as thermodynamic 

properties like melting temperatures and coordination numbers, can also change with 

size (Van Siclen 2007; Nanda 2009). Nanomaterials have drawn a lot of attention 

because their particular characteristics may allow development of new applications; 

desired properties can be attained by means of tuning of the size of the material. 

Among the magnetic properties, superparamagnetism is the one that has 

attracted the most attention in the biological and biomedical areas (Pankhurst 2003; 

Bromberg 2005). Superparamagnetic materials respond effectively when exposed to a 

magnetic field, but they retain no remnant magnetization when the magnetic field is 

removed. Magnetic materials such as MgFeO4 and CoFeO4 have superparamagnetic 

behavior when their size is at the nanometer scale (Chen, 1998; Calero-DdelC 2007). 

Extensive research has been done on the use of homogeneous acids such as 

sulfuric, chlorhidric and phosphoric acids for the pretreatment of biomass for 

subsequent ethanol production (Hashimoto 1997; Herrera, 2004; Liu 2004; Viola 2007; 

Kim 2009). Acid-functionalized nanoparticles may have potential as catalysts for 

pretreatment and hydrolysis of lignocellulosic biomass. Using magnetic acid-

functionalized nanoparticles would potentially provide the hydrolytic benefits of the acid 
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solutions with the advantage that they can be recovered and reused. Jones et al. (2007) 

developed a method to synthesize acid-functionalized magnetic nanoparticles. This 

method is applied in the present work to synthesize two different catalysts. Cobalt spinel 

ferrite (CoFeO4) nanoparticles are first synthesized by a microemulsion method 

(Rondinone 1999). In order to prevent oxidation and to facilitate further functionalization, 

the magnetic nanoparticles are coated with a silica layer (Zhang 2008). In the final step, 

the silica-coated magnetic nanoparticles are functionalized with alkyl-sulfonic and 

perfluoroalkyl-sulfonic acids. Therefore, the objectives of this research are to synthesize 

the cobalt spinel ferrite magnetic nanoparticles functionalized with acid functions using 

sulfonic and perfluoroalkyl-sulfonic acids and to characterize the acid-functionalized 

nanoparticles in terms of particle size, acid functional groups, and pH. 

3.2 Materials and Methods 

3.2.1 Chemicals 

Ammonium hydroxide (Fisher Scientific, A.C.S. reagent), D-(+)-Cellobiose 

(Sigma-Aldrich, 98%), cobalt (II) chloride tetrahydrate (Riedel-deHaën, 99%), 

diethylamine (Sigma-Aldrich, 99.5%), ethanol (Pharmco-AAPER, 95%), iron (II) chloride 

(Sigma-Aldrich, 99.99%), hexafluoro (3-methyl-1-2.oxathiethane)-2,2-dioxide (HFP 

sultone) (SynQuest Labs, 95%) and isopropanol (Fisher Scientific, A.C.S. reagent), 3-

mercaptopropyltrimethoxysilane (MPTMS) (95%, Aldrich), methylamine (40%w/w 

Sigma-Aldrich 98.5%), sodium dodecyl sulfate (Sigma-Aldrich, 98.5%), 

tetraethylorthosilicate (TEOS) (Sigma-Aldrich, 99.999%), and toluene (Fisher Scientific, 

A.C.S. reagent) were used as raw materials for synthesizing acid-functionalized 

nanoparticles. 

 

3.2.2 Sonication  

A sonication bath (VWR Scientific P250D) was used for the silica-coating 

process before the acid functionalization and previous to the biomass hydrolysis.  
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3.2.3 TEM Images 

Transmission electron microscope (TEM) images were used to stimate the size 

and distribution of particles at the nanoscale level. A model FEI CM100 TEM (FEI 

Company, Hillsboro, Oregon, USA) equipped with an AMT digital image capturing 

system was operated at 100 kV. The images were taken under both dispersed and 

dried conditions. For dispersed solutions, the nanoparticles were absorbed for 

approximately 30 s at room temperature onto Formvar/carbon-coated, 200-mesh copper 

grids (Electron Microscopy Sciences, Fort Washington, Penn., USA), and then viewed 

by TEM. 

3.2.4 FTIR Analysis 

Fourier transform infrared (FTIR) spectra were used to investigate the chemical 

composition of the synthesized nanoparticles.  Chemical bonds of the compounds in the 

sample absorb infrared light at very specific frequencies. The infrared light is partly 

reflected from the surface and partly transmitted to a depth of a few micrometers in 

powdered material. The light that enters the material is absorbed or scattered. The re-

emitted light has components from the surface and layers close to the surface. This 

phenomenon, in which the light is reflected in many different directions, is termed 

diffuse reflectance. Reagent KBr and samples were dried for 24 h at 103°C and then 

prepared by mixing 2 mg of sample with 200 mg of spectroscopy grade KBr. The 

measurement was carried out in the wave number range 400 – 4000 cm-1, with detector 

at 4 cm-1 resolution and 32 scans per sample using a Thermo Nicolet NEXUSTM 870 

infrared spectrometer (Spectra-Tech: Model No. 0031-901) with a ZnSe window. An 

OMNIC software program by Nicolet was used to determine the peak positions and 

intensities. 

3.2.5 Preparation of Magnetic Nanoparticles (MNPs) 

Cobalt spinel ferrite (CoFe2O4) nanoparticles were synthesized using the 

microemulsion method previously described in the literature (Phan and Jones 2006; 

Rondinone 1999; Gill 2007). In a typical experiment, 0.9g of cobalt (II) chloride and 1.9 

g of iron (II) chloride were mixed to form an aqueous solution (500ml). Twelve and nine-

tenths grams of sodium dodecylsulfate (SDS) were dissolved in distilled water to 
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complete 500ml of solution. This solution was added to the cobalt and iron solution. The 

mixture was stirred at room temperature with a mechanical stirrer for 30 min, and then 

heated to 58°C. Another solution was prepared with 300 ml of methylamine (40% w/w) 

and distilled water to complete 1L of solution and was heated to 58°C, too. Both 

solutions were finally mixed and stirred for 3 h. The nanoparticles were separated 

magnetically and then washed three times using distilled water. Then 100 ml of ethanol 

were used for a final rinse. 

3.2.6 Silica Coating of the Magnetic Nanoparticles (SiMNPs) 

The silica coating procedure was carried out following the method described 

previously by Gill et al. (2007). The ethanol dispersion of nanoparticles was sonicated 

and stirred simultaneously for 30 min; after sonication 12 ml of the solution were mixed 

with 522 ml of isopropanol and 40 ml of water. This solution was also sonicated under 

mechanical stirring for 1h. Then, 47 ml of concentrated ammonium hydroxide were 

added to the mixture. A solution 1 ml of tetraethylorthosilicate (TEOS) in 40 ml of 

isopropanol was added dropwise to the former solution over a 1-h period under 

mechanical stirring. The mixture was again sonicated under mechanical stirring for 1h. 

The nanoparticles were washed with large amounts of water and separated out of the 

solution using a permanent magnet. The nanoparticles were dried in an air-force oven 

at 103°C for 24 h. About 250 mg of the product was obtained. 

 

3.2.7 Acid Functionalization of the Silica-coated Magnetic Nanoparticles 

Preparation of supported alkyl-sulfonic acid (AS-SiMNPs): The alkyl-sulfonic 

acid function upon the silica-coated nanoparticles was carried out following the 

procedure described by Gill et al. (2007) (Figure 3-1). A solution with 1 g of MPTMS, 10 

ml of ethanol, and 10 ml of water was prepared. Then, 250 mg of SiMNP were added. 

The mixture was sonicated for 15 min and refluxed overnight. SiMNP-SH were 

recovered magnetically and washed three times with 50 ml of water. A solution of 10 ml 

of 30% hydrogen peroxide, 10 ml of water, and 10 ml of methanol was added to the 

recovered SiMNP-SH and left overnight at room temperature. The product of the 

oxidation step was recovered magnetically and washed three times with 20ml of water. 
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The particles were reacidified with 10ml of 1M H2SO4, washed three times with water, 

recovered magnetically, and dried in an air-forced oven at 40°C for 24h. 

 

Figure 3-1 Schematic representation for AS-SiMNPs p reparation (Adopted from 

Gill et al. 2007) 

 

Preparation of supported perfluoroalkyl-sulfonic acid (HPS-SiMNPs): The 

perfluoroalkyl-sulfonic acid function upon the SiMNPs was produced by following the 

procedure described by Gill et al (2007). Two hundred and fifty mg of SiMNPs, dried at 

110°C overnight, were placed in a 125-ml pressure b ottle.  One ml of HFP SULTONE 

and 20 ml of anhydrous toluene were poured into the bottle in a nitrogen glove bag. The 

pressure bottle was sealed and sonicated for 20 min. The mixture was stirred at 100°C 

for 4 h in a waterbath. The fluoro-sulfonic-acid product (SiMNPs-FSO3H) was washed 

three times with 20 ml of anhydrous toluene and recovered magnetically. The 

nanoparticles were dried at room temperature overnight. Figure 3-2 shows the 

procedure of preparation of HPS-SiMNPs. 
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Figure 3-2 Schematic representation for HPS-SiMNPs preparation (Adopted from 

Gill et al. 2007) 

 

3.4 Results and Discussion 

3.4.1 Particles Size and Distribution of Synthesized Nanoparticles 

3.4.1.1 Particle Size of Cobalt Spinel Ferrite 

Figures 3-3 and 3-4 are the images taken of a disperse solution of cobalt spinel 

ferrite nanoparticles in ethanol. Well-dispersed nanoscale particles can be observed. 

The range of particle size is from 5.3 nm to 11.0 nm in these images. 
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Figure 3-3 Cobalt spinel ferrite nanoparticles (100  nm scale) 

 

 

Figure 3-4 Cobalt spinel ferrite nanoparticles (20n m scale) 

3.4.1.2 Particle Size of Silica-coated Nanoparticles 

Figures 3-5 and 3-6 show the images of silica-coated particles. The silica coating 

process is quite sensitive to the TEOS concentration in the solution. Size of the silica 
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layer was significantly affected by the TEOS concentration in the solution (Zhang 2008). 

In this case, if the TEOS solution was added too fast, then particle sizes could be up to 

500 nm (Figure 3-5). The perfectly round shape of the particles may be an indicator that 

individual particles, rather than clumps, were obtained. In Figure 3-6, material of a 

smaller size can also be observed. 

 

 

Figure 3-5 Silica-coated cobalt spinel ferrite nano particles (500 nm scale) 

 

 

Figure 3-6 Silica-coated cobalt spinel ferrite nano particles (100 nm scale) 

 

Figure 3-7 shows the images of silica-coated cospinel ferrite nanoparticles. The 

images were taken upon bench-top-dried samples. Some clumps can still be seen (right 
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side of the figure). In order to get silica layers in the nanoscale, the TEOS solution was 

added upon the dispersion of cobalt spinel ferrite nanoparticles. Sizes of silica-coated 

particles were all in the nanoscale range. Average area of the nanoparticles was found 

to be 4.54 nm2 (assuming spherical shape), and the average diameter of the 

nanoparticles was 2.4 nm based on an average of 400 nanoparticles. The standard 

deviation of the particles area was 2.14 nm2 and the size distribution can be seen in 

Figure 3-8. Although the standard deviation is relatively large, most of the particles have 

an area less than 15 nm2 and maximum size of the particles is 4.4 nm. 

 

 

Figure 3-7 Silica-coated cobalt spinel ferrite nano particles (left, 100 nm scale; 

right, 20 nm scale) 
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Figure 3-8 Histogram for silica-coated nanoparticle s 

 

 

 

 

 

 

 

3.4.1.3 Particle Size of Acid-functionalized Nanoparticles 

Perfluoroalkyl-sulfonic acid nanoparticles: Figure 3-9 shows the TEM images of the 

perfluroalkyl-sulfonic acid nanoparticles. Some of the particles have more than one 

small core nanoparticle. This indicates there were some aggregated particles either 

during the coating with silica or during the functionalization of the particles. However, 

size of the particles remains in the nanoscale, and ranges between 2.0 nm to 12 nm. 
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Figure 3-9 Perfluoroalkyl-sulfonic acid nanoparticl es (left, 100 nm scale; right 20 

nm scale) 

 

Alkyl-sulfonic acid nanoparticles : Figure 3-10 shows images of the alkyl-

sulfonic acid nanoparticles, well dispersed in the aqueous solution. The size distribution 

remained in the nanoscale after the coating and functionalization processes. The 

average area of the nanoparticles was found to be 37.5 nm2 (assuming spherical 

shape) and the average diameter was 6.9 nm based on average of 600 nanoparticles. 

The standard deviation of the particles area was 36.4nm2 and the size distribution is 

shown in Figure 3-11. Although the standard deviation is relatively large, the maximum 

size of the nanoparticles is only 19.3 nm. We believe that this size is good enough to 

allow good contact between the acid sites and the substrate that is going to be 

hydrolyzed. 
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Figure 3-10 Alkyl-sulfonic-acid nanoparticles (100 nm scale) 
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Figure 3-11 Histogram for the AS-SiMNPs 
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3.4.2 FTIR Spectrum 

FTIR spectra for the acid-functionalized nanoparticles are shown in Figures 3-12, 3-13 

and 3-14.  The peak at 3390 cm-1 in all spectra could be attributed to the O-H stretching 

vibrations of physisorbed water and possibly surface hydroxyls. The peak near 1620 

cm-1 has been attributed to an O-H deformation vibration (Phan and Jones 2006). 

Those peaks are shown in the FTIR spectra for the silica-coated nanoparticles (Figure 

3-12), the AS- SiMNP (Figure 3-13) and the PFS-SiMNP (Figure 3-14). Phan et al 

(2006) also point out the peaks at 1017 cm-1 of the Si-O stretching clearly distinguished 

in the AS- SiMNP (Figure 3-13) and the PFS-SiMNP (Figure 3-14). According to Zhao et 

al. (2000), the peaks at 810 and 980 cm-1 could be attributed to the stretching 

vibrations of Si-O-Si and Si-O-H groups.  

 

Figure 3-12 FTIR spectra of silica-coated nanoparti cles 
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Figure 3-13 FTIR spectra of alkyl-sulfonic acid nan oparticles 

 

Alvaro et al. (2005) identified the peak at 1420cm-1 as the peak assigned to the 

undissociated –SO3H groups (Fig. 3-13 and 3-14). Suganuma et al. (2008) reported the 

vibration bands at 1040 cm-1 for the stretching of the SO3 and 1377 cm-1 for the 

O=S=O stretching in SO3H group. Although the peaks between 1100 and 1200 cm-1 are 

assigned to the C-F bond, it is overlapped by the peak of the Si-O bond (Kim 2003; 

Scaranto 2008). Biloiu et al. (2004) reported the bands between 1020 and 1220 cm-1 as 

the peaks associated to the CF, CF2, and CF3, respectively. 
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Figure 3-14 FTIR spectra of perfluoroalkyl-sulfonic -acid nanoparticles 

3.4.3 Acid Loading 

The acid sites were quantified through ion exchange capacity titrations. Sodium 

chloride and tetramethylammonium salts were used to draw out the hydrogen ions from 

the nanoparticles to the solution. The solutions were titrated with a 0.01M NaOH 

solution until neutrality was reached. The values obtained were greater than the values 

previously reported in the literature (Table 3-1). Melero et al. (2002) found 1.2 mmol 

H+/g SiO2 for alkyl-sulfonic acid bound to mesoporous silica, and Gill et al. 2007 

reported 0.47 and 0.78 mmol/g for AS-SiMNPs and PFS-SiMNPs, respectively. 
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Table 3-1 Acid Capacity Titration 

Acid capacity titration 

(mmolH+/g) 

 

Na+ TMA+ 

Initial pH after ion 

exchange (0.05 g 

catalyst) 

Literature values 

(mmol/g) 

PFS-SiMNPs 1.92 1.82 2.28 0.47a 

AS-SiMNPs 0.99 0.93 2.95 0.78a 

CA-SiMNPs 0.41 0.21 4.16 - 

Data from a( Gill et al. 2007) 

 

3.5 Conclusions 

TEM images of the cobalt spinel ferrite indicate that monodisperse nanoparticles 

were obtained with particle sizes less than 10nm, with clear interface between the 

magnetic core and the silica shell. TEM images of the cobalt spinel ferrite nanoparticles 

after the coating and acid functionalization indicate that coating and acid 

functionalization did not significantly affect the size and dispersion properties of the 

particles. The peaks at 802, 940, 1100, and 1680 cm-1 on the FTIR spectra of the silica-

coated magnetic nanoparticles are evidence of covalent bonding between the magnetic 

core and the silica layer. The peaks at 1110, 1020, 1240, 1650, 2940, and 3390 cm-1 of 

the FTIR spectra of the alkyl-sulfonic acid-functionalized silica-coated magnetic 

nanoparticles are evidence of covalent bonding between the silica layer and the alkyl-

sulfonic acid. The peaks at 798, 960, 1020, 1115, 1250, 1360, and 1620 cm-1 on the 

FTIR spectra of the perfluoroalkyl-sulfonic acid-functionalized silica-coated magnetic 

nanoparticles are evidence of covalent bonding between the silica layer and the 

perfluoroalkyl-sulfonic acid.  

 

Titration capacity of the synthesized acid-functionalized nanoparticles was higher 

than the values reported in the literature. However, to effectively catalyze the hydrolysis 

of ß-glycosidic bonds, nanoparticles with higher acid strength are preferred. No clear 

relationship was found between the yield of glucan solubilized and the pH values, but 

the catalytic activity reduced to almost zero at the pH values around 7. High hydronium 



 35 

ion concentrations facilitate the cellulose conversion but are not a determinant factor. 

The acidity strength of the H3O
+ ions decreased when solvated with water molecules; 

for that reason, it is believed that the sulfonic group, which should remain attached to 

nanoparticle, provides higher acidity than the hydronium ions in the solution. Stability 

and strength of the acid groups of the functionalized nanoparticles are necessary 

features for this particular application.  
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CHAPTER 4 - Biomass Pretreatment Using Acid-

Functionalized Magnetic Nanoparticles  

4.1 Introduction 

The increasing energy demand and the decreasing oil availability have 

stimulated the research on new sources of energy. The more strict environmental 

regulations restrain replacement of energy sources to those that are renewable. Ethanol 

from fermentative processes is now considered an alternative for transportation fuel. 

Brazil is a remarkable example of production of fuel ethanol from sugar cane (Rothkopf 

2007). Besides its technological capability and national policies, this South American 

country has an advantageous geographic position and land availability for sugar cane 

production that makes its fuel ethanol industry economically feasible (Sperling and 

Gordon 2009). Sugar cane has the advantage over other crops in that its carbohydrate 

components can be fermented without previous treatment. 

Conversely, grains such as corn and sorghum have their carbohydrates in the 

form of starch. This sugar polymer needs to be cooked in order to obtain sugar 

monomers (glucose) for its subsequent conversion to ethanol. The hydrolysis of starch 

to obtain glucose is a relatively easy process and the fermentation to alcohol can be 

made simultaneously. However, utilization of cereal crops for fuel purposes has initiated 

a lot of debate. A dramatic increase in ethanol production using the current grain-starch-

based technology will put stress on grain supplies which compete for limited agricultural 

land also needed for food and feed production.  

Biomass is a potential source of energy to supply much of our transportation fuel 

needs. The United States currently consumes more than 140 billion gallons of 

transportation fuels annually.  Conversion of cellulosic biomass such as agricultural 

residues to biofuels offers major economic, environmental, and strategic benefits.  DOE 

and USDA projected that U.S. biomass resources could provide approximately 1.3 

billion dry tons of feedstock (998 million dry tons from agricultural residues) for biofuels, 

which would meet at least 40% of the annual U.S. fuel demand for transportation 
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(Perlack 2005). In fact, biomass already supplies 40-50% of the energy demand in 

many developing countries (Hall and Moss 1983; Demirbas 2001). 

Fermentable fractions of lignocellulosic biomass include cellulose and 

hemicellulose. Cellulose is highly crystalline, water insoluble, and highly resistant to 

depolymerization. Utilization of cellulosic sugars faces significant technical challenges. 

Cellulose is a linear polymer of D-glucose units linked by (β-1, 4-linked) glucose. 

Orientation of the linkages and additional hydrogen bonding make the polymer rigid and 

difficult to break (Van Hooijdonk 2005). Hemicelluloses are heterogeneous polymers of 

pentoses such as xylose and arabinose, hexoses such as mannose, glucose, and  

galactose, and sugar acids. They are generally cataloged according to the main sugar 

residue in the backbone (e.g., xylans, mannans, and glucans), with xylans and 

mannans being the most common (Wyman 2005). Unlike cellulose, hemicelluloses are 

not chemically homogeneous. Hemicellulose, because of its branched, amorphous 

nature, is relatively easy to hydrolyze (Van Hooijdonk 2005). Lignin is a long-chain, 

heterogeneous polymer composed largely of phenyl propane units most commonly 

linked by ether bonds (Saha 1997). Lignin restricts hydrolysis by shielding cellulose 

surfaces or by adsorbing and inactivating enzymes. It is understood that the close union 

between lignin and cellulose prevents swelling of the fibers, thereby affecting enzyme 

accessibility to the cellulose.  

The polymers of glucose are joined by glycosidic bonds. These polymers have 

been hydrolyzed with acid or basic solutions, with steam or hot water (Herrera 2004; 

Jacobsen 2002; Liu 2005). High sugar yields have been reached with acid hydrolysis 

treatments using sulfuric acid (Corredor 2008). However, even low concentrations of 

sulfuric acid can cause degradation of glucose to hydroxymethylfurfural and other 

undesirable compounds (Mosier 2002). Use of sulfuric acid also requires a greater 

investment because the equipment wears out faster, and the waste materials obtained 

from the hydrolysis have to be separated and disposed.  

Acid-supported materials have been successfully used for a diverse number of 

catalytic organic reactions Nanoporous silicas with acid sites have effectively been used 

in liquid phase reactions (Alvaro 2005; Bootsma and Shanks 2007; Lien 2007). Kitano 

et al. (2009) used amorphous carbon-bearing, HSO3, COOH, and OH groups to 
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hydrolyze short β-1,4 glucans. The hydrolysis was carried out at 90°C with 0.0175 g of 

substrate/g catalyst, resulting in up to 15% of sugar yield. When they increased the 

content to 1.2 g cellobiose/g catalyst at the same temperature, up to 80% glucose yields 

was obtained after 24h of hydrolysis. 

Monodisperse nanoparticles have an advantage over amorphous solids; 

monodisperse nanoparticles can behave like a fluid solution. If the nanoparticles 

happen to have magnetic behavior, the particles can be recovered from solution by 

applying a magnetic field. Nanoparticles, as well as mesoporous materials, can be 

functionalized; their chemical properties can be tuned conveniently. Therefore, using 

acid magnetic functionalized nanoparticles would potentially provide the benefits of the 

acid solutions with the advantage that they can be recovered and reused. The objective 

of this research aims to evaluate the hydrolysis performance of magnetic nanoparticles 

functionalized with three different acid functions: citric, alkyl-sulfonic, and perfluoroalkyl-

sulfonic acids. Wheat straw, wood fiber and cellobiose were used as substrates to 

evaluate the catalytic activity of these nanoparticles. 

 

4.2 Materials and Methods 

4.2.1 Hydrolysis of Biomass 

The hydrolysis performance of magnetic nanoparticles with two different acid 

functions including alkyl-sulfonic acid (AS), perfluoroalkyl-sulfonic acid (PFS) was 

evaluated for wheat straw, wood fiber, and cellobiose. The compositional analysis on a 

dry basis for both wheat straw and wood fiber is shown in Table 4-1. For hydrolysis, the 

two sulfonic acid-functionalized nanoparticles were tested at loading rates from 1.3-

2.4% with biomass loadings from 2 to 4 % (w/w). The hydrolysis was carried out in 

pressure bottles for 24h at 80°C. All bottles were sealed to avoid mass loss. 

Hydrothermolysis controls were run for all experiments. An aliquot from the liquid 

fraction was neutralized with CaCO3, filtered, and analyzed by HPLC using a RCM-Ca 

monosaccharide column (300 x 7.8mm; Bio-Rad, Richmond, CA.) and refractive index 

detector. Samples were run at 85°C, and eluted at 0 .6ml/min with H2O. Hemicellulose 
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yield was counted as the amount of D(+)glucose, D(+)xylose, D(+)mannose and 

D(+)arabinose derived from hemicelluloses. The concentration of D-cellobiose couldn’t 

always be read by interference of other compounds present in the liquid fraction. 

 

Table 4-1 Biomass compositional analysis 

Biomass feedstock constituents Wheat straw Wood fiber 

95% ethanol extractives 13.0 20.6 

Ash (%) 10.3 0.6 

Acid Soluble Lignin (%) 2.3 1.1 

Acid-Insoluble Lignin (%) 15.9 26.3 

Total Lignin (%) 18.2 27.4 

Xylan (%) 21.7 14.5 

Glucan (%) 37.6 36.1 

Mannan (%) 0.3 1.2 

 

4.2.2 Total Carbohydrates Analysis:  

It has been found that hydrolysis of cellulose with solid supported acid gave low 

monosaccharide yields; most of the sugars were converted to long chain sugars 

(Suganuma 2008). In order to count the amount of sugars that were solubilized, the 

supernatant was further hydrolyzed to convert oligosaccharides into sugars with lower 

molecular weight. The hydrolysis was done following the NREL LAP procedure TP-510-

42618 (Sluiter 2008). Seventy-two percent sulfuric acid (w/w) was used to bring the acid 

concentration to 4% (w/w). The sealed samples were autoclaved at 121°C for 1h. The 

neutralized samples were analyzed by HPLC. 

 

4.2.3 Enzymatic Hydrolysis 

In order to evaluate the possibility of using acid-functionalized nanoparticles in 

combination with enzymes, the digestibility test was effectuated upon some of the 
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pretreated samples Selig et al. (2008). The biomass was separated from the catalyst 

and rinsed with abundant water. AccelleraseTM 1000 from Genencor, Inc. was used for 

enzymatic hydrolysis. The hydrolysis was carried out for 72h, after which the samples 

were placed in HPLC vials for subsequent analysis. 

4.3 Results and Discussion 

4.3.1 Monosaccharides Yield 

Very few monosaccharides were obtained from wheat straw and wood fiber after 

treatment with acid-functionalized nanoparticles (Figures 4.1-4.2). The sugar yield as 

hemicellulose was obtained from the liquid fraction. Hemicellulose yields as high as 31 

% were obtained from wheat straw (Figure 4-1); meanwhile, yields up to 10% were 

obtained from wood fiber (Figure 4-2). Wood fiber is a more recalcitrant material 

compare to herbaceous crops such as wheat straw. This result is in agreement with 

Suganuma et al (2008). They used acid-functionalized amorphous carbon to hydrolyzed 

cellulose and reported monomers yield of only 4%; most of the sugars obtained were in 

oligomeric form. Although cellobiose was obtained from the biomass samples in few 

amounts, its production should be avoided due to that cellobiose is inhibitory of 

cellulases (Lopezsantin 1985; Alonso 2001) and it can’t be fermented by common yeast 

strains. 

 

Because cellobiose, the smallest oligosaccharide, has been used as the model 

material for cellulose degradation to glucose in some studies (Furukawa 2002; Bootsma 

2007), performance of the catalysts upon cellobiose was also measured. Unfortunately, 

the sugar was poorly affected by the catalysts; from 1100 mg of available glucose in the 

initial solution, only 6.1% was converted into the glucose monomer. 
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Figure 4-1 Monomer sugars and cellobiose yields fro m wheat straw after 

pretreated with PFS and AS acid functionalized nano particles at 80°C for 24h 
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Figure 4-2 Monomer sugars and cellobiose yields fro m wood fiber after pretreated 

with PFS acid functionalized nanoparticles at 80°C for 24h 
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4.3.2 Total Sugars Yield 

If the acid-functionalized nanoparticles are able to hydrolyze cellulose to the 

monomers, the next step in the process would be alcoholic fermentation of the 

solubilized sugars, and the enzymatic hydrolysis step could be eliminated. However, if 

the acid-functionalized nanoparticles only degrade hemicellulose to short chain 

polymers of glucose, xylose, mannose and arabinose, the acid-functionalized treatment 

has to be followed by an enzymatic hydrolysis. In this instance, lignin and hemicellulose 

removal is aimed and high glucose recovery is expected. As previously found (Mosier 

2002), the solid acid catalysts degrade the polysaccharides into oligomeric forms rather 

than to monomers. In order to quantify the total amount of sugars obtained after the 

catalyst treatment, the supernatant was further hydrolyzed to split the solubilized long-

chain sugars into monomers. The amount of solubilized sugars from wheat straw and 

wood fiber is shown in Figures 4-3 and 4-4 as hemicellulose yield.  
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Figure 4-3 Total sugar yield from wheat straw after  pretreated with PFS and AS 

acid functionalized nanoparticles at 80°C for 24h 
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Figure 4-4 Total sugar yield from wood fiber after pretreated with PFS acid 

functionalized nanoparticles at 80°C for 24h 

 

The control for all the experiments is the treatment of the sample with the same 

conditions of the other samples, except that the control doesn’t have a catalyst. In this 

instance, only the thermolysis is the driving force that causes the hydrolysis of sugars. 

We wanted to determine the hydrolysis ability of the catalyst eliminating the heating 

effect. Yields of total sugars obtained from wheat straw treated with alkyl-sulfonic acid 

functionalized nanoparticles were not significantly different from the control. The sugar 

yields from wheat straw treated with perfluorualkyl-sulfonic acid nanoparticles were 

significantly higher than that from the control (p-value for this experiment was equal to 

0.0016). On the other hand, the same catalyst also  made a difference in the treatment 

of wood fiber; the hemicellulose yield increased from 15.1 to 28.4% when perfluoroalkyl-

sulfonic acid-functionalized nanoparticles were used.  

Wood fiber is a more recalcitrant material compared to herbaceous crops such 

as wheat straw. The yield of solubilized hemicellulose from wheat straw was higher than 

that from wood fiber. The original wheat straw and wood fiber samples were not 
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extractives free and some of the sugars accounted for could have been soluble sugars 

in the sample.  

4.3.4 Hydrolysis of extractives-free Wood Fiber and Wheat Straw   

To avoid the effects of soluble sugars in the biomass on total sugar yield after 

treatment, wheat straw and wood fiber were subjected to both water and alcohol 

extraction. The samples were refluxed with water for 24h in a soxhlet apparatus and 

another 24h with 95% ethanol. After the extraction process, the wood fiber sample was 

dried at 103°C for 24h and the wheat straw sample a t 45°C for 72h. For wheat straw 

extractives-free (Figure 4-5 and Figure 4-6) and wood fiber extractives-free (Figure 4-7 

and Figure 4-8), the amount of sugars solubilized in the presence of perfluroalkyl-

sulfonic acid nanoparticles (PFS-SiMNPs) showed a significant increase of solubilized 

sugars with respect to the control (p-value was lower than 0.0001). Same result was 

observed for wood fiber extractives-free (p-value=0.0064). 

Sugars from wheat straw extractives free

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

Control Alkyl-sulfonic acid Perfluoroalkyl-
sulfonic acid

Nafion

H
em

ic
el

lu
lo

se
 

Y
ie

ld
 (

%
)

Arabinose

Mannose

Xylose

Glucose

Cellobiose

 

Figure 4-5 Monomer sugars yield and cellobiose from  wheat straw extractives 

free after pretreated with PFS acid functionalized nanoparticles at 80°C for 24h 
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Figure 4-6 Total sugar yield from wheat straw extra ctives freeafter pretreated with 

PFS acid functionalized nanoparticles at 80°C for 2 4h 
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Figure 4-7 Monomer sugars yield and cellobiose from  wood fiber extractives free 

after pretreated with PFS acid functionalized nanop articles at 80°C for 24h 



 46 

Total sugars from wood fiber extractives free

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

Control Alkyl-sulfonic
acid

Perfluoroalkyl-
sulfonic acid

Nafion

H
em

ic
el

lu
lo

se
 Y

ie
ld

 (%
)

Arabinose

Mannose

Xylose

Glucose

 

Figure 4-8 Total sugar yield from wood fiber extrac tives free after pretreated with 

PFS acid functionalized nanoparticles at 80°C for 2 4h 

4.3.5 Enzymatic Hydrolysis 

The purpose of the pretreatment methods is the exposition of the cellulose to the 

active sites of the enzymes, rather than a complete solubilization of sugars. Ideally, the 

acid-functionalized nanoparticles would do the entire job, pretreatment and enzymatic 

hydrolysis, all at once. Because at 80°C the cataly st was only able to degrade 

hemicelluloses, the combined performance of both acid nanoparticles treatment and 

enzymatic hydrolysis on sugar yields was considered.  

Results of the digestibility test are shown in Table 4-2. Treatment of wheat straw 

with PFS and AS acid-functionalized nanoparticles could have caused inhibition of the 

enzymatic hydrolysis; the digestibility of the samples that were pretreated with the 

catalysts decreased with respect to the sample that just had gone the thermolysis 

treatment.  
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Table 4-2 Digestibility of biomass after pretreatme nt with acid catalysts 

Biomass Catalyst Digestibility (%) 

PFS 20.3 

AS 19.1 Wheat straw (as received) 

control 37.8 

PFS 26.7 

AS 16.0 Wheat straw, extractives free  

control 37.3 

PFS 11.4 

AS 8.0 Wood fiber, extractives free 

control 8.5 

*PFS=perfluuroalkyl-sulfonic acid nanoparticles; AS=alkyl-sulfonic acid nanoparticles. 

 

4.3.6 Effect of the pH 

pH values of the reaction solutions at the end of the hydrolysis at 80°C for the 

control, PFS-SiMNPs, Nafion, and AS-SIMPNs solutions are shown in Table 4-3. 

Several authors have effectively used dilute sulfuric acid in the pretreatment of 

lignocellulosic materials (Mosier et al. 2005; Liu and Wyman 2004). The pH of dilute 

sulfuric acid solutions (e.g., 0.05 - 1% wt/wt) can be lower than 1.5 at the end of 

hydrolysis. To decrease the pH at these levels would require either utilizing higher load 

of the catalyst or increasing the number of acid sites per gram of catalyst. The 

neutralization effect of the biomass minerals also consumes some of the available acid 

sites (Hashimoto 1997); therefore, samples with higher ash content would require a 

larger catalyst load.  

Even though low pH values usually give higher yields (Figure 4-9), a clear 

correlation between pH and sugar yield is not observed; other factors different than 
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hydronium ion concentration also affect the acid hydrolysis of biomass. Kitano et al. 

(2009) used solid acids to break β-1,4 glycosidic bonds and found that the presence of 

COOH and phenolic OH as surface functional groups help the hydrolytic activity of the 

sulfonic acid groups. According to these authors, COOH and phenolic OH groups help 

the absorption of β-1,4-glucan that is later hydrolyzed by SO3H groups. Therefore, in 

order to improve the catalytic activity of acid-functionalized nanoparticles, adding the 

attachment of sulfonic acids groups, and simultaneous functionalization with COOH and 

acidic OH is recommended.  

 

Table 4-3 pH of the solution at the end of pretreat ment 

Biomass Catalyst* Total sugars yield (%) pH 

PFS 35.8 3.45 

AS 20.5 4.87 Wheat straw  

control 18.8 5.07 

PFS 29.5 1.86 

AS 7.1 2.53 

Nafion SAC13 5.3 3.56 
Wheat straw, extractives free  

control 3.5 4.25 

PFS 28.4 2.60 
Wood fiber 

control 15.1 7.26 

PFS 15.5 2.60 

AS 4.5 2.64 

Nafion SAC13 3.5 3.75 
Wood fiber, extractives free  

control 0.1 7.05 

*PFS=perfluuroalkyl-sulfonic acid nanoparticles and AS=alkyl-sulfonic acid 

nanoparticles. 
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Figure 4-9 pH vs sugar yield plot for wheat straw a nd wood fiber, extractives free 

 

4.3.7 Performance of the Catalysts  

Nanoparticles functionalized with perfluoroalkyl-sulfonic acid showed the highest 

sugar yields with respect to the control. Moderate yields of hemicelluloses were 

obtained at 80°C when compared to the hydrolysis at  160°C (Zhao 2009). Fluoroalkyl-

sulfonic acids belong to the superacids catalyst category. Numerous studies have 

reported use of fluoroalkyl-sulfonic acids supported on mesoporus silica (Sluiter et al. 

2008). The high acid strength of these acids has been explained by the electron 

withdrawing properties of the Fluor atoms (Suganuma et al. 2008). The better capacity 

for breaking glycosidic bonds may be attributed to the higher amount of hydronium ions 

in the solution, as was evidenced by lower pH for the PFS-SiMNPs. Some authors have 

discussed possible mechanisms for the hydrolysis of the glycosidic bonds in more detail 

(Moldes et al. 2001). 

 Performance of nanoparticles functionalized with alkyl-sulfonic acid didn’t show a 

significant improvement on hemicellulose yields. As previously reported (Lopezsantin et 
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al. 1985), the acid loading for this catalyst was relatively low. However, low catalytic 

activity could have been a consequence of the poor water affinity observed for this 

catalyst. These results agree with the findings of Van Rhijn et al. (1998) and Bootsma 

and Shanks (2007). 

 

Gill et al. (2007) and Suganuma et al. (2008) reported that acid groups in the 

PFS nanoparticles were leached into the reaction solution. Catalytic activity for the 

deprotection reaction of benzaldehyde dimethylacetalwas at room temperature was 

attributed to acid groups in the solution; the catalysis was considered as a 

homogeneous catalyst. Only if the reaction is helped out by the acid groups attached to 

the surface of the nanoparticles, is the catalysis considered as heterogeneous. Titration 

results after the hydrolysis of biomass at 80°C are  shown in Table 4-4. The acid 

capacity was lost in the first run for both acid-functionalized nanoparticles. If the catalyst 

doesn’t retain its acid groups, it couldn’t be reused. These results suggest that the 

recyclability requirement is not filled by the catalysts. 

 

Table 4-4 Sulfonic acid loading before and after re action 

 Titration loading 

(mmolH+/g) 

Initial pH after ion 

exchange 

(0.05gcatalyst) 

Titration loading after 

reaction (mmolH+/g) 

PFS-SiMNPs 1.92 2.14 0.20 

AS-SiMNPs 0.99 2.95 0.17 

*PFS=perfluuroalkyl-sulfonic acid nanoparticles; AS=alkyl-sulfonic acid nanoparticles. 

 

4.3.8 Effect of Temperature  

Because of thermodynamic barriers, some scientists affirm that if either the acid 

concentration or the temperature is too low, the other variable has to be increased to 

compensate for the change (Sun 2009). In our instance, both acid concentration and 

temperature were low, and still some sugars were solubilized. 
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According to Bootsma et al. (2007) at the pH ranges we worked with, 24h is 

enough to degrade cellobiose to glucose completely when the temperature is around 

145°C. Because at low temperatures the hydrolysis r ate constant of the reaction is very 

small, in order to convert cellobiose to glucose we will need either longer times, or 

higher temperatures, or greater hydronium ion concentrations. Nonetheless, the acid-

functionalized nanoparticles would still be useful if the cellulose recovery is high. This 

means that the glucan yield should be low; meanwhile, the lignin and xylan removal are 

expected to be high. The cellulose shouldn’t be solubilized but remain in the solid that 

would be subjected later to enzymatic hydrolysis. Some preliminary experiments at a 

higher temperature were executed. As shown in Table 4-5, using PFS nanoparticles at 

120°C for 2h gave about the higher hemicellulose yi eld and and about same digestibility 

values as the hydrolysis reaction at 80°C for 24h. 

 

Table 4-5 Hemicellulose yield from wood fiber hydro lysis at 120°C for 2h 

catalyst Sugar yield (%) pH 
Digestibility 

(%) 

none 0.0 5.78 9.7 

Nafion SAC13 5.4 4.12 9.5 

PFS 47.0 2.63 9.3 

*PFS=perfluuroalkyl-sulfonic acid nanoparticles. 

 

4.4 Conclusions 

Hydrolysis of wheat straw with acid-functionalized nanoparticles at 80°C for 24h 

didn’t release a significant amount of monosaccharides relative to hydrothermolysis. 

However, analysis of sugars in the liquid fraction of the hydrolysis revealed a significant 

amount of oligosaccharides compare to the hydrothermolysis. The acid-functionalized 

nanoparticles broke down the nonsoluble polysaccharides to oligomeric forms. The 

hydrolysis of wood fiber resulted in a better effectiveness of these catalysts to degrade 
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hemicellulose polymers. The alkyl-sulfonic and perfluoroalkyl-sulfonic acid groups from 

the nanoparticles converted part of the hemicellulose polymer to soluble 

oligosaccharides. The alkyl-sulfonic acid-functionalized nanoparticles showed a low 

effectiveness in the catalysis of the hemicellulose degradation. The low water affinity of 

these nanoparticles restrains their use to non-polar mediums. On the other hand, the 

perfluoroalkyl-sulfonic acid nanoparticles easily leaked their acid moieties; the 

recyclability requirement to be used in the biomass conversion was not fulfilled. 
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CHAPTER 5 - Conclusions and Recommendations for Fur ther 

Research 

5.1 Conclusions 

Acid-functionalized nanoparticles were synthesized for pretreatment and 

hydrolysis of lignocellulosic biomass to increase the conversion efficiency of biomass at 

mild conditions. TEM images and FTIR were used to characterize the properties of acid-

functionalized nanoparticles in terms of nanoparticle size and presence of sulfonic acid 

functional groups; pH and ion exchange titrations were used as indicators of the acid 

sites present. Wheat straw, wood fiber and cellobiose were used as raw materials to 

evaluate the hydrolysis performance of acid-functionalized nanoparticles. 

1. TEM images of cobalt spinel ferrite indicate that monodisperse nanoparticles were 

obtained with particle sizes less than 10 nm and a clear interface between the magnetic 

core and the silica shell. TEM images of cobalt spinel ferrite nanoparticles after the 

coating and acid functionalization indicated that coating and acid functionalization did 

not significantly affect size and dispersion properties of the particles. 

 

2. Peaks at 802, 940, 1100, and 1680 cm-1 on the FTIR spectra of the silica-coated 

magnetic nanoparticles are evidence of covalent bonding between the magnetic core 

and the silica layer. Peaks at 1110, 1020, 1240, 1650, 2940, and 3390 cm-1 of the FTIR 

spectra of the alkyl-sulfonic acid-functionalized silica-coated magnetic nanoparticles are 

evidence of covalent bonding between the silica layer and the alkyl-sulfonic acid. Peaks 

at 798, 960, 1020, 1115, 1250, 1360, and 1620 cm-1 on the FTIR spectra of the 

perfluoroalkyl-sulfonic acid-functionalized silica-coated magnetic nanoparticles are 

evidence of covalent bonding between the silica layer and the perfluoroalkyl-sulfonic 

acid.  

 

3. Titration capacity of the synthesized acid-functionalized nanoparticles was higher 

than the values reported in the literature. However, to effectively catalyze the hydrolysis 



 54 

of ß-glycosidic bonds, nanoparticles with higher acid strength are preferred. No clear 

relationship was found between the yield of glucan solubilized and the pH values, but 

catalytic activity reduced to almost zero at pH values around 7. High hydronium ion 

concentrations facilitate cellulose conversion but are not a determinant factor. Acidity 

strength of the H3O
+ ions decreased when solvated with water molecules; for that 

reason, it is believed that the sulfonic group, which should remain attached to 

nanoparticle, provides higher acidity than the hydronium ions in the solution. Stablility 

and strength of the acid groups of the functionalized nanoparticles are necessary 

features for this particular application.  

 

4. Hydrolysis of wheat straw with acid-functionalized nanoparticles at 80°C for 24h didn’t 

release a significant amount of monosaccharides relative to hydrothermolysis. However, 

the analysis of sugars in the liquid fraction of the hydrolysis revealed a significant 

amount of oligosaccharides compared to the hydrothermolysis. The acid-functionalized 

nanoparticles broke down the nonsoluble polysaccharides to oligomeric forms. 

Hydrolysis of wood fiber resulted in a better effectiveness of these catalysts to degrade 

cellulose polymers. Alkyl-sulfonic and perfluoroalkyl-sulfonic acid-functionalized 

nanoparticles converted hemicelluloses to the short oligosaccharides. The alkyl-sulfonic 

acid-functionalized nanoparticles showed a low effectiveness in the catalysis of the 

hemicellulose degradation. The low water affinity of these nanoparticles restrains their 

use in non-polar mediums. On the other hand, the perfluoroalkyl-sulfonic acid 

nanoparticles easily leak their acid moieties; thus, the recyclability requirement to be 

used in the biomass conversion is not fulfilled. 

5.2 Recommendations 

To continue further research in the catalytic activity of perfluoroalylsulfonic acid 

nanoparticles, it is necessary to determine whether or not the catalytic activity of PFS 

nanoparticles is due to leached acid groups. In this case, the catalyst can’t be 

considered as a heterogeneous catalyst. More rigorous analysis of the liquid phase is 

necessary to evaluate possible leaching of acid groups from the nanoparticles surface 

into the solution. Catalytic activity from acid moieties in the solution must be 
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differentiated from the hydrolysis caused by the acid groups attached to the surface of 

the nanoparticles. 

 

Acid-functionalized nanoparticles with strong acid acidities, good water 

dispersion, and thermal stability are required to demonstrate their ability to break down 

glycosidic bonds. To improve the affinity of the nanoparticles with the biomass chemical 

components, besides the attachment of sulfonic acids groups, simultaneous 

functionalization with COOH and acidic OH is suggested. 

 

Advanced technologies such as DSC and TGA analysis can be made to evaluate 

thermal stability and water affinity of the catalysts. Recyclability is an advantage of 

heterogeneous catalysts; to meet this condition, the catalysts should retain their acidity 

after being used for the hydrolysis of biomass. If the catalyst undergoes changes during 

the reaction, it can’t be reused.  

 

To allow recoverability, the catalyst doesn’t have to be magnetic necessarily; a 

difference in density could be enough for separation of biomass and catalyst. Any metal 

core nanoparticles could eventually work because their density would be higher than the 

density of the biomass. 

 

Pretreatment of biomass can also be handled with basic chemical agents. 

Commercial nanoparticles functionalized with amine groups are currently available. 

Utilization of commercial nanoparticles would save time in characterization. Better 

understanding of the mechanism of hydrolysis can be realized when more information 

about the physicochemical properties of the nanoparticles is known. Percentages of 

sulfur, molecular weight, surface area and thermal properties are valuable data. 

 

Lignin and hemicellulose removal can be determined; solubilization of these 

components is, among others, one of the current goals of biomass pretreatment. The 

exposition of cellulose to the enzyme action could be favored by removal of lignin and 

hemicellulose using recyclable solid acids. Elimination of lignin and hemicellulose 
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polymers without solubilization of cellulose would also allow high sugar recoveries; 

therefore, more sugar would be available for enzymatic hydrolysis. Further studies of 

the effects that pretreatment with functionalized nanoparticles can make over enzymatic 

hydrolysis are recommended. 

 

Common pretreatment methods use temperatures higher than 120°C; 

meanwhile, this study used only 80°C. To make a bet ter comparison between current 

methods and the proposed method of pretreatment, higher temperatures should be 

used during the biomass pretreatment.  
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