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Abstract 

Lignocellulose based biomass has become one of the most promising renewable energy sources 

for potentially replacing fossil fuel-based energy source such as coal and natural gas. Solid-acid 

catalysts, e.g. carbon, polystyrene or metal oxides are proposed to decompose cellulose into 

reduced sugares due to their advantages such as ease of separation, recyclability, reusability and 

cost-effectiveness. However, current design principals for solid-acid mostly focuses on molecular 

binding of functionalized solid with cellulose. In fact, both cellulose and solid acid catalysts are 

colloidal particles, meaning interfacial colloidal interaction between cellulose and solid acid 

catalysts are important rather than molecular interpretation. Unfortunately, interfacial surface 

interaction at colloidal level remains largely unknown.  

The Derjaguin and Landau, Verwey and Overbeek model (D.L.V.O.) is widely used for 

analyzing colloid surface interactions and designing a colloid system either promoting colloid 

stability or instability. To apply DLVO analysis to cellulose-solid acid catalysts interaction, van 

der Waals attractions have to be analyzed beforehand. Surface energy has been used to indirectly 

determine the Hamaker constant, a constant that dictates strength of van der Waals attraction. 

However, a common approach that uses pure liquids contact angles has problems associated with 

surface compatibility, toxicity and evaporation. Here, we have developed a new method which 

uses contact angles of water-organic solvent (dimethyl sulfoxide, formamide and ethylene glycol) 

to precisely estimate polymer surface energies components using theories including Owens-Wendt 

and van Oss. New method has precisely and accurately measured surface energies for polymer 

surfaces such as PDMS, PMMA and PVC. The success of applying mixtures method on polymer 

surfaces has motivated us to extend it to biomass particles such as cellulose and chitin. Analysis 



shows that mixture approach can result in similar surface energy components to values reported in 

literatures.  

Using determined surface energies values, we calculate the Hamaker constant and apply 

DLVO theory to rationally design solid-acid catalysts with enhanced capacity for adsorbing 

cellulose. Results show that cellulose-solid acid particles interaction is favored for the cases where 

catalysts have a large Hamaker constant (or high surface energy) and low surface charges. A series 

of recommendations are made for enhancing cellulose-solid acid catalysts adsorption, including 

using weak acid e.g. pKa > 2-3), high temperature (T > 150oC), bifunctional catalysts with roughly 

equal amount of acid/base site density and high shear rate (e.g. > 10 s-1). To overcome electrostatic 

repulsion and increase coagulation, we introduced a cationic polyelectrolyte, poly-diallyldimethyl-

ammonium chloride to weaken solid acid surface negative charge (e.g. Amberlyst-15, ZSM-22). 

Our results show that addition of polyDDA increases product (glucose) yield by roughly 10%. 

  We then investigate interfacial surface interaction between cellulose with liquid of reaction 

medium, to enhance surface reactivity. Cellulose is typically mechanically pretreated to remove 

crystallites prior to acid hydrolysis. However, certain liquids, such as water, can trigger cellulose 

recrystallization and reduce reactivity. Hydrophobic effects at the water-cellulose interface has 

motivated us to engineer and control interfacial interactions by adding inorganic/organic salts. Our 

studies show that salts contribute differently to glucose yield: guanidinium chloride increases 

glucose yield by around 16% compared to reaction without salts added, while ammonium chloride, 

lithium chloride increase glucose yield slightly by less than 5%. Further cellulose structure 

characterization analysis such as X-Ray diffraction and Raman reveals that guanidinium chloride 

may be able to suppress crystal growth and reduces cellulose crystal size, increasing accessibility 

while other salts such as lithium chloride and ammonium chloride have little effect on cellulose 



crystal size growth. Further, molecular dynamic (MD) simulation analysis shows that guanidinium 

chloride and HCl suppresses cellulose crystal growth the most while ammonium chloride has 

helped the growth of cellulose crystal the most. MD simulations have also shown that guanidinium 

chloride can influence glycosidic bonds angle distribution, revealing its interferes with cellulose 

chain structures. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

Introduction 

1.1 Biomass as Renewable Energy Sources 

World energy consumption is projected to increase by 30% by 2026.[1-5] Fossil fuels including 

petroleum, natural gas and coal are conventionally used for powering the economy. However, 

policy makers have slowly moved to renewable energy not only because of fear that fossil fuel 

would eventually be consumed completely, but also the promise to promoting sustainability and 

addressing climate change issues.[6-9] Among all forms of renewable energy resources, including 

hydropower, biofuel, wind energy and solar energy, biofuels produced from biomass have gained 

considerable interests and have been applied in fields such as industry and transporation 

worldwide.[10-12] Of various biomass sources, lignocellulose takes nearly half of all biomasses 

by weight. Therefore, decomposing cellulose into monomers becomes a key step in promoting 

sustainability and solve energy problem.[13, 14] 

In effort of decomposing biomass, nationally supported projects, international 

collaboration are all getting involved in this hot field, attempting to develop economically 

beneficial catalysts and processes.[15-17] Representative processes include decarboxylation, 

hydrogenation and purification; and premier catalysts comprise liquid acids/bases, enzymes or 

solid-acid bearing functional groups.[18-21] Designing and implementing those technologies can 

be extremely difficult if fundamental knowledge in small-scale (e.g. molecular and colloidal) 

interactions, including biomass-catalysts, biomass solvent or biomass-biomass interactions are 

lacking.[22-24] 



Fundamental understandingof interactions at biomass-catalysts and biomass-solvents 

interfaces are the cores for advanced technologies and process development.[25-27] Indeed, 

sizable companies invest vast amount of funding on research and development (R&D) prior to 

industrial implementation, and biomass degradation is no exception.[28] Figure 1.1 shows a typical 

approach for biofuel production starting from R&D and ending in industrial implement. The 

production of D-glucose from biomass-derived cellulose is an important industry for promoting 

sustainability.[29-31] Produced D-glucose can be transformed into value-added platform 

chemicals such as hydroxymethylfurfurals (HMFs) and ethanol.[29, 32] The annual production 

and assumption of ethanol from biomass increases from 5 billion gallons to 10 million gallons. 

Successful implementation of industrial process generally starts from pilot-scale R&D facility. 

When conducting lab-scale trial, it is crucially important to optimize process parameters, including 

reaction conditions, reactor types, product purifications. 

Before pilot-scale production, catalysts are an important part that worth investigating.[33] 

Due to cellulose’s insoluble nature in typical solvents,[34] regardless of catalysts being selected 

for cellulose decomposition, adsorption, reaction and subsequent desorption all happen at the 

cellulose-solvent interface.[35] Various catalysts can be selected, including liquid acids, solid 

acids and enzymes. Solid-acid catalysts have its own advantages over liquid acid and enzymes 

such as tunable surface groups, separable and recyclable.[30, 36] With cellulose and solid-acid 

both being colloid particles ranging from 10-100 micrometers, colloidal interactions must be 

considered when selecting or designing solid catalysts. Not only solid-solid particles interaction, 

but cellulose structure is also a crucial factor that could impact the process. Therefore, chemistry, 

or molecular interaction at water/organic solvents interfaces are extremely critical to examine. 



 

Figure 1.1 Schematics of typical scientific approach to tackle cellulose depolymerizations 

 

In addition, chemistry at solid-solvent interfaces could impact cellulose-solid acid 

interactions.[37] Considering that cellulose and solid-acid catalysts are all colloid particles, forces 

such as electrostatic and van der Waals affect how particles interact with each other. Of these two 

interactions, van der Waals forces is mainly dictated by Hamaker constant, a parameter that is 

related to surface energy of solid materials.[38, 39] Surfaces with large surface energy, such as 

metal or metal oxides possess high affinity to attract liquids or other particles[40, 41]. Oppositely, 

polymer materials e.g. polystyrene or Nafion have small surface energy and thus a small Hamaker 

constant compared to metal/metal oxide or carbon catalyst.[42] Fundamental knowledge on 

cellulose and solid-acid surface properties are clearly important. 

1.2 Surface Energy Determination Using Liquid Mixtures 

Surface energy of biomass particles or other materials are important for cellulose-solvent and 

cellulose-solid acid interactions.[43, 44] The most striking applications is its use for characterizing 

interfacial interactions. According to molecular and interfacial theory, surface energy is correlated 

to the Hamaker constant (A) by an equation, e.g. 𝛾= -A/(24𝜋𝐷𝑜
2), where A is Hamaker constant 

and Do is minimum separation surfaces are in contact.[45] Clearly, surfaces with large Hamaker 



constant will have large interfacial surface energy and tendency to adsorb. Current techniques for 

measuring surface energies include atomic force microscopy, indention method or drop tower 

methods.[46, 47] Those methods require precise control and specially designed instrumentation. 

Contact angle method is most widely used due to its simplicity, and high reproducibility. 

Correlating contact angles data with surface energy is a challenging work, especially when 

selected liquids have diverse molecular structures and physical properties.[48, 49] Therefore, even 

a small uncertainty goes into contact angle measurements would eventually propagate to a large 

uncertainty in surface energy determinations.[50] For example, current techniques use a variety of 

liquids with different physical and chemical properties.[51, 52] Those properties can impact 

contact angle measurements accuracy and precision. For instance, volatile liquids such as ethanol 

and methanol are usefor contact angle measurement, but evaloration of droplets during contact 

angle measurement significantly affect its accuracy.[53-55] Depending on substrate materials, 

some liquids may not be compatible with substrate materials, forming chemical reaction. 

Liquid mixtures have several benefits over pure liquids. The first obvious benefits are that 

liquid mixtures composition can be adjusted, resulting in systematic variation of molecular 

interactions changes, and surface tension changes. Depending on individual liquid surface tension, 

liquid mixtures could have a wide span of surface tension ranges. Moreover, selecting liquids that 

are compatible with solid surfaces, non-volatile, nontoxic and chemically inert. The main 

challenge is that liquid surface tension parameters have to be characterized before using them for 

solid surface energy determination. Mixing rules have been developed starting from van der Waals. 

Depending on the surface wetting model used, we will characterize those liquids mixtures surface 

tension parameters using mixing rule.[56, 57] 



1.2.1 Liquid Mixtures Method Accommodating Owens, Wendt, Rabel and Kaelble 

(OWRK) Model 

Perhaps, the OWRK method is the most widely used approach to evaluate polymer and 

hydrocarbon surface energies.[58] Those polymer materials are mostly hydrophobic, meaning 

London dispersion is the main forces compared to polar interaction.[59, 60] Therefore, OWRK 

model, which divides surface energy into dispersion and polar, is mainly used for polymer surface 

energy determination for reasons mentioned before. For years, pure liquids, including water, 

ethanol and dimethyl sulfoxide are prepared for contact angle measurement. Water is a good choice 

because it is polar, forming larger contact angles compared to non-polar solvent. However, liquid 

such as ethanol are low surface tension organic solvent. It tends to form small angles on polymer 

surfaces, adding uncertainty in contact angle measurements.  

Instead of using several (usually > 2) pure liquids, choosing two miscible liquids with 

varied composition will be beneficial for the reasons mentioned. Challenges is how to obtain 

mixtures surface tension parameters. Mixing rules such as cubic rules are good starting point as 

those mixing rules root in molecular interaction, which is origin of surface tension. 

1.2.2 Liquid Mixtures Method Accommodating van Oss model 

More advanced surface energy models are discussed in Fowkes’s groundbreaking 

paper.[61] In Fowkes discussion, molecular interactions at interfaces include not only dispersion, 

but also polar interactions that consists of many types, including hydrogen bonding, acid-base 

interactions, induction. van Oss improved existing OWRK model by further explaining polar 

interactions. In van Oss discussions, polar interaction is fundamentally a proton donor-acceptor 

interaction. For example, water is both a proton donor and acceptor liquids; non-polar liquid such 



as hexane is neither a strong proton donor nor a strong acceptor.[62] When applied to all organic 

solvents, proton donors and acceptors are classified as acid-base interaction. 

In this sense, van Oss divides polar into acid and base components. But the challenge is 

that some surfaces are simply protons acceptors instead of protons donors, meaning acid term 

might be negligible. Therefore, in using pure liquids measuring contact angles and using those 

angles for acid term calculations, negative value is often obatined. This is not surprising because 

of its relatively small value compared to the base term. For a long time, researchers have 

questioned the van Oss model due to its inability to capture the acid term accurately. Improvements 

are suggested in studies, mainly focusing on credibility of pure liquids used for contact angle 

measurement. Liquids such as ethanol easily evaporate, casting question on its data quality.  

Liquid mixtures approach provide an alternative for van Oss model. First of all, liquid 

mixture elimitates problems like evaporation and compatbility, improving crediability of data. 

Most importantly, adjusting composition would supply numerous data points, making data fitting 

more precise comparing to the case where 3-4 liquids are used. 

1.2.3 Liquid Mixture Approach for Determining Biomass Particles Surface Energies 

The core application of new surface energy determination technique in on biomass materials. 

Biomasses are usually in forms of powders. Measuring contact angles by applying droplet on 

powders would cause problems. For example, even high-pressurized pellet has porosity and 

roughness that affect integrity of contact angles measurement. Other methods add adhesion agent 

to force particles tightly bind, but it brings in other compounds which produce erroneous data 

because unwanted liquid-agents interaction affect surface energy determination. Instead, 

Washburn method remains the most popular methods for powder wetting characterization. Again, 

we introduce liquid mixtures method for contact angle measurements. 



1.2.4 A Generalized Theory for Quantifying Liquid Mixtures Surface Tension Parameters 

Liquid mixture surface tensions data are generated abundantly.[63] Common methods include 

tensiometer, Noüy ring method and wicking methods.[64-66] Despite those methods are well 

established for liquid surface tension measurement, surface tension parameters such as polar, 

dispersive or acid/base components are challenging to measure directly. Molecular dynamics is a 

powerful tool to extract molecular interaction, but only van der Waals force is defined in common 

force field such as CHARMM or Amber.[67-70] 

Liquid mixtures surface tension parameters can be estimated by using an existing mixing 

rule. Depending on the number of liquids being mixed, this estimation should accommodate the 

number of freedoms. Of various mixing rules, Quadratic Mixing Rules (QMRs) and Mathias-

Klotz-Prausnitz (MKP) Mixing Rules are two of mostly used rules.[56, 71] Considering that 

molecular interactions such as polar, dispersive or acid/base interactions are columbic forces 

fundamentally, applying geometric combing rule, or Berthelot’s rule, is reasonable.[72] 

1.3 Colloid Particles Surface Charge and Models. 

Universally, almost all particles suspending in liquid media will be charged. Charge regulated 

colloidal interaction is more significant than we thought due to discussions below:  

1.3.1 Colloidal Interaction of Cellulose with Solid Acid Catalysts and its Implications  

Solid-acid catalysts have been proposed to depolymerize cellulose.[30, 33, 36, 73] The ideal of 

solid acid comes from enzymes such as exoglucanases, endoglucanases, and β-glucosidase.[74] 

Those three enzymes work synergistically to peel off cellulose fibers. When examining those 

enzymes, they have two characteristics. 1). Enzymes have a cellulose binding domain (CBD) that 

adsorb cellulose.[75, 76] This binding domain ensures cellulase attach to cellulose for subsequent 

glycosidic bond breaking. 2). Cellulase also a cellulose catalyzing domain (CCD) which performs 



glycosidic bond breakage and produce D-glucose units. Based on this unique characteristic of 

cellulase enzymes, solid-acid catalysts were designed in a way like enzyme’s working mechanism.  

Typically, hydrogen bonding is used to mimic cellulase’s binding domain. Of various 

hydrogen bonding, chloride (Cl) and hydroxyl group (-OH) are routinely selected for cellulose-

solid acid catalysts binding.[73, 77] Meanwhile, sulfonic acid groups are used as catalyzing 

domains for breaking glycosidic bond. Therefore, various soldi particles, such as polystyrene, 

Nafion, activated carbon and iron oxides are reported. Functionalizing these particles with CBD 

and CCD reportedly significantly increases glucose yield. 

However, reported by Tyufekchiev,[78] commonly used particles, such as chloromethyl 

polystyrene with sulfonic acid, are not hydrothermally stable during hydrolysis reaction. This 

results in leaching homogeneous acids, e.g. hydrochloride acid, which performs hydrolysis 

reaction and decomposes cellulose. Therefore, observed glucose yield from solid acid is actually 

an accumulative effect of both homogeneous and heterogeneous catalyzing results. This 

observation has forced the filed to re-examine design principals for solid acid catalysts. 

Solid-acid and cellulose particles are both particles in reaction solvents (e.g. water). The 

questions come first is how particle-particle interact with each other in a way enzyme does with 

cellulose. Clearly, both cellulose and solid-acid catalysts are much larger than enzyme because 

enzymes are in nano-meter scale while cellulose and solid-acid catalysts are tens of micrometers 

scale. Those length scales follow into colloid domain. Therefore, colloidal interactions must 

consider for solid-acid catalysts design. 



1.4 Polyelectrolyte Promoted Cellulose  

Applications of polyelectrolyte for enhancing colloid aggregation has been widely used in industry, 

those polycations include Nucleic acids, Poly (L-lysine), Poly (L-glutamic acid) and Carrageenan. 

Mechanism of polycations-induced aggregation is described in Figure 1.2.[79, 80] Polycation 

chains could confine particles and form patch-like aggregates.[81] Those aggregates’ mobility is 

significantly reduced therefore forms stable aggregations.[82] Polycations also could attract 

negatively charged particles, bridging particle together and forms particle strands. Those strands 

can entangle with each other and crosslink, forming coagulation. 

 

Figure 1. 2 Schemitic of polycations induced colloidal particles aggregations 

 

The observations that cellulose and solid acid disperse and suspend in water have implications that 

adding polyelectrolyte can break “colloidal stability”, promoting cellulose-solid-acid specific 

aggregation. Although the technique is widely used in pulp industry or composite materials 

fabrication, researchers in heterogeneous catalysis have not thought in this way. 

1.5 Hofmeister Series Salts Promoted Cellulose Hydrolysis Reaction 

Solvent-cellulose interactions is crucial for decomposing cellulose because solvent affect cellulose 

structures and reactivity. Solvents have several properties that affect there interactions with 



cellulose, including polarity, swelling ability, dissolving ability and its effect on proton activity. 

Of those properties, swelling and dissolving capacity of solvents are particularly important. In 

general sense, solvents that dissolve cellulose would keep fiber chains open for catalysts attack.[34, 

83, 84] Water is the typical solvent chosen for cellulose hydrolysis. However, previous study has 

shown that hydrophobic interaction between water and cellulose can increase cellulose crystalinity 

and hence reduce reactivity. 

 

Figure 1. 3 Empirical Hofmeister series for protein solubility, salting-in salts increase protein 

solubility while salting-out salt precipitates protein 

 

Suppressing cellulose recrystallization becomes one of the keys for pushing glucose yield 

from cellulose hydrolysis. Organic/inorganic salts are widely studied for their ability to salting-

in/salting out proteins.[85-88] Some salts, termed chaotropic salts, can dissolve proteins (Figure 

1.3) This behavior is beneficial for keeping amorphous cellulose. Although salts are reported in 

literatures for promoting cellulose hydrolysis, the mechanism of salt-assist cellulose hydrolysis 

remains unknown.[89-92] 
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Chapter 2    

Objective and Approach 

2.1 Objectives 

This work is motivated by promoting lignocellulose-based renewable energy production to replace 

fossil fuel energy at least partially. This will allow us to create a sustainable environment where 

net carbon release is neutralized. This thesis seeks to rationalize emerging new catalysts-solid acid 

design. Currently strategies focus on molecular interactions but lacking colloid and interfacial 

interaction interpretation. To better understand colloid interaction of cellulose particles with solid-

acid such as zeolite or functionalized polystyrene, cellulose surface properties such as surface 

energy is directly related to Hamaker constant, a constant used for analyzing colloidal interaction. 

Hamaker constant is related to solid surface free energy, e.g. Hamaker constant of solid-liquid 

interaction is related to liquid-solid interfacial surface energy while solid-solid interaction relates 

to solid surface energy. Building on DLVO analysis, we further investigate how polycations affect 

cellulose-solid acid catalysts. The last part of the objective is focused on cellulose-solvent (with 

salt added) interaction. Therefore, specific objectives are: 

1) The first objective is to develop a new method to estimate surface energy using contact 

angle measurements. New method relies on using water-organic solvent (formamide, 

dimethyl sulfoxide and ethylene glycol) for contact angles measurement. Those angles will 

be combined with wetting theory for obtaining surface energy components. 

2) Second objective focuses on using estimated surface energy and surface potential to model 

colloidal interaction between cellulose and solid acid catalysts. Recommendations are 

suggested for designing solid acid catalysts capable of attracting cellulose. 



3) The third objective is to tune particles surface charges with polycations for promoting 

particle-particle coagulation. Adding polyelectrolyte would change solid acid catalysts 

surface change density. Identifying a proper polycation dosage which neutralizes surface 

charge will enhance particle coagulations. Therefore, further systematic surface 

potential/zeta potential of particles with various polycations dosage is recommended. 

4) Not only particle-particle interaction is important, but studies also show that solvent-

cellulose interaction will have great impact on cellulose reactivity. Previous studies have 

found that cellulose instantly re-crystallizes in hydrolysis reaction, decreasing reactivity 

and limits maximum glucose yield. First goal is to change water environment by adding 

salts and evaluate its performance on cellulose degradation. 

5) Based on cellulose hydrolysis performance, the next objective is to gain cellulose structure 

analysis under salts treatment and interpret/relate structure changes to glucose yield. 

2.2 Method and Approach 

To achieve above objectives, the following experiments were carried out: 

1) Measuring contact angles of water-dimethyl sulfoxide, water-formamide and water-

ethylene glycol on smooth PDMS. Using those data along with Owens-Wendt wetting 

model, surface energy will be obtained and validated by comparing with pure liquid 

method. 

2) To extend binary mixture method, a generalized mixing rule is to create to extract more 

detailed surface tension parameters with complicated molecular interaction such as polar, 

dispersive, acid and base. To validate method further, polymer surfaces with various 

hydrophobicity (PDMS, PVC, PMMA) are tested. Surface energies components will be 

compared against literature values. 



3) After validating binary mixture method, it is extended to biomass particles. Capillary 

penetration of liquid  mixture (with varied composition) in column packed with cellulose 

and chitin will be collected and used later on for surface energy analysis.  

4) To model DLVO interaction between cellulose and solid acid, besides surface energy and 

Hamaker constant, solid acid surface potential was modeled and used for calculations. 

DLVO energy barrier (electrostatic repulsion) will be computed under different conditions 

such as particle size, ionic strength, pH, acid pKa and acid/base site density). Each 

condition will be discussed in detail and desired conditions will be specified. 

5) Polycations will be added to solid acid-cellulose system. Glucose yield under different 

polycation dosage will be analyzed. Zeta potential of solid acid in the presence of 

polycation is to be measured.  

6) Salts are selected based on Hofmeister series. Salts are added into reaction system to 

evaluate their ability for promoting glucose yield. Then cellulose structure changes will be 

evaluated using XRD, Raman and solid-state NMR. Best performed and worst performed 

salts will be further analyzed using molecular dynamics.  

 

  



Chapter 3 

Binary Liquid Mixture Contact-Angle Measurements for Precise Estimation of Surface 

Free Energy 

 

3.1 Abstract 

Surface free energy remains a fundamental material property to characterize the interfacial 

interactions between liquid and solid. Here, we developed a precise approach to determine surface 

energy by using contact angles of binary mixtures of water-dimethyl sulfoxide, water-formamide, 

water-ethylene glycol and water-glycerol and analyzed using the Owens-Wendt method. A mixing 

equation was developed to estimate liquid dispersive surface tension (γL,mix
d ) and polar surface 

tension (γL,mix
p

) parameters for binary mixtures. To test the approach, two hydrophobic surfaces, 

flat PDMS and silane-derivatized glass were prepared and the contact angle of mixtures on the 

surfaces were obtained. Surface energy of PDMS determined by three binary mixtures agrees with 

that from pure solvents, but the uncertainty decreases to less than 13%; remarkably, the uncertainty 

drops to around 5% once we combined measured contact angles from all the mixtures, namely, 

water-dimethyl sulfoxide, water-formamide and water-ethylene glycol. Surface energies of silane-

derivatized glass bearing ethyl (C2), hexyl (C6) and octadecyl (C18) alkyl chains were determined 

with water-formamide and water-glycerol mixtures. Measured contact angles fit the Owens-Wendt 

model, and surface energy value determined from different binary mixtures agree with each other 

within error. Contact angle measurements of liquid mixtures is a simple method for determination 

of surface energy that improves the precision of surface energy determined be measurements of 

multiple pure solvents.  



3.2 Introduction 

Surface free energy (SFE) is an important parameter for applications that relate to 

adhesion,[1] binding affinity,[2] adsorption,[3] and interfacial intermolecular forces.[4] 

Measurement of surface energy is non-trivial, and the field has attracted intense interest for many 

years.[5] Several studies[6, 7] describe the use of atomic force microscopy (AFM) to measure 

force-distance curves of liquid-solid interfaces and subsequent determination of surface energy by 

analysis of these data. Similarly, Xu et al.[8] described an indentation technique in which a solid 

film is indented by a rigid sphere and its deflection is measured by optical interferometry. Analysis 

of the indentation data using nonlinear von Karman plate theory provides an estimate of surface 

energy. However, use of these methods remains limited due to their difficulty and requirement of 

specialized instrumentation. 

To date, the most widely used method of determining surface energy is based on 

measurement of the liquid-solid contact angle.[9, 10] When measured for a single liquid (typically 

water), contact angle provides a measure of the relative hydrophobicity or hydrophilicity of a 

surface. Sometimes, this is sufficient, but in many others quantitative knowledge of the surface 

energy is required. Typically, surface energy is calculated by combining contact angles of multiple 

liquids measured on a single surface with theoretical models such as the Owens-Wendt model,[11] 

Zisman method,[12] or Neumann method.[13] The main advantages of the contact angle 

measurement method include speed, convenience, and the low cost of the necessary 

instrumentation.  

The precision of surface energy determined using the multiple liquid approach depends on 

the number of liquids that can be tested, and the range of appropriate liquids is limited by several 

considerations. First, the method requires detailed liquid surface tension data, which are available 



only for select liquids; likewise, uncertainty in these values contributes to uncertainty in the 

determination of surface energy.[14] Additionally, the liquids should be non-volatile, as rapid 

evaporation introduces uncertainty into the contact angle measurement.[15] Lastly, test liquids 

should be non-toxic and not interact chemically with the surface under investigation.[16] Only a 

handful of liquids satisfy these requirements for any given surface, thereby placing a practical limit 

on the precision of surface energy determinations made using the multiple liquid contact angle 

approach.[10, 14] 

Several researchers have suggested the use of liquid mixtures to effectively expand the 

amount of data that can be obtained using the multiple liquid approach, thereby potentially 

improving the precision of surface energy measurements.[17, 18] The advantage of using mixtures 

is that surface tension properties of the test liquid mixture can be adjusted over a continuous range 

by systematic variation of mixture composition.[17] For binary mixtures, two pure liquids, each 

of which is inert, nontoxic, and nonvolatile, can be selected and tested across the entire 

composition range to provide sufficient data points to increase the precision of the surface energy 

measurement. Although the feasibility of using liquids mixtures has been discussed in the literature, 

the approach has not been pursued due to concerns over potential preferential adsorption between 

individuals liquid to the solid surface.[9, 13] 

The purpose of the present study is to examine whether contact angle measurements of 

binary mixtures consisting of water and an organic liquid can be used to determine surface free 

energy. Four different binary mixtures, water-dimethyl sulfoxide, water-formamide, water-

glycerol, and water-ethylene glycol were prepared over a range of compositions. Composition-

dependent surface tensions of the various binary mixtures were calculated by a newly defined 

mixing equation.[19] Static contact angles were measured on two model surfaces: flat 



polydimethylsiloxane (PDMS) and silane-functionalized glass slides. The contact angle data were 

then interpreted to determine surface energies using a form of the Owens-Wendt model10 modified 

to accommodate liquid mixtures. The results of this study can be used as the basis for a new, 

precise method to estimate surface energy that uses the simple contact angle measurement 

technique. 

3.3 Experimental 

Materials: Glycerol (99.5 %), ethylene glycol (99.8%) and benzyl alcohol (analytical standard) 

were purchased from Sigma-Aldrich Corporation (Natick, MA), dimethyl sulfoxide (DMSO) was 

purchased from AMRESCO, Inc. (Solon, OH), and formamide (99.5%) was purchased from Alfa 

Aesar (Ward Hill, MA). Water was de-ionized prior to use on a Millipore Synergy UV water 

purification system (Billerica, MA) to a minimum resistivity of 17.9 MΩ•cm. The Sylgard 184 

silicone elastomer kit consisting of polydimethylsiloxane (PDMS) elastomer and hardener was 

purchased from Dow Corning (Midland, MI) was used to prepare PDMS surfaces. Alkyl silanes 

were obtained from Gelest (Morrisville, PA).  Glass slides (22 × 40 mm) were purchased from 

Globe Scientific Inc. (Mahwah, NJ). Silicon wafer was purchased from Virginia Semiconductor 

(Fredericksburg, VA). 

3.3.1  Polydimethylsiloxane Preparation 

The PDMS pre-polymer mixture was prepared by mixing the elastomer and hardener in a 10:1 

ratio. To form the surface, polymer was cast on a flat 76.3 mm diameter silicon wafer. The wafer 

was cleaned in piranha solution, consisting of sulfuric acid and hydrogen peroxide in a 3:1 ratio, 

for 1.0 hour (Safety note: piranha solution reacts violently with organic compounds and should 

not be stored in closed containers.) The cleaned silicon wafer was thoroughly rinsed with DI water 

and ethanol, dried under a stream of nitrogen, and immediately placed at the bottom of a 



polystyrene Petri dish (Corning Inc., Corning, NY). The PDMS mixture was cast onto the wafer, 

degassed in a vacuum oven at 25 mmHg of pressure for two hours and finally baked for five hours 

at 70 °C. After cooling, the PDMS was removed from the polymer cast, resulting in a PDMS 

surface that replicated the flat wafer surface. 

3.3.2   Functionalized Glass Substrates 

Glass slides were to provide a flat, nonporous glass surface for functionalization. Before 

functionalization, the slides were cleaned by a piranha solution (3:7, H2O2: H2SO4) and rinsed with 

water and methanol. The derivatization solution consisted of 5 mM toluene solutions of the 

alkyltrichlorosilane (either OTS, HTS, and ETS). The cleaned glass slides were immersed in the 

silane solution and gently stirred for 24 h to derivatize the surface. The coated slide was rinsed 

with toluene and dried at 100 °C overnight. 

3.3.3   Mixture Preparations 

Glycerol, DMSO, ethylene glycol and formamide were chosen as the liquids to prepare the 

aqueous liquid mixtures. Binary liquid mixtures were made consisting of water and one of the 

organics in varying proportions. A total of 6 compositions were prepared for each mixture, ranging 

from pure water to pure organic, with increments of 0.2 mole fraction units. Mixtures were 

magnetically stirred thoroughly prior to contact angle measurement. 

3.3.4   Contact Angle Measurement 

Contact angle measurements were performed using a Ramé-Hart Automated Dispensing System 

(Netcong, NJ; Model No. 100-00) with Rame-Hart Drop Image Standard v.2.0.10 software for 

analysis. Droplet volumes were consistently 5 µL regardless of the mixture or surface. Care was 

taken to ensure the precision of the measurement, including conducting the measurement within 



minutes of removing the PDMS from the mold (and using the freshly exposed side), gently placing 

the test droplet on the surface, and visually inspecting the PDMS surface for contaminants after 

each measurement. Contact angle measurements were performed three times for each solution on 

different locations of each surface. Liquids were evaluated in random sequence to avoid 

introduction of sampling artifacts. 

3.4  Theory 

Several methods[10] have previously been used to determine the surface free energy (SFE) 

of a solid. The basis of most of these methods is Young’s equation,[20] a thermodynamic approach 

that minimizes the total interfacial energy between the solid (S), liquid (L), and gas (G) phases: 

 γSG = γSL + γLGcos(θ) [3.1] 

where γSG , γSL  and γLG  represent the interfacial surface tension of solid-gas, solid-liquid, and 

liquid-gas interfaces, respectively. Young’s equation is inherently a mechanical expression which 

does not take into account chemical aspects of the liquid-solid interaction. Fundamentally, wetting 

is a chemo-mechanical phenomenon, and models which account for chemical interactions have 

greater explanatory power and have the potential to be more predictive than purely mechanical 

theories. Accordingly, several models use Equation (3.1) as the starting point to capture the 

chemical aspects of solid-liquid and liquid-gas interactions that give rise to the macroscopic 

contact angle behavior.[10] One of the most common chemical models is the Owens-Wendt 

method.[11] The Owens-Wendt method divides the surface energy into contributions from 

dispersive and polar interactions (e.g. γS  = γS
d  +γS

p
 ) to obtain the following geometric-mean 

relationship for solid-liquid interfacial surface tension ( γSL): 

 
γSL = γS + γL − 2√γS

dγL
d − 2√γS

p
γL

p
 

[3.2] 



Substituting Equation (3.2) into Young’s equation results in the Owens-Wendt contact angle 

model: 

 
γL(1 + cos θ)

2√γL
p

= √
γL

d

γL
p √γS

d + √γS
p
 

[3.3] 

Equation (3.3) can be recast as a linear expression for direct evaluation of surface energy with 

γL(1+cosθ)

2√γL
p

 as the dependent variable and √
γL

d

γL
p is the independent variable. Accordingly, the square 

of the slope of the linearized Owens-Wendt plot is γS
d and the square of the intercept is equal to 

γS
p
. 

Using the Owens-Wendt’s approach requires contact angle data from at least two liquids 

with known γL
d and γL

p
 to determine values for the two unknowns, γS

d and γS
p
. Ideally, data from 

many more than two liquids can be used to improve the precision of the estimates of γS
d and γS

p
 by 

fitting the data to the linearized form of the Owens-Wendt equation. When using a small number 

of liquids, uncertainty arises both from random errors but – more importantly – from systematic 

errors associated with attempting to model the complex chemical phenomenon of surface wetting 

using just two parameters. Unfortunately, limitations on liquid selection – i.e., they should be 

nontoxic, readily available, non-volatile, non-reactive, non-surface swelling, sufficiently studied – 

present a challenge, as the number of pure liquids that meet these criteria is necessarily finite. In 

practice, only a handful of liquids are used in most studies, including water, diiodomethane, 

bromobenzene, nitromethane, bromonaphthalene, formamide, DMSO, glycerol and ethylene 

glycol, toluene, n-hexane, etc.[10, 12, 21-23]  Of these, diiodomethane, bromobenzene, 

nitromethane and bromonaphthalene are toxic, meaning that their use should be minimized when 

possible. Non-polar liquids such as toluene and n-hexane are volatile and  swell common polymer 



test surfaces such as PDMS.[24] Because of these restrictions, only a limited range of liquids are 

available for contact angle measurement, including water, DMSO, formamide, glycerol and 

ethylene glycol.  

Modifying the Owens-Wendt method to permit its use for binary liquid mixtures, the focus 

of this work, can be of great practical use to the field. Unlike using pure liquids – which can provide 

only a handful of discrete points, [10, 14, 21] using binary liquids can allow acquisition of  many 

data points simply by changing the composition of the mixture for determining best-fit parameters 

in the Owens-Wendt model. Moreover, studying wetting for binary mixtures permits acquisition 

of multiple data points without introduction of multiple types of liquid-surface interactions, as 

would be the case if multiple pure liquids were used. Since liquid-surface interactions are more 

complex than can be fully captured in a two-parameter model such as the one proposed by Owens-

Wendt, the simplification of binary mixtures may reasonably be expected to improve precision – 

provided that suitable models can be developed to describe the surface energy of the liquid mixture 

itself. 

In the liquid mixture approach, the forms of Equations (3.2) and (3.3) remain unchanged, 

with the only modification being that effective mixture gas-liquid surface tensions are used in place 

of their pure component values. Accordingly, the approach requires 1) pure component surface 

tension data, including γL
d and γL

p
, for the liquids to be used 2) composition-dependent gas-liquid 

surface tension values appropriate for the mixture(s) in question and 3) a method to convert pure 

component surface tension parameters to describe the polar and dispersive components of the 

mixture surface tension, which we term γL,mix
d  and γL,mix

p
. Since γL

d and γL
p
 are available for several 

pure liquids,[24] the focus falls on availability of composition-dependent surface tension data γL 

and decomposing these data into dispersive and polar contributions. 



The correlation method reported by Connors and Wright18 has been widely used to estimate 

composition dependent values of γL. In their approach, Connors and Wright[19] assumed that (i) 

gas-liquid interactions can be described by assuming that the organic component can exist in either 

free or adsorbed states and (ii) both states contribute equally to the surface tension so that the 

number of binding sites is proportional to the number of water molecules. The resulting equation 

to determine the mixture surface tension, γL,mix, of a binary mixture (consisting of components 

“1” and “2”) is: 

 
γL,mix = γL

1 − (1 +
bx1

1 − ax1
) (x2)(γL

1 − γL
2) 

[3.4] 

where xi is the molar fraction of each liquid component, γL
2 is the pure liquid surface tension of 

component i, a and b are combined partition coefficient parameters reported by Connors and 

Wright18 for many relevant liquids. 

Using Equation (3.3) requires decomposition of γLinto its dispersive and polar components. 

The γL
d and γL

p
 parameters are not generally available for mixtures, which means that a method is 

required to convert pure-component values into mixture values. Fowkes[25] proposed that the 

dispersion interactions between dissimilar liquids is the geometric mean of their individual 

dispersive surface tensions, as shown by Equation (3.5): 

 γL,mix
d = (γL

d,1 ∙ γL
d,2)1/2 [3.5] 

where γL
d,1

 and γL
d,2

are the dispersive surface tension of pure liquid 1 and 2, respectively; γL,mix
d is 

the dispersive component to the surface tension of the resulting mixture. Equation (3.5) establishes  

a theoretical basis for estimating γL,mix
d  from pure component values as the geometric mean of the 

pure-component values, yet it does not consider the effect of mixture composition. Mixing rules 



used for many years for pressure-volume-temperature predictions of non-ideal gas behavior 

provide inspiration.[26] To extend the van der Waals equation of state to mixtures, Berthelot[27] 

suggested use of mixture “a” and “b” parameters based on pure component values. To estimate 

the value of the attractive van der Waals a mixture term, Berthelot[27] suggested using the 

geometric mean of the pure component attractive a parameter, an approach which is analogous to 

the recommendation by Fowkes[25] that has been found accurate for dissimilar molecules which 

interact with one another primarily by dispersive interactions. The Berthelot[28] mixing rule takes 

the form: 

 
amix = ∑∑xixj

n

j

n

i

aij 
[3.6] 

where amix is the attractive term appropriate for the mixture, xi and xj are the mole fractions of 

component i and j, and aij is given as: 

 aij = (1 − δij)√aiaj [3.7] 

where ai and aj are the van der Waals parameters of the pure fluids and ij is an empirical fitting 

parameter, sometimes termed the binary interaction parameter. By equating the van der Waals a 

terms with the dispersive component of the surface tension (i.e., ai = γL
d,i

 ), the form of the 

Berthelot mixing rule can be adopted for modeling dispersive component of the surface tension 

γL,mix
d : 

 γL,mix
d = x1

2γL
d,1 + 2x1x2(1 − δ12)(γL

d,1γL
d,2)

1 2⁄
+ x2

2γL
d,2

 
[3.8] 

The polar component of the mixture surface tension γL,mix
p

, can then be calculated by difference: 

 γL,mix
p

= γL,mix − γL,mix
d  [3.9] 



recalling that the sum of the polar and dispersive components must equal to γL,mix. 

Equations (3.8) and (3.9) allow convenient calculation of γL,mix
d  and γL,mix

p
 for any binary 

mixture given γL,mix and pure component values of γL
d and γL

p
. In principle, γL,mix can be based on 

experimental measurements or predicted using Equation (3.4). Furthermore, combined use of 

Equations (3.3), (3.8), and (3.9) allows estimation of solid surface energy parameters, i.e., γS
d and 

γS
p
, based on a set of contact angles measured for binary mixtures with varying compositions.  

As is common practice for pressure-volume-temperature equations of state, the value of 

12 that appears in Equation (3.8) can be adjusted to fit available data. Fitting 12 in Equation (3.8) 

requires measurements of γL,mix
d ; however, these data are not typically available and an alternative 

approach is to use measured contact angle data, measured or estimated values of γL,mix , and 

Equations (3.3), (3.8), and (3.9) to fit 12, which is the approach that we have adopted in this work 

and similar to the approach of Stammitti-Scarpone and Acosta.[29] A sample calculation for fitting 

12 is provided in the Supporting Information. Alternatively, 12 can be set to zero. In practice, we 

find that the error introduced by setting 12 equal to zero is less than 2%, providing confidence in 

the fitting approach. 

3.5  Results and Discussions 

3.5.1   Liquid Selection and Binary Mixture Surface Tensions  

Glycerol, DMSO, formamide, glycerol, and ethylene glycol were selected as organic liquids for 

contact angle measurements as binary mixtures with water. Water was chosen as it is by far the 

most commonly used liquid for contact angle measurements. The other liquids are selected as they 

are non-volatile (Table 3.1), highly miscible with water,[30-32] generally safe to handle, and 

neither swell nor react with test substrates such as PDMS.[33] As suggested previously, liquids 



should be selected for contact angle measurements which span as wide of a range as possible in 

terms of chemical interactions, as quantified by their values of γL
d/γL

p
. The γL

d/γL
p
 ratio of the 

selected liquids ranges from 0.44 to 4.50 with water (0.44) being the most polar and DMSO (4.5) 

as the least polar, as shown in Table 3.1. To maximize the range of γL
d/γL

p
 for any given liquid pair, 

water was always one of the mixture components. In addition to surface energy data, Table 3.1 

also provides other relevant physical property data including normal boiling point temperatures 

(TB), and values of the “a” and “b” parameters used in Equation (3.4) for estimation of γL,mix. TB 

data in Table 3.1 shows that water is the most volatile liquid used in this study. 

 

Table 3. 1 Physical Properties of Testing Liquids and Mixtures[18, 21-23] 

Liquid γL  γL
p
 γL

d γL
d/γL

p
 TB (°C) aa ba 

12
b 

Water 72.8 51 21.8 0.44 100 - - - 

Dimethyl sulfoxide 44 8 36 4.50 189 0.869 0.603 0.31 

Formamide 58 19 39 2.05 210 0.698 0.780 0.41 

Glycerol 64 30 34 1.13 290 0.958 0.448 0.21 

Ethylene glycol 48 19 29 1.53 196 0.793 0.825 0.45 

a Combined partition coefficient of surface tension of binary mixtures; b Best-fit binary interaction 

parameters obtained using equation (3,4,8 and 9) and experimental data.   

The data in Table 3.1 can be used along with equations (3.4), (3.8) and (3.9) to estimate 

the overall (γL,mix), polar (γL,mix
p

) and dispersive (γL,mix
d ) surface tension parameters of the water-

liquid mixtures used in this work. Figure 3.1 compares the predicted surface tension of the water-

liquid mixtures γL,mix  as calculated by Equation (3.4) to measured values available in the 

literature.[34-36] Estimates for the water-DMSO mixtures agree with values reported by 

Markarian and Terzyan[34] to within an average of 4% at 22 °C. Mulqueen and Blankschtein[37] 



reported surface tension data for water-glycerol mixtures that agree to within 1.2% of the values 

estimated using Equation (3.4). Similarly, the predicted water-glycerol mixture surface tension are 

consistent with reported literature values, as shown in Figure 3.1. No literature data of surface 

tension are available for the water-formamide system. The accuracy of the surface energy 

predictions for DMSO-water, ethylene glycol water and glycerol-water mixtures build confidence 

in the method and suggests the use of water-formamide system, considering that formamide 

satisfies all other stated criteria. 

 

Figure 3. 1 Surface tension of water-DMSO, water-ethylene glycol, water-formamide and water-

glycerol comparison between predicted using Equation (3.4) and literature data are not available 

for the water-formamide mixture. 



The next step was to decompose the overall mixture surface energy, γL,mix, into its polar 

and dispersive components, using the approach outlined in the Theory section. An important 

question that must be addressed at this point is the ability of the simple estimation approach to 

account for potential differences in surface aggregation between polar and nonpolar liquid 

components, a concern raised previously by Kwok, et al.[13] Capturing surface aggregation 

behavior at the vapor-liquid interface of binary liquid mixtures is a necessary requirement for 

successful modeling of the liquid-solid interface, making this part of the analysis critical. 

Unfortunately, no γL,mix
p

 and γL,mix
d  data are available for mixtures, meaning that we must use the 

reasonableness of the trends obtained to judge the method.  

Figure 3.2 plots estimated mixture values of γL,mix
p

 and γL,mix
d  as functions of the mole 

fraction of water in the mixture (xw), which shows that the polar component of surface tension 

increases as the water content increases. In parallel, the value of the corresponding dispersive 

component smoothly decreases. Given that water is more polar than all of the liquids selected for 

this study, both of these trends are expected. Interestingly, both γL,mix
d  and γL,mix

p
 vary nonlinearly 

with composition for all 4 mixtures, especially for xw > 0.8. The nonlinearity of γL,mix
d  and γL,mix

p
 

with composition is consistent with aggregation of the nonpolar component near the surface, as is 

required to prevent disruption of water-water hydrogen bonds.[38] Accordingly, Figure 3.2 

suggests that the mixing rule approach of decomposing γL into γL
p
 and γL

d properly captures part 

of the preferential surface aggregation expected for the nonpolar component of the nonpolar-polar 

liquid pairs, building confidence in the approach. Lastly, Table 3.1 provides best-fit values of 12, 

which fall in the range from 0.2 to 0.5, similar to the values that the binary interaction parameter 

takes in pressure-volume-temperature equations of state. 



 

Figure 3. 2 Dispersive and polar surface tension of water-dimethyl sulfoxide (DMSO), water-

formamide, water-ethylene glycol and water-glycerol binary mixtures using Equation (3.4-3.9). 

3.5.2  Determination of PDMS Surface Energy 

The next step was to generate contact angle data. To this end, static contact angles were measured 

for water-DMSO, water-formamide and water-ethylene glycol on a flat PDMS surface. 

Composition was varied in 0.2 mole fraction increments, including the pure component end points. 

Each data point is the average of three measurements taken from different positions on the same 

PDMS surface and error bars are the standard deviations of these measurements. Contact angles 

measured for the pure liquids agreed with literature values to the limits of experimental 



uncertainty.[31, 32] As expected for the hydrophobic PDMS surface, measured organic liquid-

water contact angles increase monotonically with increasing water concentration. The relationship 

between contact angle and water content is nearly linear, indicating preferential adsorption of 

either liquid component is insignificant and contrasting with skepticism previously expressed in 

the literature.[12] 

The Owens-Wendt or OWRK model has been widely used to extract surface energy 

components from contact angle data, especially for low surface energy materials such as 

polyethylene, paraffin, and similar. The original OWRK method was developed for pure liquids, 

and the Theory section describes an approach to extend the OWRK method to binary mixture. As 

in the original OWRK method, the modified OWRK method can be linearized in the form of  

Equation (3). Figure 3.3b, 3.3c and 3.3d are the resulting modified-OWRK plot, constructed using 

the PDMS contact angle data from Figure 3.3a. Each data point in Figure 3.3 represents a specific 

composition and six different compositions were made in total. Three measurements taken from 

different locations of the same PDMS pieces were made at each composition and the error bars are 

calculated based on the uncertainties in the contact angle measurements using standard error 

propagation methods. The supporting information includes a sample calculation for uncertainty in 

Owens-Wendt’s plot. 

 

 

 

 



       

    

Figure 3. 3 (a) Contact angle of water-DMSO, water-formamide and water-ethylene glycol on 

flat PDMS; Owens-Wendt plots using contact angle of three liquid mixtures: (b) water-DMSO 

mixtures, (c) water-formamide mixtures and (d) water-ethylene glycol mixtures. 



Table 3.2 provides values of γS, γS
d, and γS

p
 determined from contact angle measurements 

using the new analysis method. The values of γS, γS
d, and γS

p
 obtained using the three different 

liquid pairs agree with one another to within the limits of experimental uncertainty. Surface energy 

values are consistent even in the case of water-formamide, for which predicted values of γL,mix 

were based entirely on experimental data for the pure substances. The test case of water-formamide 

demonstrates the robustness of the method in the absence of mixture data. 

Table 3. 2 Surface Energy and Components (mN/m) of PDMS determined by Probe Liquids 

Surface 

Energy 

water-DMSO water- 

formamide 

water-ethylene 

glycol 

Pure 

liquids 

All available 

data 

γS 10.7 ± 0.7 10.6 ± 1.1 10.8 ± 1.1 10.4 ± 1.4 10.6 ± 0.4 

γS
d 9.6 ± 0.6 9.3 ± 1.0 9.3 ± 1.0 9.4 ± 1.3 9.2 ± 0.4 

γS
p
 1.1 ± 0.3 1.3 ± 0.4 1.5 ±  0.4 1.0 ± 0.4 1.4 ± 0.2 

 

Surface energy values estimated using the binary mixture method are in reasonable 

agreement with values reported previously.[27, 39-41] For example, Lee et al.[39] reported 12.54, 

11.05, and 1.49 mN/m for γs, γs
d, and γs

p
, respectively. These values are comparable to those 

estimated here. 

A major question in this work is if liquid mixtures can improve the precision of surface 

energy estimates. Burdzik et al.[14] reported that the uncertainty of dispersive surface energy 

estimated using the multiple liquid method and the OWRK model can be as great as –50% to 43%, 

depending on the accuracy of the liquid surface tension parameters. Even more remarkably, the 

uncertainty of literature estimates of γS
p
 can be as great as 100%,[14] especially for hydrophobic 



polymer surfaces for which the value is typically less than 2 mN/m, as it is here. In comparison, 

Table 3.2 shows that the liquid mixture method provides relative uncertainties of γS ranging from 

6 to 15%, a clear improvement in precision. 

As further comparison, we performed a separate OWRK analysis using the pure liquid data 

shown in Figure 3.3 (e.g., water, DMSO, formamide, and ethylene glycol) as well as benzyl alcohol 

and glycerol. Just as the mixture method used 6 discrete contact angle measurements representing 

different compositions, the pure liquid analysis also included 6 discrete contact angle 

measurements. Figure 3.4 contains the OWRK plot for the pure liquid contact angle data, showing 

a straight line could be obtained. Likewise, Table 3.2 shows that the surface energy values obtained 

using the pure liquids agree with those obtained using mixtures; however, the uncertainties of the 

surface energy values obtained using the mixed liquid method are typically much less than those 

estimated using pure liquids. This is likely a consequence of the large uncertainty in the contact 

angle measurements obtained for formamide, pointing to the fact that the pure liquid approach is 

vulnerable to uncertainty by inclusion of a poorly behaved liquid. 



 

Figure 3. 4 Owens-Wendt plot for flat PDMS using multiple pure liquids, including DMSO, 

benzyl alcohol, formamide, ethylene glycol, glycerol and water. 

 

Encouraged by the consistent results obtained using three different binary mixtures, we 

combined all available data mixtures and compiled it as an Owens-Wendt plot, as shown in Figure 

3.5a. Plotting all eighteen contact angle data points (six data points for each of the three binary 

mixtures, 54 measurements) again yields a straight Owens-Wendt trend line. The estimated values 

of the γs, γs
d, and γs

p
 terms agree with those obtained using pure liquids, as shown by the values 

provided in Table 3.2. Moreover, including all available data in the analysis reduces the standard 

deviation of γs
d to 5%, 14% for γs

p
, and 4% for γs. 

 



 

Figure 3. 5 Owens-Wendt plot using three binary mixtures (water-formamide, water-ethylene 

glycol, water-dimethyl sulfoxide) on PDMS 

3.5.3   Surface Energy of Functionalized Silicon Dioxide Surface 

Having established the utility of the Owens-Wendt analysis method of liquid mixture contact angle 

data for a PDMS surface, we evaluated its use for discriminating differences in the surface energy 

of engineered surfaces, using silicon dioxide (glass) surfaces derivatized with ETS, HTS, and OTS 

for testing. Accordingly, we measured static contact angles for water-formamide and water-

glycerol mixtures on the silanized glass surface, and the results are shown in Figure 3.6a and 3.6b. 

As with the PDMS surface, most of the measured contact angles increase almost linearly with 

increasing water content. Contact angles measured for glycerol-rich water mixtures on HTS-coated 

glass are the exception to the linear trend, potentially a consequence of experimental uncertainty. 

As expected,[42, 43] contact angle measurements followed the trend in hydrophobicity consistent 

with silane carbon chain length, i.e., the hydrophobicity trend was OTS (C18) > HTS (C6) > ETS 



(C2). Contact angles measured using pure liquids for the OTS functionalized surface agree with 

values reported previously by Tillman et al.[44] and Maboudian et al.[45] 

 

            

Figure 3. 6 Contact angle of (a) water-formamide and (b) water-glycerol on functionalized 

glass. 

 

The next step was to apply the modified OWRK analysis to extract γS
d and γS

p
 from the contact 

angle data measured on the silanized surfaces. Figure 3.7 provides the details of the OWRK 

analysis. As in previous example, the OWRK plots of the functionalized glass surfaces result in 

straight-lines, and Table 3.3 provides the surface energy parameters estimated from the best-fit 

slopes and intercepts. As expected, surface energy decreases with increasing alkyl chain length 

from ETS (C2) to OTS (C18). Regardless of the alkyl tail group, the polar surface energy remains 

approximately 2 mN/m, consistent with the fact that OTS, HTS and ETS all are hydrocarbons. The 



net result of constant γS
p
 and decreasing overall surface energy is that γS

d decreases with increasing 

alkyl group chain length, seemingly a consequence of reduced interactions between the liquid and 

the underlying glass surface. Quantitatively, Table 3.3 shows that surface energy estimated from 

water-formamide and water-glycerol are self-consistent, with differences on the order of 10%. In 

summary, therefore, Figures 3.6 and 3.7 and Table 3.3 establish that the multiple liquid approach 

can be used to differentiate surface energy of engineered surfaces. 

 

             

Figure 3. 7 Owens-Wendt plot for ETS, HTS and OTS coated silicon dioxide (glass) using (a) 

water-glycerol mixtures and (b) water-formamide mixtures. 

 

 



Table 3. 3 Surface Energy and Components (mN/m) of Silane Derivatized Glass 

Derivatization 

Agent 

water- formamide water- glycerol 

γS γS
d γS

p
 γS γS

d γS
p
 

OTS 11.8 ± 0.6 9.5 ± 0.5 2.3 ± 0.3 12.2 ± 1.2 9.6 ± 1.1 2.6 ± 0.5 

HTS 13.2 ± 1.5 9.3 ± 1.3 3.9 ± 0.8 14.6 ± 0.9 12.5 ± 0.8 2.1 ± 0.3 

ETS 17.5 ± 0.7 15.0 ± 0.7 2.5 ± 0.3 16.3 ± 1.4 13.5 ± 1.3 2.8 ± 0.5 

 

The data and analysis shown here indicate that the liquid mixture approach can be used for 

precise determination of surface energy parameters. We have used two hydrophobic surfaces – 

PDMS and silane-derivatized glass – for development of this new method. Applying the method 

to hydrophilic surfaces should be possible. For hydrophilic surfaces, we suggest selection of 

nonpolar-midpolar solvent pairs as the water-midpolar liquid mixtures used in this work will tend 

to spread on hydrophilic surfaces, reducing the precision of the contact angle measurement. The 

midpolar liquids used here – e.g., DMSO, glycerol, ethylene glycol, and formamide – are all 

candidates for mixtures with a nonpolar solvent for study of hydrophilic surfaces. The nonpolar 

solvent should meet the criteria outlined previously in the text in terms of surface compatibility, 

availability of data, volatility, toxicity, and safety – and be miscible with the selected midpolar 

solvent(s). In fact, any liquid that has met these criteria has yielded reliable data when used for 

surface energy determination in this work. A further area of future work is incorporation of theories 

other than the Owens-Wendt surface energy theory. Several alternative theories have been 

proposed,[11, 12, 19] and the current method might feasibly be modified to accommodate surface 

energy theories other than Owens-Wendt. 

Lastly, we are careful to note that the liquid mixture approach remains prone to systematic 

errors, such as the presence of impurities in one or both of the liquids used for contact angle 



measurements. Hence, although the liquid mixture approach can guarantee precision, it does not 

necessarily improve accuracy. The usual admonishments on careful surface measurements apply, 

chiefly use of high purity liquids, study of clean (or representative surfaces), and consistent 

methodology. In particular, solvent impurities can influence the actual mixture liquid tension, 

hence propagating into errors in the extracted values of the relevant surface energy parameters. 

For this reason, we suggest study of at least two liquid pairs to help identify instances in which 

one of the liquids contains an impurity at concentrations great enough to bias the experimental 

data. 

Future work can compare surface energy determined using the mixture approach to that 

measured using AFM[6, 7] or predicted by theory. The uncertainty of surface energy determined 

using the multiple solvent approach has typically been so great that such comparisons were not 

especially useful.[14] 

3.5.4   Uncertainty analysis 

Statistically, when performing linear regression, more data points will increase precision. 

Therefore, we analyze the effect of data points on surface energy distributions. To test this, we 

calculated the uncertainty in the surface energy based on all possible combinations of two data 

points (N=2), three data points (N=3), and so forth. Figure 3.8A-F show that measurement 

uncertainty decreases with N1 2⁄ , which is what randomized error would predict. Therefore, Figure 

3.8 suggests that the multiple liquid and mixture approaches can be used to increase precision to 

levels even greater than demonstrated here. 



 

Figure 3. 8 Statistically analysis of surface energy determination of PDMS. A-F: surface energy 

determined using different number of contact angles data points; G: standard error decrease as 

number of data points used increases; H: Uncertainty drops as number of data points used for 

surface energy determination increases. 



3.6  Conclusions 

Surface energy is an important parameter in many applications involving surface wetting and 

adhesion. The most common surface energy determination method is based on contact angle 

measurements. Unfortunately, contact angle measurement of a single liquid (usually water) 

provides only information on surface hydrophobicity or hydrophilicity. Measurements obtained 

for a series of liquids can be used for determination of the surface energy and – by use of an 

appropriate theory – deconstruction of the overall surface energy into components arising from 

different chemical interactions. The precision of surface energy parameters that can be determined 

using the multiple liquid approach is limited by the number of liquids that can be studied. However, 

the range of liquids suitable for the multiple liquid approach is limited by many factors, including 

safety, availability of data, and volatility.  

Here, we developed a simple and precise technique that uses static contact angle data 

obtained for binary liquid mixtures to determine surface free energy using the Owens-Wendt 

model. Unlike the multiple liquid approach, the mixture approach can be used to determine an 

arbitrarily large number of independent measurements since each mixture – in effect – is its own 

liquid. A new method was developed to separate liquid mixture surface energy into its polar (γL,mix
p

) 

and dispersive (γL,mix
d ) components suitable for use in a modified version of the Owens-Wendt 

model. To test the method, contact angle data were obtained on two chemically distinct 

hydrophobic surfaces, PDMS and silane-derivatized glass. Water was used in all mixtures, and the 

other liquids were glycerol, ethylene glycol, formamide, and DMSO. Subsequent analysis 

indicated that the multiple liquid approach yielded estimates of surface energy parameters, γS
p
, γS

d, 

and γs, that agreed with values obtained using multiple liquids and with literature values (where 

available). Uncertainty decreased with the number of independent data points, and the current 



analysis indicated that the multiple liquid method could yield surface energy parameters with less 

than 13% and sometimes less than 5% uncertainty. Likewise, tests with silane-derivatized glass 

indicated that the method could be used to differentiate surface energy of engineered surfaces. This 

work provides a valuable approach for straight-forward and simple estimation of surface energy 

parameters. 
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Chapter 4 

Accurate Measurement of Acid and Base Surface Energy of Polymer Materials Using 

Aqueous Mixtures and van Oss-Chaudhury-Good (vOCG) Model 

4.1 Abstract 

Polymer surface free energy is an important property for applications including surface coating, 

adhesion and self-cleaning. In those applications, understanding molecular interactions, such as 

dispersive, acid and base interaction is necessary. For a long time, van Oss-Chaudhury-Good 

(vOCG) method is used to estimate surface free energy components using contact angles of pure 

liquids. However, vOCG method suffers from problem associated with negative surface energy 

components such as acid term (γS
+), casting doubts on its accuracy and precision. Negative surface 

energy components are attributed to lack of enough contact angles data of pure liquids because 

selected liquids must satisfy requirements such as surface compatibility and known surface tension 

parameters. Here, we used liquid mixtures, including water-formamide, water-dimethyl sulfoxide 

and water-ethylene glycol, for contact angle measurements. By varying water mole fraction, we 

obtained abundant data points for contact angle measurements, we extended mixing theory to 

extract dispersive, acid and base components of mixtures. By using abundant data points, we have 

precisely and accurately measured surface energies of commonly used polymers such as PVC, 

PMMA and PDMS. This also solve negative surface energy components problem that is 

introduced by using pure liquids. 

4.2 Introduction 

Surface energy is an important physical property, and its manipulation is crucial for applications 

including cell adhesion, biomedical devices, thin films, ink printing, and many others.[1-10] 

Manipulation of surface energy is indicative for designing superhydrophobic polymer-based 



surfaces for applications ranging from self-cleaning, antifouling to drag and friction reduction.[11-

14] For example, Fluorinated Polyhedral Oligomeric SilSesquioxanes (FluoroPOSS) have been 

used for controlling liquid wetting for manufacturing printed circuit boards.[13, 15] Similarly, 

lubricant-infused nano-structures utilizing trimethylchlorosilane surface modification are reported 

for directing flow during water harvesting from humid air.[16] 

Controlling surface energy requires its accurate and precise measurement.[17-19] By far 

the most common method of estimating surface energy involves contact angle measurement.[20] 

However, the accuracy and precision of this technique have been questioned.[21] Alternative 

approaches include atomic force microscopy (AFM), indentation measurement,[22, 23] and drop 

tower measurement for microgravity environments.[24] While these sophisticated approaches can 

directly measure surface energy, they typically require commensurately complex instrumentation 

and methods – and the expertise to use them. Contact angles can be measured rapidly using 

inexpensive equipment and contact angle measurement remains the most widely used technique 

for surface characterization and subsequent surface energy estimation. 

Contact angle measurement is a direct way of characterizing surface wetting rather than 

capturing surface energy. One popular way to capture the chemical information pertaining to 

surface energy is to divide it into chemically resolved surface energy.[25, 26] The resulting 

empirical models are qualitatively similar to theories that have been used to model solubility, 

inasmuch as liquids tend to spread on surfaces with similar properties and are repelled from 

surfaces with differing properties.[27] 

Several different models have been developed over the past century to resolve interfacial 

surface energy into different types and numbers of molecular interactions.[28] The Owens-Wendt 

(OWRK) model divides surface energy into polar and dispersive components and has been used 



for many different polymer surfaces with low surface energy.[29] Unfortunately, the OWRK 

model always predicts net attraction between adjacent solute molecules and cannot explain the 

high water affinity of polymers such as polyethylene oxide, an important polymer used to make 

surfaces hydrophilic.[30] In response to this shortcoming, van Oss, Chaudhury, and Good (vOCG) 

retained the dispersive term from the OWRK model and replaced the polar component with two 

terms that capture acid-base interactions. The vOCG treatment of the polar term leads to successful 

prediction of the water solubility of polyethylene oxide.[30, 31] The OWRK and vOCG models 

remain popular. 

Values of the parameters appearing in the OWRK and vOCG models can be estimated 

using contact angle measurements of several different liquids – at least two for the dispersion and 

polar terms appearing in the OWRK model and three if the acid/base term appearing in the vOCG 

model is resolved. While the multi-solvent approach is generally accepted and widely utilized,[32] 

the method presents several problems. The most challenging of these problems from a theoretical 

perspective is that the multi-solvent approach often yields negative values for the acid term 

appearing in the vOCG model, which is clearly not physical and hinders rational surface 

design.[33-35] Although mathematically three liquids should be sufficient for determining three 

unknowns, Volpe and Siboni [36] pointed out that values of the vOCG surface energy terms rely 

on the accuracy of the parameters of the individual liquids and the precision of measured contact 

angles. Uncertainties in either of these are exacerbated by nonlinearity of the governing 

equation,[37, 38] resulting in instances where negative values become statistically possible even 

when they are physically unrealistic. 

Avoiding negative surface energy terms therefore requires reducing the uncertainty of 

probe inputs, which can be accomplished in various ways, for example by making multiple 



measurements of the contact angle to reduce uncertainty in this value. Unfortunately, uncertainty 

in contact angle measurement is not the main contributing factor to imprecise or negative values 

of surface energy terms. Alternatively, obtaining measurements for more liquids than required 

mathematically (i.e., >2 for OWRK or >3 for vOCG) can reduce uncertainty by constraining the 

non-linear fitting equations.[39] Unfortunately, only a handful of liquids are suitable for precision 

measurement of contact angles, as they must satisfy criteria that include compatibility with the 

surface in question, availability of surface tension data, low volatility, and ideally low toxicity.[40] 

Restrictions on solvent selection places a limit on the number of liquid that can be used for contact 

angle measurement. 

In a previous study, the authors presented a new approach for resolving chemical 

contributions to surface energy using contact angle measurements made for a series of binary 

liquid mixtures.[40] The two liquids present in the binary mixture must be mutually miscible in 

all proportions and should be selected so that the surface tensions of their mixtures spans as wide 

of a range as possible. Contact angles measured for mixtures with five or more distinct 

compositions reduced the uncertainties of OWRK surface energy parameters estimated for 

polydimethylsiloxane (PDMS) surface and silane-coated glass slides by an order of magnitude 

relative to the multi-solvent approach.[40] The binary liquid approach therefore has promise for 

solving the problem with negative values of parameters appearing in the vOCG. 

Successful reduction of surface energy estimations uncertainties using binary liquid 

mixtures motivates further development [35]. Unfortunately, the previous work on the use of 

binary liquid mixtures for evaluating surface energy was limited to models consisting of at most 

two terms, such as the OWRK model,[40] which has severe limitations as previously described.[40] 

Similarly, the previous work used the simplest possible model for capturing surface tension of 



mixtures. Adoption of more sophisticated models has potential to afford better fits to experimental 

data. Extending the binary liquid mixture approach to more sophisticated surface energy models 

with more than two parameters, such as the vOCG model, could therefore be useful for rational 

surface design, especially for surfaces with minor – yet non-negligible – acidity, especially 

polymers.[41-43] Removing the co-dependency of surface tension fitting parameters on contact 

angles would make identifying sources of uncertainty easier and reduce interdependence of surface 

tension and surface energy parameter values. 

The objective of the current study is development of a new mixing model to generalize the 

earlier binary liquid measurement method to extend the method to models with more than two 

terms (e.g., vOCG). Surface tension of the binary mixture is described using a mixing model 

requiring one or more parameters that are fit to experimental datal; the fitting parameter plays a 

role similar to that played by the binary interaction parameter that is well-known in pressure-

volume-temperature equations of state.[44] Several different mixing rules were evaluated for their 

effects on parameter estimates and uncertainties. The surface tension model was then combined 

with the OWRK and vOCG wetting models, and their corresponding surface energy parameters 

were estimated by regression using contact angle measurements obtained for binary liquid 

mixtures of varying compositions. A series of common polymers with differing hydrophobicity 

and acid/base properties, including polydimethylsiloxane (PDMS), polyvinyl chloride (PVC) and 

poly (methyl methacrylate) (PMMA), were used as model surfaces to evaluate the precision of the 

new method. The result is a generalized method that permits robust and precise resolution of the 

chemical contributions to surface energy. 



4.3 Experimental 

Materials: Ethylene glycol (99.8%) was obtained from Sigma-Aldrich Corporation (Natick, MA), 

dimethyl sulfoxide (DMSO) was purchased from AMRESCO, Inc. (Solon, OH), and formamide 

(99.5%) was purchased from Alfa Aesar (Ward Hill, MA). Water was de-ionized prior to use on a 

Millipore Synergy UV water purification system (Billerica, MA) to a minimum resistivity of 17.9 

MΩ•cm prior to use. The Sylgard 184 silicone elastomer kit consisting of polydimethylsiloxane 

(PDMS) elastomer and hardener was purchased from Dow Corning (Midland, MI) was used to 

prepare PDMS surfaces. Silicon wafers were purchased from Virginia Semiconductor 

(Fredericksburg, VA). Polyvinyl chloride (PVC) and poly(methyl methacrylate) (PMMA) sheets 

(30.5 cm × 61 cm) were purchased from McMaster-Carr and used immediately after removing 

their protective covers. 

4.3.1 Polydimethylsiloxane (PDMS) Cast  

The PDMS pre-polymer mixture was prepared by mixing elastomer and hardener in a 10:1 mass 

ratio. The resulting polymer mixture was cast onto a flat 100 mm diameter silicon wafer. The wafer 

was cleaned in piranha solution, consisting of sulfuric acid and hydrogen peroxide in a 3:1 ratio 

(mol/mol), for 1.0 h. The cleaned silicon wafer was thoroughly rinsed with D.I. water and 70% 

ethanol, dried using nitrogen, and immediately placed at the bottom of a polystyrene Petri dish 

(Corning Inc., Corning, NY). The PDMS mixture was then cast onto the wafer, degassed in a 

vacuum oven at 25 mmHg of pressure for 2 h and finally baked for 5 h at 70 °C. After cooling, the 

PDMS was removed from the polymer cast and used immediately for testing. 

4.3.2 Mixture Preparations  

DMSO, ethylene glycol and formamide were chosen as the constituents of the binary mixtures 

used for contact angle measurements. The corresponding binary liquid mixtures consisted of water 



and one of the organics in varying proportions. A total of 6 compositions were prepared for each 

mixture, ranging from pure water to the pure organic, with increments of 0.2 mole fraction units. 

4.3.3 Contact Angle Measurement 

Contact angle measurements were performed using a Ramé-Hart Automated Dispensing System 

(Netcong, NJ; Model No. 100-00) with Rame-Hart Drop Image Standard v.2.0.10 software for 

analysis. A consistent droplet volume of 5 µL was used for all tests. Contact angle measurements 

were performed three times for each solution on different locations of each surface. Average values 

are reported here. 

4. 5 Theory 

The new procedure for estimating surface energy and decomposing it into individual 

molecular interactions consists of two steps, shown schematically in Figure 4.1. The first of these 

steps, shown in Figure 4.1a, requires as input chemically resolved liquid-gas surface tension 

parameters for two or more pure liquids; liquid-vapor surface tension values for binary mixture(s) 

of the same two liquids as a function of composition; and an appropriate mixing rule that can 

capture the dependence of liquid-gas surface tension on composition contact angle measurements 

for a binary mixture(s) as a function of composition. Following an iterative fitting procedure, 

shown in Figure 4.1a, the output of the first step is chemically and compositionally resolve surface 

tension of the binary mixture that is the input for the second step. The other input to the second 

step is contact angle data on a surface of interest for different compositions of the same binary 

liquid mixture.  



  

 

Figure 4. 1 Flowchart for using liquid mixtures to determine solid surface energy components 

using acid-base theory: (a) shows algorithm for estimating chemically and compositionally 

resolved surface tension parameters; (b) is procedure for determining surface energy using (a) as 

inputs. 



In both cases, the chemical resolution of the surface tension and surface energy outputs 

depends on the terms appearing in the surface wetting model, and can include terms arising from 

dispersion forces, polar forces, and other interactions.[45] Selecting the form of the model allows 

the user to decide which terms to include. In this work, the popular OWRK and vOCG models 

are used to demonstrate the approach. 

Figure 4.1 provides an overview of the approach used here. Key decisions include 

selecting the model used to capture chemical contributions to surface tension, and surface 

energy; and the model used to capture liquid-liquid mixing effects on surface properties. The rest 

of the Theory section discusses these two topics (in Sections 3.1 and 3.2)  

4.5.1 Chemically Resolved Surface Tension and Surface Energy Models 

Figure 4.1 shows that a critical step is selection of an appropriate model to capture chemical 

contributions to surface properties. Different types of models describe surface properties using 

different types of chemical interactions, affording some flexibility. Young’s equation [46] 

describes wetting of a liquid droplet on a solid surface arising from mechanical equilibrium at the 

solid (S), liquid (L) and gas (G) interface: 

 𝛾𝑆𝐺 = 𝛾𝐿𝑆 + 𝛾𝐿𝐺𝑐𝑜𝑠(𝜃) [4.1] 

where 𝛾𝑆𝐺 , 𝛾𝐿𝑆  and 𝛾𝐿𝐺  are the surface energies at the solid-gas, solid-liquid, and liquid-gas 

interfaces, respectively; 𝜃 is the static contact angle. In most applications, 𝛾𝑆𝐺, termed the surface 

energy, is the parameter of interest. Determining 𝛾𝑆𝐺  requires knowledge of the liquid-solid 

interfacial surface energy (𝛾𝐿𝑆) to solve equation (4.1). 

Many models have been proposed to capture the effects of molecular interactions on 

surface energy, including the OWRK and vOCG models mentioned in the Introduction. The well-



known OWRK model was developed by Owens-Wendt-Rabel-Kaelble to describe surface energy 

as two types of interactions, arising from dispersive and polar interactions.[29, 47, 48] The total 

solid surface energy becomes 𝛾𝑆𝐺= 𝛾𝑆𝐺
𝑑  + 𝛾𝑆𝐺

𝑝
, in which 𝛾𝑆𝐺

𝑑  and 𝛾𝑆𝐺
𝑝

 respectively denote dispersive 

and polar surface energies at the solid-gas interface. Therefore, the corresponding expression for 

the liquid-solid interface (𝛾𝐿𝑆) can be written as: 

 
𝛾𝐿𝑆 = 𝛾𝐿𝐺 + 𝛾𝑆𝐺 − 2(√𝛾𝐿𝐺

𝑑 𝛾𝑆𝐺
𝑑 + √𝛾𝐿𝐺

𝑝 𝛾𝑆𝐺
𝑝 ) 

[4.2] 

Substituting 𝛾𝐿𝑆 from the OWRK model into Young’s equation results in the following 

equation: 

 
𝛾𝐿𝐺(1 + 𝑐𝑜𝑠𝜃) =  2 (√𝛾𝐿𝐺

𝑑 𝛾𝑆𝐺
𝑑 + √𝛾𝐿𝐺

𝑝 𝛾𝑆𝐺
𝑝 ) 

[4.3] 

Solving equation (4.3) for 𝛾𝑆𝐺
𝑑  and 𝛾𝑆𝐺

𝑝
 requires measuring contact angles of at least two well-

characterized liquids on the surface in question. Data from more than two liquids – or liquid 

mixtures – can constrain the fit to improve precision. 

A more chemically detailed theory than OWRK, proposed by van Oss–Chaudhury–Good 

(vOCG), describes surface wetting as a combination of van der Waals forces and acid-base 

interactions. Acid-base interactions occur between proton acceptors and proton donors – in 

Brønsted theory or between electron donors (acids) and electron acceptors (bases) in Lewis theory. 

The corresponding acid-base contribution to the surface energy is described as the geometric mean 

of acid and base components: 

 
𝛾𝐿𝑆 = 𝛾𝐿𝐺 + 𝛾𝑆𝐺 − 2(√𝛾𝐿𝐺

𝐿𝑊𝛾𝑆𝐺
𝐿𝑊 + √𝛾𝐿𝐺

+ 𝛾𝑆𝐺
+ + √𝛾𝐿𝐺

− 𝛾𝑆𝐺
− ) 

[4.4] 



where 𝛾𝐿𝐺
𝐿𝑊 and 𝛾𝑆𝐺

𝐿𝑊 are Lewis-van der Waals or dispersion energy component at the liquid-gas 

and solid-gas interfaces, respectively. Similarly, 𝛾𝐿𝐺
+  and 𝛾𝑆𝐺

+  are the energy components arising 

from acid interactions at the liquid-gas and solid-gas interfaces; 𝛾𝐿𝐺
−  and 𝛾𝑆𝐺

−  are the corresponding 

terms arising from base interactions. 

Similar to the OWRK model, substituting Equation (4.4) into Young’s equation and re-

arranging yields an expression for 𝛾𝐿𝐺 in terms of the measured contact angle: 

 
𝛾𝐿𝐺(1 + 𝑐𝑜𝑠𝜃) =  2 (√𝛾𝐿𝐺

𝐿𝑊𝛾𝑆𝐺
𝐿𝑊 + √𝛾𝐿𝐺

+ 𝛾𝑆𝐺
+ + √𝛾𝐿𝐺

− 𝛾𝑆𝐺
− ) 

[4.5] 

Equation (4.5) can be used for estimating solid surface energy components, e.g. 𝛾𝑆𝐺
𝐿𝑊, 𝛾𝑆𝐺

−  and 𝛾𝑆𝐺
+ , 

by fitting the model[35, 39] to contact angle measurements of liquids with known 𝛾𝐿𝐺
𝐿𝑊, 𝛾𝐿𝐺

+  and 

𝛾𝐿𝐺
−  values[31, 49]. The value of the combined acid-base term can then be specified (e.g., 𝛾𝑆𝐺

𝐴𝐵 =

√𝛾𝑆𝐺
+ 𝛾𝑆𝐺

− ), and the total surface energy is expressed as: 𝛾𝑆𝐺 = 𝛾𝑆𝐺
𝐿𝑊 + 𝛾𝑆𝐺

𝐴𝐵. 

4.5.2 Mixing Rules to Capture the Effects of Solvent-Solvent Interactions on Surface 

Tension 

Equation [4.3] or [4.5] for a binary mixture requires a model to capture the surface tension 

of the liquid-liquid mixture. In previous work, Zhang et al.[40] was inspired by mixing models 

originally developed for pressure-volume-temperature equations of state.[50, 51] These authors 

selected the relatively simple model developed by Berthelot and van der Waals [44, 52] to estimate 

𝛾𝑚𝑖𝑥  from the mixture composition, values of the pure liquids, and a single binary interaction 

parameter: [53, 54] 

 
𝛾𝑚𝑖𝑥 = ∑∑𝑥𝑖𝑥𝑗

𝑛

𝑗

𝑛

𝑖

𝛾𝑖𝑗 
[4.6] 



where 

 𝛾𝑖𝑗 = (1 − 𝛿𝑖𝑗)𝛾𝑖𝑗
𝑜  [4.7] 

 𝛾𝑖𝑗
𝑜 = √𝛾𝑖𝛾𝑗 [4.8] 

where n is the number of liquids, 𝛾𝑚𝑖𝑥 is the surface tension of liquid mixtures, 𝑥𝑖 and 𝑥𝑗 are mole 

fractions of liquid i and liquid j, 𝛾𝑖𝑗 is either i-j unlike interaction energy (when i ≠ j) or like-

molecule interaction (when i =j), and 𝛿𝑖𝑗 is the binary interaction parameter. The binary interaction 

parameter captures like interactions and becomes zero (i.e., 𝛿11 = 𝛿22 = 0 ) when i = j. When i ≠j, 

the value of the binary interaction parameter is regressed from data – typically between 0 and 1 – 

to capture interactions between the unlike liquids. Because of their form which gives rise to terms 

that are second order in mole fraction, Equations (6-8) are sometimes termed “quadratic mixing 

rules” (QMRs).[52] 

The QMRs recommended by Berthelot and van der Waals [52, 55] can be considered the 

simplest mixing rule for capturing temperature-pressure-volume data using an equation of state. 

Many more sophisticated models have been proposed.[52] Among these, the Mathias-Klotz-

Prausnitz (MKP) mixing rule is another well-adopted model that uses two parameters,𝛿𝑖𝑗 and 𝑙𝑗𝑖, 

to capture molecular interactions: 

 

𝛾𝑚𝑖𝑥 = ∑∑𝑥𝑖𝑥𝑗

𝑛

𝑗

𝑛

𝑖

𝛾𝑖𝑗 + ∑𝑥𝑖

𝑛

𝑖

(∑𝑥𝑗(𝛾𝑗𝑖
𝑜)

𝑛

𝑗

1
3

 (𝑙𝑗𝑖)
1
3)

3

 

[4.9] 

where all terms have been defined previously. Again, in the case of i-i like-molecule interactions, 

𝛿11 = 𝛿22 = 0  and 𝑙11 = 𝑙22 = 0 . For unlike-molecule interactions, 𝛿12 = 𝛿21  and 𝑙12 = −𝑙21 . 

As explained for the QMRs, 𝛿12 and 𝑙12 can take different values corresponding to dispersion and 



polar interactions (OWRK) or dispersion, acid, and base interactions (vOCG). In practice, using 

single values for each of these parameters results in simpler models with fewer fit parameters. 

 Applying the mixing rules to the surface energy model results in a family of equations. 

Table 4.1 shows some four possible outcomes when either the QMR or MKP mixing rules are 

applied to either the OWRK or vOCG models. In Table 4.1, under QMRs subsection, equations 

(10-11) are expressions of binary mixtures’ chemically resolved surface tensions, e.g., 𝛾𝐿𝐺,𝑚𝑖𝑥
𝑃  and 

𝛾𝐿𝐺,𝑚𝑖𝑥
𝑑  for OWRK model, and equations (12-14) are expressions of 𝛾𝐿𝐺,𝑚𝑖𝑥

𝐿𝑊 , 𝛾𝐿𝐺,𝑚𝑖𝑥
+  and 𝛾𝐿𝐺,𝑚𝑖𝑥

−  

for vOCG model. Similarly, equations (15-16) are 𝛾𝐿𝐺,𝑚𝑖𝑥
𝑃  and 𝛾𝐿𝐺,𝑚𝑖𝑥

𝑑  of OWRK model derived 

from MKP mixing rule while equations (17-19) are 𝛾𝐿𝐺,𝑚𝑖𝑥
𝐿𝑊 , 𝛾𝐿𝐺,𝑚𝑖𝑥

+  and 𝛾𝐿𝐺,𝑚𝑖𝑥
−  of vOCG model 

derived from MKP model. Within each models outcomes, they all contain a or a set of 

corresponding binary interaction parameters. For example, 𝛿12
𝑂𝑄

 is the resulting binary interaction 

parameter of OWRK model under QMR mixing rule and 𝛿12
𝑣𝑄

 is interaction parameter of vOCG 

model under MKP mixing rule. The same procedures also apply to MKP mixing rule. Since those 

binary interaction parameters are both liquid dependent (indicated by subscript “12”) and models 

dependent (indicated by superscript “OQ, vQ, OM, vM”). A fitting procedure (will be discussed 

in following section) that takes a specific liquid pair’s surface tension under specific models 

combination will be needed. 



Table 4. 1 Resulting mathematical expressions for chemically resolved surface tension of 

OWRK and vOCG models under different mixing rules 

 

4.5.3 Using Contact Angle Measurements Obtained from Binary Liquid Mixtures to 

Determine Solid Surface Energy 

 Mixture surface tension data, a surface tension model, chemically resolved surface tension 

data for two pure liquids, and a mixing model are fed to an optimization routine, as shown in 

Figure 4.1a. After optimization, the output are best-fit values of chemically resolved surface 

tension parameters appropriate for the binary mixture, e.g., 𝛾𝐿𝐺,𝑚𝑖𝑥
𝑑   and 𝛾𝐿𝐺,𝑚𝑖𝑥

𝑝
  if the OWRK 

model is used or 𝛾𝐿𝐺,𝑚𝑖𝑥
𝐿𝑊 , 𝛾𝐿𝐺,𝑚𝑖𝑥

+ , and 𝛾𝐿𝐺,𝑚𝑖𝑥
−  for the vOCG model. The surface tension at a given 

composition can therefore be determined using the selected mixing model, for example the QMR 

or MKP mixing rules. Then, contact angle data are measured as a function of composition on a 

surface of interest. These contact angle data can be linearized, as is common practice, for linear 

least squares determination of surface energy terms, for example 𝛾𝑆𝐺
𝑃  and 𝛾𝑆𝐺

𝑑 for the OWRK model 

or 𝛾𝑆𝐺
𝐿𝑊 , 𝛾𝑆𝐺

−  and 𝛾𝑆𝐺
+  for the vOCG model. The Results and Discussion section applies this 



approach to several model surfaces, using contact angle data obtained from mixtures of water-

miscible organic solvents and water. 

4.6 Results and Discussions 

This study has two objectives. The first objective is to generalize existing methods for 

characterizing chemically resolved surface tension of liquid mixtures, i.e., for using data for pure 

liquids and composition for compositionally resolved description of surface tension in terms of 

intermolecular interactions. To accomplish this objective, we adopted two widely used mixing 

rules that have been successfully applied to equation of state of mixtures, which are Quadratic 

Mixing Rules (QMRs) and Mathias-Klotz-Prausnitz (MKP).[56] For each mixing rule, we then 

used surface tension data for determination of surface tension parameters, e.g., those appearing in 

the OWRK or vOCG models. 

The second objective is to evaluate selected polymer surface energies, including PVC, 

PDMS and PMMA using the surface tension models and new measurements of binary liquid 

mixture contact angles. The new approach was evaluated to determine if negative surface energy 

components could improve the precision of parameter estimates and if negative parameter values 

could be avoided. 

4.6.1 Composition-Dependent Surface Tension 

The new surface energy characterization method requires an expression to model 

composition-dependent surface tension. Surface tension data were obtained from the literature for 

the water-DMSO,[57] water-formamide,[40] and water-ethylene glycol[58] mixtures. These 

literature data were then modeled using different variations of the QMRs and MPK-based 

expressions shown in the Table 4.1 as Equations (10-11) for the OWRK model and (12-14) for the 

vOCG model, respectively. 



Figure 4.2 shows the results of fitting surface tension data using the QMRs (A and B) and 

using the MKP mixing rule (C and D) and inset parity comparison. In all cases, a single value is 

used for each fitting parameter appearing in the mixing rule. In other words, the values of the 

fitting parameters appearing in the OWRK model are equal to one another for polar and dispersion 

interaction and likewise the dispersion, acid, and base terms appearing in the vOCG model are set 

equal to one another. Best-fit values of these parameters (𝛿12
𝑂𝑄 and 𝛿12

𝑣𝑄
for QMRs or 𝛿12

𝑂𝑀, 𝛿12
𝑣𝑀, 

𝑙12
𝑂𝑀  and 𝑙12

𝑣𝑀  for MKP) were obtained by comparing surface tension of liquid mixtures from 

equation (20) and (21) with experimental values, and their fitting uncertainties are provided in 

Table 4.2. 

Figure 4.2 shows surface tension fitting plots for four mixing and wetting models 

combinations: OWRK+QMRs, vOCG+QMRs, vOCG+MPK and vOCG+MPK. Figure 4.2 shows 

that – in all cases – the mixing rule models capture all observed trends in the literature surface 

tension data. Overall, the quality of fit as quantified by the regression parameter r2 depends mainly 

on the mixing model (QMRs vs. MKP) and less on the interaction model (OWRK vs. vOCG). In 

all cases, r2 is greater than 0.90 and is greater than 0.95 for the MKP-based model. The mean 

absolute error (MAE) for wetting models accommodating QMRs mixing rule is slightly worse 

(e.g., 1.19 mN/m for OWRK and 1.08 mN/m for vOCG) than MKP mixing rule (e.g., 0.83 mN/m 

for OWRK and 0.87 mN/m for vOCG model). 



 

Figure 4. 2 Comparisons of predicted values of the total liquid surface tension, 𝛾𝐿𝐺,𝑚𝑖𝑥 with 

measured values for several binary mixtures as functions of the mole fraction of water (xw) 

present in the mixture; (A) shows predictions based on the OWRK energy model and QMR 

mixing rule, (B) is for the vOCG surface energy model and QMR mixing rule, (C) is for OWRK 

surface energy model and MPK mixing rule, and (D) is for vOCG surface energy model and 

MPK mixing rule. 

 

Having a r2 close to unity does not necessarily justify the feasibility of mixing rules. This 

especially needs to be careful when dealing multiple variable regression analysis where overfitting 

may be a problem if degree of freedom is much greater than the number of constraints. When take 

a close look at figure 4.2C and 2D, although water-DMSO and water-formamide exbibits a 

singular trend, water-ethylene glycol has a few data points not following a singular trend, 



Interestingly, the MKP-based model identifies an inflection point in the relationship between 

surface tension and composition for the water-ethylene glycol mixture that the QMRs-based model 

does not capture. This maybe relates to overfitting of equation (21) where it takes two adjustable 

parameters, and it is largely sensitive to experimental data quality.  

Apparently, having multiple adjustable variables may lead to over fitting issue, departing 

developed models from “real model). However, having too few variables can lead to inaccuracy 

and underfitting of models. Akaike information criterion (A.I.C.) has been widely used to balance 

trade-off between these two situations: overfitting and underfitting. Therefore, we performed A.I.C. 

calculations for polynomials, e.g. 𝐴𝐼𝐶(𝑘) = −
𝑛

2
𝑙𝑜𝑔(𝐿𝑜) +

2

𝑛
(𝑘 + 2) where n is sample size, 𝐿𝑜 

is maximum likelihood and k is number of variables. Calculated AIC values are listed in Table 4.2. 

Surprisingly, surface tension models using QMR mixing rule have the smallest values compared 

to models incorporated with MKP models, meaning QMR mixing rule can retain most of data 

information and predict well enough while MKP mixing rule tend to overfit existent data. 

Specifically, QMR mixing rule along with OWRK model gives the best performance while MKP 

mixing rule combining with OWRK has the worst balance between overfitting and underfitting. 

Thus, we will specifically focus on using QMR mixing models for subsequent surface energy 

analysis. 

Table 4. 2 Binary interaction parameters of water-DMSO, water-formamide and water-ethylene 

glycol using QMRs and MKP mixing rules. 

Model 

name 

Parameter Water- 

DMSO 

Water- 

formamide 

Water-

ethylene glycol 

𝐀. 𝐈. 𝐂. 

OWRK + QMR 𝛿12
𝑂𝑄

 0.162 ± 0.046 0.069 ± 0.015 0.202 ± 0.052 -1.59 



vOCG + QMR 𝛿12
𝑣𝑄

 0.389 ± 0.038 0.202 ± 0.013 0.379 ± 0.045 0.96 

OWRK + MKP 

𝛿12
𝑂𝑀 0.163 ± 0.042 0.069 ± 0.004 0.202 ± 0.024 

11.53 

𝑙12
𝑂𝑀 0.316 ± 0.228 0.173 ± 0.019 0.563 ± 0.133 

vOCG + MKP 

𝛿12
𝑣𝑀 0.385 ± 0.038 0.200 ± 0.001 0.291 ± 0.022 

11.48 

𝑙12
𝑣𝑀 0.210 ± 0.201 0.120 ± 0.009 0.530 ± 0.118 

Note: best-fit interaction parameters for different combinations of wetting model and mixing rule. 

Superscript of each parameters represents first letter of corresponding combinations, e.g.,  

𝛿𝑖𝑗
𝑂𝑄

 represents interaction parameter for OWRK + QMRs pair. 

Lastly, Table 4.2 shows quantitative differences between each mixtures. For example, 

despite the similarity of r2, values for 𝛿𝑖𝑗 differentiates among liquid mixtures. For instance, in 

OWRK model, water-ethylene glycol has the greatest 𝛿𝑖𝑗 (0.202) while water-formamide has the 

lowest value (0.069), which may suggest water-formamide interaction is stronger than water-

ethylene glycol. For vOCG model, trend is similar but 𝛿𝑖𝑗 are greater than those in OWRK models. 

For MPK mixing rule, Table 4.2 shows similar conclusion that water-ethylene glycol and water-

DMSO have largest 𝛿𝑖𝑗 and 𝑙𝑖𝑗 compared to water-formamide. Variation of 𝛿𝑖𝑗 and 𝑙𝑖𝑗 may be an 

indicator for characterizing binary system molecular interaction. But in-depth knowledge should 

direct to using 𝛿𝑖𝑗 and 𝑙𝑖𝑗 for calculating specific interaction type such as acid, base, or dispersion. 

4.6.2 Liquid Selection and Mixtures’ Contact Angles on PDMS, PVC and PMMA 

Water and a series of organic liquids were selected for preparing binary mixtures for contact angle 

measurements. Water is an obvious choice for this purpose. Organic liquids included in this study 

were selected for their miscibility with water, lower volatility than water to minimize evaporation, 

chemical compatibility with substrates, availability of data, and safety. DMSO, formamide, and 



ethylene glycol satisfy these criteria. Table 4.3 shows that the selected liquids all have normal 

boiling points greater than 100 oC, potentially mitigating evaporation issue during contact angle 

measurements.[59] Selected liquids are safe to handle as all liquids having lethal dose (LD50) 

greater than 5000 mg/kg.[60] As for data requirements, Table4. 3 lists values of individual surface 

tension parameters appropriate for the OWRK and vOCG models. Finally, the selected liquids 

exhibit a wide range of polarity, which is required to ensure accurate fitting of corresponding 

contact angles to the surface wetting models.[40] 

Table 4. 3 Surface tension parameters for selected probe liquids[40] 

Liquid  OWRK  vOCG  

 𝛾𝐿𝐺 𝛾𝐿𝐺
𝑑  𝛾𝐿𝐺

𝑝
 𝛾𝐿𝐺

𝐿𝑊 𝛾𝐿𝐺
𝐴𝐵 𝛾𝐿𝐺

+  𝛾𝐿𝐺
−  B.P. 

Water 72.8 21.8 51 21.8 51 25.5 25.5 100 

DMSO 44 36 8 36 8 0.5 32 189 

Formamide 58 39 19 39 19 2.3 39.6 210 

Ethylene glycol 48 29 19 29 19 3.0 30.1 196 

 



 

Figure 4. 3 Measured contact (𝜃) angles of water-DMSO, water-formamide and water-ethylene 

glycol mixtures on polydimethylsiloxane (PDMS), polyvinyl chloride (PVC) and poly(methyl 

methacrylate) (PMMA) as functions of water mole fraction, Xw. 

 

The next step was measurement of contact angles for binary mixtures of water with DMSO, 

formamide, and ethylene glycol on PDMS, PVC, and PMMA surfaces, as shown in Figure 4.3. 

These three polymers were selected to represent a wide range of hydrophobicity, from mildly 

hydrophobic to highly hydrophobic [61-63]. Several consistency checks confirm the quality of the 

data presented in Figure 4.3. Error bars, which represent three measurements made at different 

locations on the samples, are less than 5°. For the pure liquids, which constitute the end points in 

Figure 4.3, contact angles measured in this study are in good agreement with previously reported 

measurements. For the liquid mixtures, measured contact angles increase with increasing water 



content in the binary mixture – as expected for liquid interaction with hydrophobic surfaces. At a 

given composition, measured values of contact angle increase in the trend DMSO < formamide ~ 

ethylene glycol, which matches expectations based on their corresponding surface tensions (see 

Table 4.3). 

4.6.3  Liquid Surface Tension Components 

To this end, we have compared two mixing rules, QMRs and MKP. Apparently, QMRs mixing 

rule is simpler than MKP and easy to implement. Additionally, QMRs does not have over-fitting 

issues as compared to MKP whose two adjustable parameters exceed the need for this study. 

Therefore, we decided to use QMRs for the subsequent polymer surface energy determinations. 

After obtaining best-fit binary interaction parameters, liquid surface tension components 

must be extracted for later polymer surface energy determination along with contact angles. 

Therefore, equation (10-11) is revisited for getting γLG,mix
p

 and γLG,mix
d  of OWRK model. Figure 

4.4 shows the results. In figure 4.4(left), since water is the most polar solvent, all mixtures γLG,mix
p

 

increases as water content increases; conversely, dispersion component (γLG,mix
d ) drops as water 

increases, due to water’s small size and dispersion force.  



 

Figure 4. 4 (Left) Polar (γLG,mix
P ), and (Right) dispersive component (γLG,mix

d ) components from 

OWRK model for water-DMSO; (b) water-formamide and (c) water-ethylene glycol. 

 

Similarly, equations (12-14) are revisited for determining γLG,mix
LW , γLG,mix

+  and γLG,mix
−  components 

and figure 4.4 is resulting plot. Figure 4.5 shows that calculated van der Waals, acid and base 

surface tension components for water-DMSO, water-formamide and water-ethylene glycol 

mixtures.in general, as water composition increases, van der Waals dispersion and basicity 

decreases while acidity increases. For van der Waals dispersion, formamide has the largest values 

while ethylene glycol has the smallest value. Formamide and DMSO are branched molecules while 

ethylene glycol is long chain molecules, which makes its interaction with other molecules spatially 

dependent. For pure solvents, the acidity components are all small due to their inability to accept 

electrons. The relatively small value for pKa also justify its small acidic components as DMSO 

has pKa around 35, formamide has pKa around 24 and ethylene glycol has pKa around 15. When 

water content increases, all solvent-water mixtures acid component increases because water is a 



strong electron donor. For the basic term, the opposite trend was observed that all solvent-water 

mixtures base components drop as water content increases. Overall, the predicted acid/base/van 

der Waals components agree with the molecular aspect of interactions in aqueous solution.  

Various experimental procedures are discussed for indirectly determine Lifshitz van der 

Waals/acid-base component of liquid mixtures. For example, Terzis et al. has developed a contact 

angle-based method to extract water-urea mixtures surface tension parameters. The problem with 

experimental approach is that correlating molecular knowledge of molecule interactions with 

macroscopic properties, such as static contact angle, can lead to significant uncertainty. The 

potential benefits of this method may be useful for validating experimentally determined surface 

tension components. 

 



 

Figure 4. 5 Lewis van der Waals (γLG,mix
LW ), acid (γLG,mix

+ ) and base (γLG,mix
− ) components from 

vOCG model for (a) water-DMSO; (b) water-formamide and (c) water-ethylene glycol. 

 

4.6.4 Effect of Water Surface Energy Components Variation on Surface Mixture Tension 

Fitting 

Water surface tension parameters have been questioned in literatures. Main question is whether 

acid and base term of water have the same values. To evaluate how water’s acid/base term ratio 

on our surface tension fitting, we varied water acid to base component ratio, e.g. δw = γLG,w
+ /γLG,w

−  

as 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0, under each δw value, the best fit binary interaction parameter (kij) 

is determined by Matlab non-linear regression. Figure 4.6, 4.7 and 4.8 show the results. The results 

show that δw has subtle influence on surface tension fitting. In fact, when we set δw=1, the fitting 

seems reasonably good. 



               

             

Figure 4. 6 water-dimethyl sulfoxide mixture surface tension as a function of water mole 

fraction (xw). The red line represents the theoretical surface tension predicted by modified acid-

base theory with different water acid/base ratio. 

 

                      



                      

Figure 4. 7 water-formamide mixture surface tension as a function of water mole fraction (xw). 

The red line represents the theoretical surface tension predicted by modified acid-base theory 

with different water acid/base ratio. 

                



                  

Figure 4. 8 water-formamide mixture surface tension as a function of water mole fraction (xw). 

The red line represents the theoretical surface tension predicted by modified acid-base theory 

with different water acid/base ratio. 

 

4.6.5 Polymers Surface Energy Determination 

To this end, we have obtained all required data and models for obtaining polymer surface energy. 

specifically, we have developed theoretical basis for extracting water-organic mixtures surface 

tension components using equations (10-11 & 12-14). Composition-dependence of surface tension 

components, 𝛾𝐿𝐺
𝑑 , 𝛾𝐿𝐺

𝑝
, 𝛾𝐿𝐺

𝐿𝑊 , 𝛾𝐿𝐺
+  and 𝛾𝐿𝐺

−  are analyzed in SI. Along with contact angles data, 

equations (3) and (5) are then used to extract 𝛾𝑆𝐺
𝑑 , 𝛾𝑆𝐺

𝑝
, 𝛾𝑆𝐺

𝐿𝑊 , 𝛾𝑆𝐺
+  and 𝛾𝑆𝐺

−  . Table 4.4 provides 

surface energy components results for PDMS, PMMA and PVC, respectively. 

Table 4.4 shows surface energy components of PDMS, PVC and PMMA for both OWRK 

and vOCG models. OWRK model consists of 𝛾𝑆𝐺
𝑑  and 𝛾𝑆𝐺

𝑑  components while vOCG model 

consists of 𝛾𝑆𝐺
𝐿𝑊, 𝛾𝑆𝐺

+  and 𝛾𝑆𝐺
−  components. For OWRK model, all mixtures give close value for 

total surface energy ranging from 10.25-11.13 mN/m, suggesting all liquid mixtures, water-DMSO, 

water-formamide and water-ethylene glycol, are suitable for PDMS surface energy determination. 

Determined total surface energy is also consistent with our previous results.[40] For specific 



components, such as 𝛾𝑆𝐺
𝑑  and 𝛾𝑆𝐺

𝑝
, each mixtures has similar values as well. For more sophisticated 

vOCG model, again, all mixtures have similar total surface energy ranging from 11-12.33 mN/m. 

Despite that acid and base term vary, this is mainly because of relatively small values, especially 

acid term which is close to zero. A common problem with pure-liquid approach, as mentioned in 

introduction, is the negative acid term issue. However, in our mixture approach, all mixtures give 

positive acid terms, which recommend that using more data points would reduce the risk of using 

a few pure liquids in which some liquids may have large contact angles uncertainties. 

Surface free energy of PVC is shown in Table 4.4 as well. For two components OWRK 

model, water-formamide and water-ethylene glycol mixtures estimate similar total surface energy 

(𝛾𝑆𝐺) at around 23 mN/m, consistent with literature reported values. For example, Demirci et al. 

has shown that un-modified PVC has the surface energy of 28 mN/m, which is close to the value 

of 27.39 mN/m in Table 4.4. [64]. While water-DMSO estimates significantly large surface energy. 

This is due to DMSO is not compatible with PVC as DMSO is commonly used to swell/dissolve 

PVC.[65] Because of extra chemical interaction between DMSO and PVC, an exceed amount of 

interfacial energy will be released at liquid-solid interface, causing overestimation for surface 

energy. For vOCG model, the same observation is observed. Interestingly, the vOCG data indicates 

that the overestimation of PVC surface energy by water-DMSO mainly comes from 𝛾𝑆𝐺
𝐿𝑊 

component, but not 𝛾𝑆𝐺
+  or 𝛾𝑆𝐺

− . Due to DMSO’s incompatibility with PVC, later analysis will 

exclude DMSO from PVC. 

For OWRK model, determined PMMA surface energy is between 37-41 mN/m, which is 

consistent with literature results. For example, Ozcan et al. [66] measured PMMA thin film surface 

energy using vOCG theory, and their determined total surface energy is within the range of 38-50 

mN/m. water-DMSO and water-formamide have similar 𝛾𝑆𝐺
𝑑  and 𝛾𝑆𝐺

𝑝
 terms, while water-ethylene 



glycol seems overestimating 𝛾𝑆𝐺
𝑝

 and underestimating 𝛾𝑆𝐺
𝑑 . This could be due to experimental 

uncertainty. For three components model, again, even for relatively small acid term (smaller than 

1 mN/m), mixture approach does not result in negative acid term, further suggesting the observed 

negative acid term in literatures mainly comes from insufficient liquids for contact angles 

measurement. Uncertainties in pure liquid contact angles measurement will worsen the surface 

energy determination. Here, having six different compositions of mixtures (single mixtures) or 

eighteen data points (all available data column in table 4.4) improves the measurement and avoids 

negative acid term issue. 

Table 4. 4 Summary of surface free energy (mN/m) determined by liquid mixtures contact 

angles 

Polymer  
Surface 

energy 

Water- 

DMSO 

Water-  

formamide 

Water- 

ethylene glycol 

All available 

data 

PDMS 

OWRK 

𝛾𝑆𝐺  11.13 ± 0.75 10.25 ± 0.43 10.35 ± 1.30 10.89 ± 0.49 

𝛾𝑆𝐺
𝑑  8.67 ± 0.61 7.95 ± 0.37 8.01 ± 1.16 8.85 ± 0.43 

𝛾𝑆𝐺
𝑝

 2.46 ± 0.44 2.30 ± 0.21 2.34 ± 0.59 2.04 ± 0.24 

vOCG 

𝛾𝑆𝐺  10.96 ± 1.18 11.35 ± 0.74 12.33 ± 1.83 11.16 ± 1.88 

𝛾𝑆𝐺
𝐿𝑊 9.26 ± 1.01 10.28 ± 0.64 11.18 ± 1.67 9.66 ± 1.85 

𝛾𝑆𝐺
+  0.18 ± 0.35 0.12 ± 0.29 0.17 ± 0.60 0.20 ± 0.25 

𝛾𝑆𝐺
−  4.02 ± 0.51 2.39 ± 0.22 1.93 ± 0.45 2.82 ± 0.26 

PVC 

OWRK 

𝛾𝑆𝐺  38.70 ± 3.01 23.15 ± 1.36 23.78 ± 2.57 20.42 ± 2.87 

𝛾𝑆𝐺
𝑑  38.36 ± 3.01 17.41 ± 1.17 19.63 ± 2.36 19.63 ± 2.83 

𝛾𝑆𝐺
𝑝

 0.34 ± 0.11 5.74 ± 0.70 4.15 ± 1.02 0.79 ± 0.50 

vOCG 

𝛾𝑆𝐺  32.93 ± 1.49 24.98 ± 1.52 21.55 ± 1.82 25.72 ± 1.86 

𝛾𝑆𝐺
𝐿𝑊 29.25 ± 1.26 21.0 ± 1.15 18.11 ± 1.52 21.03 ± 1.78 



𝛾𝑆𝐺
+  0.94 ± 0.50 0.75 ± 0.44 0.57 ± 0.41 1.78 ± 0.25 

𝛾𝑆𝐺
−  3.60 ± 0.62 5.27 ± 0.89 5.20 ± 0.91 3.09 ± 0.49 

PMMA 

OWRK 

𝛾𝑆𝐺  41.15 ± 2.26 41.78 ± 3.08 36.64 ± 4.19 40.79 ± 1.96 

𝛾𝑆𝐺
𝑑  30.63 ± 1.76 31.07 ± 2.63 23.53 ± 2.25 30.71 ± 1.64 

𝛾𝑆𝐺
𝑝

 10.52 ± 1.42 10.71 ± 1.61 13.11 ± 3.54 10.08 ± 1.07 

vOCG 

𝛾𝑆𝐺  43.45 ± 2.66 45.31 ± 1.60 43.49 ± 1.40 45.49 ± 2.11 

𝛾𝑆𝐺
𝐿𝑊 42.60 ± 2.35 39.77 ± 1.55 40.1 ± 1.23 44.41 ± 2.01 

𝛾𝑆𝐺
+  0.01 ± 0.02 0.64 ± 0.06 0.22 ± 0.05 0.02 ± 0.08 

𝛾𝑆𝐺
−  18.05 ± 2.18 11.97 ± 0.38 13.03 ± 0.66 14.64 ± 0.65 

 

4.6.6 Contact Angle Prediction Using Determined Surface Energy Components 

Lastly, to further demonstrate accuracy of determined surface energy components of 

polymers, we have combined all the tested liquid mixtures on examined polymer surfaces on a 

combined parity plot. Noticing that contact angles range is from 0-120o, suggesting that determined 

surface energy components have predicting ability. This predicting power is a combination of 

liquid surface tension properties, solid surface energy properties. Additionally, considering that 

those parameters, both for liquid and solid, captures the chemical aspects of molecular interaction 

such as acid-base interaction and van der waals interaction, the combined model is a chemo-

mechanical approach for understanding the mechanical and chemical aspects of surface wetting. 



 

Figure 4. 9 Parity plot comparing predicted contact angle and measured contact angle 

4.7 Conclusions 

Quantifying solid surface acidity and basicity are important in a number of applications including 

cell adhesion and heterogeneous catalysis synthesis. vOCG model has long been developed to 

determine solid surface acid/base/van der waals surface energy components but suffers from 

problems associated with often negative acid components, consistency dependence on the liquids 

tested and accuracy problems. It also suffers from the problem of limited liquid available for 

contact angle measurements due to the parameters limitation for liquids. 

Here, we developed a binary mixture approach for accurately and precisely determining 

polymer acid/base/van der waals surface energy components using vOCG model. We first 

developed a mixing theory to extract organic-water mixtures, including water-DMSO, water-

formamide and water-ethylene glycol surface tension parameters (𝛾𝐿,𝑚𝑖𝑥
𝐿𝑊 , 𝛾𝐿,𝑚𝑖𝑥

+  and 𝛾𝐿,𝑚𝑖𝑥
− ). The 



developed theory can predict surface tension for selected liquid mixtures well. To test our method, 

we selected commonly used polymer surfaces, including PDMS, PVC and PMMA, ranging from 

high energy surface to low energy surface. A series of contact angles of liquid mixtures on those 

surfaces were measured and then used to calculate acid/base/van der waals surface energy 

components. The results show that using mixtures can effectively eliminate negative acid-

components problem, which is commonly encountered when using pure liquids. In contrast with 

pure-liquid approach in which the determined solid surface energy components rely largely on 

liquid combinations and its accuracy is greatly low, the liquid mixtures improve the accuracy and 

precision. Lastly, we used the determined surface energy parameters as a fixed physical property, 

evaluating its ability to predict contact angles of corresponding liquid mixtures on those polymer 

surfaces. The results show that all liquid mixtures and polymer surfaces (PVC, PMMA and PDMS) 

can be unified into a parity plot, suggesting the accuracy of the solid acid/base/van der waals 

parameters and its surface wetting predicting power. 
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Chapter 5     

Liquid Mixture Wetting on Patterned and Irregular PDMS Surfaces 

5.1   Abstract 

Surface wetting is one of the most important topic in surface science which is broadly applied in 

surface coating, self-cleaning, inkjet printing and adhesives. Fundamentally, both compositional 

and structural factors dictate solid-liquid interaction at interfaces. Theories on compositional effect 

typically includes molecular interaction including polar, dispersive acid-base interaction while 

structural effect includes topological considerations such as surface roughness and shapes Two 

branches both have a long history date back to over 100 years ago. However, these two branches 

exist separately mainly due to small overlaps between them in which mechanical/physical 

scientists interest in surface roughness while chemist/chemical engineers more or less focus on 

chemical aspect of surface wetting. Another challenge is lack of systematic contact angles data of 

liquids with continuous changes of molecular interactions on surfaces with systematically varied 

dimensions.  

Here, we attempt to unify wetting theory by combining Owens-Wendt wetting model with 

Cassie-Baxter model to form a unified wetting model which includes both chemical and 

mechanical information. To test the model’s ability in predicting static contact angles, we use 

water-organic liquid (dimethyl sulfoxide and ethylene glycol) mixtures with varied composition 

and surface tension; we tested mixture contact angles on three types of surfaces, including smooth 

PDMS, irregular PDMS and patterned PDMS. For smooth PDMS surface, Cassie-Baxter equation 

collapses into Wenzel model and unified model captures trend of measured contact angles. For 

irregular surface, we fit contact angles data into unified models and set roughness parameter (r) 

and wetting parameter (f) as fitting parameter. It turns out that all surfaces are in Wenzel model 



with f close to 1. Unified model predicts contact angles reasonably well. Lastly, we fabricated 

patterned surfaces with varied pillar sizes. When measuring contact angles of liquid mixtures on 

patterned PDMS, it is observed that wetting transition from Wenzel to Cassie-Baxter state is 

possible as water content increases. This suggests that unified wetting model must be modified to 

introduce a critical surface tension that marks transition point. We recommend developing and 

modifying this unified model to include more complicated wetting phenomena. 

5.2   Introduction 

Surface wetting phenomena are of importance in a wide range of applications, ranging from 

biomedical device compatibility to energy technologies.[1] Two main approaches exist for 

engineering liquid-slide interactions, namely modifying the chemical composition of the surface 

and modifying its nano/microstructure.[2] In both cases, Young’s equation is the original 

theoretical basis for understanding the effects of surface energy on contact angle (θ):[3] 

 γSG = γSL + γLG cos(θ) [5.1] 

Where 𝛾 is the surface energy and S, G, and L refer to the solid, gas, and liquid phases. In the case 

of chemical composition modifications, a series of related theories attempt to parameterize various 

chemical interaction characteristics of the surface – for example, surface polarity, hydrogen bond 

capacity, and charge transfer tendencies.[4] Of these, the surface energy modeled recommended 

by Owens-Wendt-Rabel-Kaelble (OWRK) is one of the most common:[5] 

 
0.5γL(1 + cos θ) = √γS

dγL
d + √γS

p
γL

p
 

[5.2] 

In Equation 2 the d and p superscripts denote dipole and polarizability forces, respectively. 

For modeling wetting behavior on patterned surfaces, on the other hand, the primary theory used 

to explain surface wetting is the Cassie-Baxter model, which relates the contact angle on the rough 

surface (θ∗) to its value on the smooth surface:[6] 



 cos(θ∗) = rfcos(θ) + f − 1  [5.3] 

using the surface roughness factor, r, and surface wetted fraction, f. 

Historically, the surface chemistry and surface patterning theories have existed separately, 

despite ample evidence that the two effects act synergistically in many important applications 

including to generate the well-known Lotus leaf effect,[7] A major challenge to unifying the two 

types of approaches has been a lack of reliable, quantitative measurements of contact angle, the 

primary metric used to understand surface energy. Typically, contact angle has been measured for 

a single solvent, generally water; this single data point is insufficient to determine independently 

all of the parameters required for a unified theory of wetting that combines surface composition 

and patterning effects. In some cases, contact angle is measured for a series of solvents – including 

water as well as organic solvents – and the entire data set is used to constrain the model. This is 

the typical case for determination of chemical parameters used in composition-based models. Still, 

the chemical properties of the different solvents vary widely and are not easily captured using 

simple parameters. Attempts to unify surface composition and surface patterning have either not 

been reported or at least not been generally accepted by the scientific community. 

 Here, we report a simple new method for measuring contact angle data sets involving 

binary solvent mixtures. The benefit of binary mixtures is that a wide range of properties can be 

accessed, and adjusting the composition provides access to any intermediate property in this range. 

As a result, contact angle can be measured over multiple points, without introducing new variables 

associated with use of many different solvents. In principle, many different solvent pairs can be 

used, making the technique easily generalizable. The main requirements are solvent miscibility 

and data availability. In practice, We have fully characterized mixtures of water with dimethyl sulfoxide, 

ethylene glycol, and dimethyl formamide. 



We first applied this technique to model surface wetting on microscopically smooth 

surfaces – glass slides coated using alkyl silane, PDMS and binary mixtures of water and DMSO. 

Then, we used these data to determine composition parameters for the well-known OWRK model. 

As a comparison, we obtained OWRK parameters the usual way, by measuring contact angle for 

pure water, dimethyl sulfoxide and ethylene glycol. 

Encouraged by the performance of the method for obtaining OWRK parameters describing 

the surface energy of the microscopically smooth surface, we tested the model for a regularly 

micropatterned surface. To model the surface energy of the patterned surface, we combined θ, as 

defined by the OWRK model (equation 1), with the form of the Cassie-Baxter model (equation 2) 

to derive a unified model of surface wetting: 

 
cos(θ∗) = rf [(

2

γL
) (√γS

dγL
d + √γS

p
γL

p
) − 1] + f − 1  

[5.4] 

We then plotted measured contact angle data in the form suggested by equation (5.3). 

Figure 5.1 and 5.2 shows the results, indicating that the unified model captures the entire shape of 

the curve. Similar results were obtained for several solvent pairs, establishing the robustness of 

equation (5.3). 

Lastly, we tested the unified theory for an irregularly micropatterned surface, taking as the test 

case a surface inspired by the moth eye.[8, 9] Again, we measured contact angles for binary 

mixtures of water and DMSO. Figure 5.2 shows the results of obtained when contact angle data 

are plotted as suggested by equation (5.3). Again, the fit to the data is excellent, once more 

establishing this general utility of equation (5.3) to use both chemical composition and surface 

microstructure data to model surface wetting. 

In summary, we have developed a simple new technique to measure contact angles for a 

series of binary mixtures and used these data to establish a unified model of wetting that combines 



surface composition and roughness effects. The new method was applied to model surface wetting 

on microscopically smooth surfaces, regularly micropatterned surfaces, and a biologically inspired 

micropatterned surface. In all cases, the unified model captured all observed trends. When the 

binary solvent mixture was applied to microscopically smooth surfaces, the precision of 

composition-dependent surface wetting parameters was improved by an order of magnitude. 

Because of the widespread importance of surface wetting phenomena and the simplicity of the 

unified model, we anticipate that it will be widely used in many fields which seek to tune surface 

wetting behavior using combined compositional and structural techniques. 

5.3   Experimental 

5.3.1   Materials and Chemicals 

Glycerol (99.5+%) was purchased from Sigma-Aldrich Corporation (Natick, MA), dimethyl 

sulfoxide (DMSO) was purchased from AMRESCO, Inc. (Solon, OH), and formamide (99.5%) 

was purchased from Alfa Aesar (Ward Hill, MA). These solvents as well as deionized water from 

a Millipore (Billerica, MA) Synergy UV water purification system were used in the preparation of 

solutions to be used in the contact angle measurements. Polydimethylsiloxane (PDMS) elastomer 

and hardener from a Sylgard 184 Silicone Elastomer kit from Dow Corning (Midland, MI) were 

purchased. The ethanol from Pharma-AAPER (Brookfield, CT) were used in surface cleaning. 

5.3.2   Fabrication of Patterned Silicon Wafer 

Flat silicon wafer was pre-baked under 130 oC 10 minutes, and then it was cooled down to room 

temperature. 4.5 mL SU8 2035 was casted on baked silicon wafer and spin-coated at 1100 rpm for 

30 minutes. After the spin-coating, the silicon wafer was heated at 65 oC for 2 minutes, 95 oC for 

5 minutes and again 65 oC for 2 minutes. After the photoresist was coated on silicon wafer, the 

wafer was exposed to UV for 90 seconds using energy density of 160 J/cm2 for 10 μm pillar height, 



150 MJ/cm2  and 20 seconds for 50 μm pillar height and 200 MJ/cm2 and 20 seconds for 75 μm 

pillar height. Then the wafer was baked at 65 oC for 1 minute and 90 seconds at 96 oC. later, the 

wafer was immerged in developer solution for 3 minutes. Lastly, the silicon wafer was hard-baked 

at 150 oC for 60 minutes. The height of pillar was validated using profilometers and the variation 

is within 5%. Lastly, the silicon wafer surface was treated for preventing the bonding between the 

surface and PDMS casting.  

5.3.3   Preparation of Smooth and Rough PDMS 

The PDMS pre-polymer mixture was prepared by mixing the elastomer and hardener in a 10:1 

mass ratio. To create the patterned surface polymer cast, the fabricated silicon wafer was placed 

at the bottom of a polystyrene dish (60 mm x 15 mm IVF Cell Culture Dish from Corning 

Incorporated, Corning, NY). The silicon wafer was washed with 40% ethanol-water mixtures and 

dried under nitrogen, then baked for 25 minutes at 50°C. The PDMS mixture was then added to 

the cast and degassed in the vacuum oven under 25 mmHg of pressure for three hours and then 

baked under vacuum for five hours at 70°C. After cooling, the PDMS was removed from the 

polymer cast resulting in a PDMS surface that replicated the patterned wafer surfaces.  Smooth 

PDMS surfaces were cast directly onto the polystyrene with flat wafer attached to bottom and were 

prepared following the above method. The rough and smooth PDMS surfaces were again sonicated 

in ethanol for 10 minutes and dried using nitrogen and baking at 70°C for 25 minutes before being 

cut into 3 x 2 cm sections to be used in the contact angle measurements. 

5.3.4   Contact Angle Drop Solutions 

Water, glycerol, DMSO, and formamide were the liquids to be used in the sessile drop method. 

Binary solvents were made between water and one of the organics in varying molar ratios. To 

cover a large range of mixtures, 6 binary solvents were used ranging from pure water to pure 



organic, increasing the mole fraction of water by 0.2. During the contact angle measurements, the 

binary solvents were used in a randomized sequence in order to reduce the effect of aging on the 

surface. 

5.3.5   Contact Angle Measurements 

Contact angle measurements were performed using a Ramé-Hart Automated Dispensing System 

(Netcong, NJ) Model No. 100-00. Ramé-Hart DROPimage software was used for the contact angle 

measurements. Using the dispensing system, 5 µL droplets of each binary solvent was placed on 

the PDMS surfaces. The DROPimage software measured the static contact angle. In addition to 

the static contact angle, the advancing and receding contact angles were measured by slowly 

lowering the dropper tip until it comes in contact with the static drop and adding 2 µL of solution 

to measure the advancing angle followed by removing 4 µL to measure the receding angle. Contact 

angle measurements were performed three times for each solution on the surfaces. 

5.4   Results and Discussions 

5.4.1   Wetting on Smooth PDMS 

To test equation (4) applicability on smooth surfaces using Young contact angles, surface 

roughness parameter and wetting parameter should be equal to zero (e.g. r = f = 0). In equation 

(5.4), solid surface energy parameters, e.g. γS
d, γS

p
) and liquid surface tension parameters (e.g. γL

d 

and γL
P) are required. Solid surface energy parameters are obtained using Owens-Wendt method 

described in Chapter 3. And Liquid surface tension parameters are calculated using method 

described in Chapter 3. We then used determined parameters and equation (5.4) to fit experimental 

contact angles into predicted contact angles. For water-dimethyl sulfoxide mixture, equation (5.4) 

captures the trend. For water-ethylene glycol mixture, overall, contact angles at small values (<90o) 



and large angles (>110o) are predicted well except for the middle ranges contact angles. This could 

be experimental uncertainty or nonlinearity of mixtures contact angles. 

  

Figure 5. 1 Comparison between experimental contact angles and predicted contact angles using 

equation (4). And r = f = 0. Left is water-dimethyl sulfoxide mixtures on smooth PDMS, and 

right is water-ethylene glycol mixtures on smooth PDMS. 

 

PDMS has small surface energy (< 15 mN/m), which is not representative surfaces because it 

cannot provide fitting validation for hydrophilic surfaces. Therefore, we used 

phenyltrimethoxysilane and phenyltrimethoxysilane to tune glass surface hydrophilicity. Figure 

5.1 shows contact angles of water-dimethyl sulfoxide on both surfaces. Phenyltrimethoxysilane 

coated glass is much hydrophobic than phenyltrimethoxysilane coated glass. Contact angles 

differences of dimethyl sulfoxide between two surfaces has the largest values, which is around 25o. 

The difference becomes smaller as water mole fraction increases. In both cases, equation (5.4) 

captures not only most of data points, but also the trend. Both figure 5.1 and 5.2 show equation’s 



predicting powder given accurate solid surface energy parameters and liquid surface tension 

parameters. 

 

Figure 5. 2 Comparison between measured contact angles and predicted contact angles on silane 

derivatized surfaces: the red line represents phenyltrimethoxysilane coated surfaces and black 

line represents trimethoxy(octadecyl)silane coated glass slides. 

 

5.4.2   Wetting on Irregular Surfaces 

In reality, perfectly flat surfaces are nearly nonexistent. Therefore, surface roughness (r) in most 

cases, is greater than 1. However, wetting parameter, f, is an indication of either Wenzel state (fully 

wetted) or Cassie-Baxter state (non-wetted). To obtain these two crucial parameters, we performed 

data fitting using equation (4). Figure 5.3 shows the results. For water-dimethyl sulfoxide mixtures, 

regressed r = 1.4 and f = 0.8, which indicates that PDMS cast is slightly rough. Because of its small 

roughness, droplet tends to spread on surface and f is close to 1. For water-ethylene glycol mixtures, 



fitted r = 1.1 and f = 0.9, which agrees with fact that water-ethylene glycol has lower surface 

tension compared to water-dimethyl sulfoxide. Therefore, wetting f gets closer to 1. Overall, fitting 

is promising, and equation (5.4) is adequate for predicting rough surface contact angles. 

       

Figure 5. 3 Comparsion between measured contact angles and predicted contact angles on 

irregular PDMS surfaces: A is water-dimethyl sulfoxide mixtures on PDMS and B is water-

ethylene glycol mixtures contact angles on PDMS. Wetting parameter (f) and roughness 

parameter (r) are fitting parameters. 



 

Figure 5. 4 Liquid surface tension components effect on contact angles. γL
d and γL

p
 are 

determined by method specified in chapter 3. A and C are water-dimethyl sulfoxide, and B and 

D are water-ethylene glycol. All contact angles are measured on irregular PDMS surfaces. 

 

 So far, all analysis is focused on evaluating equation (5.4) ability to unify wetting theory. 

However, those analysis will become impossible if liquid surface tension parameters are not 

calculated beforehand. Our mixing rules in chapter 4 bridges the gap and extends the use of liquid 

mixtures for contact angle measurement. Therefore, we use equation (5.4) and mixing rule to study 

γL
d and γL

P effect on contact angles. Figure 5.4 shows results.  



5.4.3   Wetting on Patterned Surfaces-Cassie Baxter-Wenzel Transition 

Equation (5.4) could also be used to investigate wetting transition. Wetting transition, also termed 

Cassie-Baxter-Wenzel transition, is a sudden contact angle change from large to small. This 

transition is important in many applications such as inkjet printing and surface coating. 

Traditionally, wetting transition is studied by ionic liquid due to its negligible vapor pressure and 

clear image under camera.[8-11] However, ionic liquids are expensive and nondegradable. 

Sometimes, identifying critical surface tension, γc at which transition happens is important. For 

precise control, surface tension of tested liquid must have small surface tension increments (e.g. 

2-5 mN/m). Finding ionic liquid with systematic surface tension changes is challenging. 

 Here, we introduce use of liquid mixtures. We systematically varied liquid content from 0 

to 100%. Then we measured contact angles on two PDMS surfaces with different feature. On both 

surfaces, wetting transition is observed. PDMS-A transition occurs at water mole fraction around 

0.2 and sample B transition occurs at high water content (0.6), suggesting wetting transition 

depends on surface features.  



 

Figure 5. 5 wetting transition of water-dimethyl sulfoxide on two different PDMS surfaces. The 

dimensions of A-surface are 25 × 10 × 25 and dimensions of surface B is 50 × 50 × 50 um. 

 

Equation (5.4) can be further modified to account for transition if critical surface tension 

is known. For example, if γL<γc, then equation (5.4) can be simplified as Cassie-Baxter form; if 

γL>γc, then Wenzel state will be reached, and equation (5.4) will simply become Wenzel wetting 

model. 

5.5   Conclusions 

In this chapter, we attempt to unify wetting theory by combining Cassie-Baxter state model with 

Wenzel state model. The combined equation has several powerful predicting abilities for PDMS 

contact angles. We first measured contact angles of water-dimethyl sulfoxide and water-ethylene 

glycol on both smooth PDMS and irregular PDMS. Using two surface energy parameters and two 

surface tension parameters along with Owens-Wendt model, unified model captures contact angles 

trend and exhibits good predicting accuracy. We then evaluate liquid surface tension components 

effect on contact angles predicting. Good correlation is found between γL
P, γL

d and contact angles, 

and model captures all data points.  



We then use pattered surfaces and water-dimethyl sulfoxide mixtures to study wetting 

transition. As water content increases, a sudden contact angle increase is observed, which is 

believed as wetting transition. We recommend modifying unified model to account for critical 

surface tension above which Cassie-Baxter state will be obtained. 
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Chapter 6 

Biomass Powder Surface Energy Determination Using Liquid Mixture with Washburn-

Lucas Method 

6.1   Abstract 

Surface energy of cellulose and chitin is important for applications in membrane, 

superhydrophobic surface design and self-cleaning. Surface energy of cellulose and chitin has been 

previously determined by techniques such as inverse gas chromatography, wicking or sessile drop 

method. In all those methods, a wide range of liquids are selected. Liquids include hexane, octane, 

diiodomethane, water and ethylene glycol. Of those liquids, hexane and octane are volatile, 

degrading data quality. Diiodomethane can swell/bind with biopolymers such as proteins, further 

worsening accuracy and precision of determined surface energy. 

We previously devised a liquid mixture approach method to mitigate problems associated 

with toxicity, compatibility and evaporation. Here, we extend the method to Washburn wicking 

method for both cellulose and chitin. Using water-dimethyl sulfoxide and water-formamide, we 

were able to analyze surface energy. Results show that water-dimethyl sulfoxide overestimates 

dispersion term of cellulose to 10-15%, possibly due to swelling issue. Water-formamide results 

in consistent surface energy values for both cellulose and chitin. We recommend careful operation 

and design of experiment by first selecting compatible liquids. This will avoid introducing new 

energy associated with chemical reaction or swelling/dissolution. We also recommend careful 

packed column preparation to ensure consistent packing and density. It is observed that local 

collapse of powder could affect stability of collected liquid mass penetration data. Overall, we 

strongly recommend the liquid mixture method because it not only provides information pertaining 



to contact angles, but also interfacial interactions between biomass particles and organic liquid 

mixtures. 

6.2   Introduction 

Biomass derived materials are important in many applications such as oil-water 

separation,[1, 2] membrane filtration,[3, 4] and composite material development.[5, 6] In those 

applications, surface properties, such as surface energy and adhesion bonding with other 

composites are crucial for fabricating or modifying materials with desired chemical and 

mechanical properties. Tuning surface energy is fundamental for designing biomass-based 

materials with desired functionality. For example, cellulose has been modified to 

superhydrophobic for self-cleaning.[7] Chitin has been functionalized with methyltrichlorosilane 

for selective penetration of water-oil mixtures.[8] 

When designing a cellulose or chitin-based composite, understanding or measuring surface 

energy is vital. Typically, biomass is often in the form of either cross-mixed fibers or powder,[9, 

10] meaning that common approaches like sessile drop method for measuring contact angle cannot 

be easily done without proper sample preparation. Of all reported sample preparation methods, 

depositing powder onto a flat substrate (e.g. glass slide) to form a thin layer is the most developed 

technique. However, this method introduces complexity which would cause inaccuracy of contact 

angle measurement. First, spin-coated surfaces have roughness as large as 5 nm (Rq), making 

contact angle measurement inaccurate. Secondly, adhesive is often added to enhance powder 

bonding for pelletization. Added adhesive might affect accuracy of contact angle measurement 

because it interferes into prepared film matrix.[11, 12] 

Other methods include Wilhelmy plate and column or thin-layer wicking methods. For 

Wilhelmy plate method, palletization, additive is often used to coat powders onto a substrate 



material to prepare a tightly-bonded thin layer. However, introducing adhesive again may 

contaminate raw powder, leading questionable data. Wicking method is an alternative method. 

Benefits of wicking method is that it does not introduce any adhesive, accessible instrumentation 

and operating feasibility. Important considerations when preparing wicking column includes, but 

not limited to, consistent column packing (e.g. consistent porosity or packing density), narrow 

particle size distributions, and requires spherical particles shape. Another important factor is the 

liquid-powder compatibility. Selected liquids for penetration should not swell powder, as swelling 

may incur local powder collapse, producing concentrated pressure and prevent smooth penetration 

of liquid in porous structures. Selected liquids should also avoid chemical reaction as it will 

form/break bonds and produce extra energy.[12, 13] Reducing number of liquids used for 

penetration can be beneficial. However, reducing pure liquids may compromise accuracy and 

precision because the more liquids are tested, the more accurate surface energy will be.[14] 

Liquid mixtures have been successfully used for characterizing surface energy by contact 

angle measurements.[14] Specifically, water-formamide, water-dimethyl sulfoxide and water-

ethylene glycol are used for determining surface energy of polydimethylsiloxane (PDMS) and 

silane-derivatized silicon dioxide.[14] By adjusting liquid mixture compositions, we significantly 

improve surface energy determination. Expanding liquid mixtures approach to Washburn wicking 

method has not been done. As mentioned, using only two liquids would reduce solvent-induced 

complexity. By choosing two liquids that satisfy criteria, the method will yield abundant mixture 

contact angle data, which will improve accuracy of surface energy. Additionally, imbibition data 

of liquid mixtures is helpful for understanding liquid-biomass interactions. 

In this study, we investigate the use of the Washburn method for determining surface 

energy of cellulose and chitin. Specifically, we choose water-formamide and water-dimethyl 



sulfoxide as our testing liquids. By adjusting liquid mixture compositions, a series of mixtures 

with varied viscosity, surface tension and density are obtained. Subsequent penetration gives 

penetration constants that are used for extracting contact angles data. Lastly, we used contact 

angles along with Owens-Wendt model to characterize surface energy. we also comment on future 

work for improving the method. 

6.3   Experimental 

Materials: Ethylene glycol (99.8%) was purchased from Sigma-Aldrich Corporation (Natick, 

MA), dimethyl sulfoxide (DMSO) was purchased from AMRESCO, Inc. (Solon, OH), and 

formamide (99.5%) was purchased from Alfa Aesar (Ward Hill, MA). Water was de-ionized prior 

to use on a Millipore Synergy UV water purification system (Billerica, MA) to a minimum 

resistivity of 17.9 MΩ•cm. Microcrystalline cellulose (MCC) and chitin powders were obtained 

from Sigma Aldrich (Natick, MA). Cylindrical glass tube (I.D. 4 mm) was purchased from Fisher 

Scientific. Watham filter paper was purchased from Sigma Aldrich. 

6.4 Wicking method 

The Washburn method is used for obtaining contact angle of liquid mixture on biomass particles. 

A glass tube with 5 mm diameter and 15 cm length was used as packing column. Raw cellulose 

and chitin are packed into the glass column, and the column was shaked to ensure compact packing 

and consistent porosity and density. The height of the cellulose filled into column is consistently 

kept at 8 cm. The bottom of the column was supported by a Watman filter paper and glued to 

ensure the sealing. To obtain the contact angle for different composition of water-dimethyl 

sulfoxide and water-formamide, mixtures were prepared by mixing 0, 0.25, 0.5, 0.75 and 1 mole 

fraction of water into dimethyl sulfoxide. The mixture was then magnetically stirred at room 

temperature before the Washburn penetration. Then the testing liquid was placed into a wide-



opened beaker, the column was brought into contact with the surface of the liquid. The mass 

change of the testing liquid was recorded by WinCT-FR software connected to a balance. 

 

Figure 6. 1 Washburn-Lucas wicking instrumentation setup, the glass tube bottom is sealed by 

Watman filter paper and the top is open 

6.5   Theory 

Washburn-Lucas model: Washburn-Lucas equation (LW) describes the spontaneous penetration 

of liquid in porous tubes via capillary pressure. Back to early 20th century, Lucas and 

Washburn[15-17] have derived a theoretical model for describing liquid penetration: 

 dh

dt
=

(PA + Ph + Pc)(r
2 + 4εr)

8μh
 

(6.1) 

where Ph is hydrostatic pressure, PA is unbalanced atmospheric pressure, Pc is capillary pressure, 

h is liquid penetration height, μ is liquid viscosity, r is tube radius and ε is coefficient of slip. The 

capillary pressure is correlated with Young’s contact angle (θ), liquid surface tension (γ) by:  



 
pc =

2γcosθ

r
 

(6.2) 

Equation (6.1-6.2) combines all factors together and the resulting equations that captures liquid 

penetration rate within tube is: 

 

h(t) = √
rγcosθ

2μ
t  

(6.3) 

In the case where liquid mass is more important than liquid penetration depth, equation (6.3) can 

be changed to the form: 

 

m(t) = πr2ρ(1 − φ)√
rγcosθ

2μ
t = c√

rγρcosθ

μ
t 

(6.4) 

where c = 0.71 πr2(1 − φ). Rearranging equation (6.3) and obtain the following equation: 

 m(t)2

t
= c2

rγρcosθ

μ
 

(6.5) 

Modified Washburn-Lucas model: Original Washburn-Lucas model often fails to predict the 

liquid penetration or uptake in porous structures.[18] Instead, a modified Washburn-Lucas model, 

which assumes homogeneous porous structures, is developed which significantly improves its 

predictive power.[19] In modified model, a pore shape factor has been introduced to correct 

original equation: 

 
δ =

2√πA

p2
 

(6.6) 

where δ is correction factor, A and P represent cross sectional and perimeter of pore respectively. 

As a result, the modified Washburn-Lucas equation becomes: 



 

m(t) = φSρ√
rδσcosθ

2τμ
t 

(7) 

In either equation (6.5) or equation (6.7), contact angles will be extracted for later surface energy 

calculations using OWRK models.[20] 

6.6   Results and Discussions  

The results and discussion divides into two sections. The first section is to evaluate the 

penetration of liquid mixtures in cellulose and chitin structures. The main task for this section is 

select proper mixing roles for surface tensions, viscosity and use those modeled parameters to 

evaluate the penetration speed of liquid mixtures in cellulose and chitin. In this section, we also 

used modified Lucas-Washburn equation to calculate contact angles. Comparing original Lucas-

Washburn equation with modified equation will help us select a more precise model for surface 

energy measurement. 

The second part of the discussion is using determined contact angles, coupled with wetting model, 

such as OWRK and vOCG models, to extract surface energies of chitin and cellulose biomass 

particles.  

6.6.1   Selected Liquid Properties 

The following liquids are selected for preparing mixtures for capillary penetration study, 

which are water, formamide and dimethyl sulfoxide and ethanol. Those liquids are selected for 

reasons described earlier. 

In the selected solvents, none of them chemically reacts with cellulose and chitin. Lastly, 

the selected liquids must have known surface tension parameters, e.g. polar, dispersive surface 



tensions. Solvents should also be miscible with water. The solubility of dimethyl sulfoxide, 

formamide and ethanol in water are . 

                                         

                

Figure 6. 2 Molecular structures of selected liquids: formamide, dimethyl sulfoxide (top) and 

ethanol (not shown) and substrate materials: cellulose and chitin powder (bottom). 

 

Table 6. 1 Testing liquid physical properties for determining cellulose surface energy 

Test liquid Viscosity 

(Pa∙s) 

Surface tension 

(mN/m) 

Density 

(g∙cm-3) 

a b 

Water 8.9×10-4 72.8 0.97 - - 

DMSO 2.0 ×10-3 44.0 1.10 0.869 0.603 

Formamide  3.3×10-3 58.0 1.13 0.698 0.780 

 

 Table 6.1 is viscosity, surface tension and density data for pure individual liquids. To 

expand Washburn-Lucas method for accommodating liquid mixtures, mixing models for those 

three parameters are needed. Binary mixture liquid viscosity was modeled by various theories, 



including power series, equation of state (EOS) or transition state theory.[21] The most accepted 

approach is classic Grunberg-Nissan model.[22-25] For liquid binary mixture, viscosity of 

mixtures is:  

 log(μm) = x1 log(μ1) + x2 log(μ2) + x1x2G (6.6.6) 

where μm is viscosity of liquid mixtures, x1 and x2 are mole fraction of liquid component “1” and 

“2”, G is a adjustable parameter can be estimated by fitting experimental viscosity into eqn. (6). 

In this study, water-DMSO and water-formamide mixtures viscosity were obtained from literature 

and fitted into viscosity mixing model. Liquid mixtures surface tensions were also an important 

input for Washburn-model. We will previously reported theory in which γL,mix, of a binary mixture 

(consisting of components “1” and “2”) is: 

 
γL,mix = γL

1 − (1 +
bx1

1 − ax1
) (x2)(γL

1 − γL
2) 

[6.7] 

where xi is the molar fraction of each liquid component, γL
2 is the pure liquid surface tension of 

component i, a and b are combined partition coefficient parameters reported by Connors and 

Wright[26] for many relevant liquids. Lastly, liquid mixtures density data will be modelled using 

existing theory.[27-29] 

6.6.2   Liquid mixtures penetration in cellulose and chitin columns. 

To use equation (6.5), capillary constant, c, must be determined beforehand. In this case, 

selecting a liquid with extremely low surface tension which makes it spread on cellulose or chitin, 

forming zero or near-zero contact angle. Typically n-hexane is used to determine constant c, due  



 

Figure 6. 3 Hexane uptake in cellulose and chitin. 

 

to its low surface tension (18.43 mN/m).[30] Therefore, we use same approach and figure 6.3 

shows the result. As we expected, hexane uptake speed, as measured by slope of figure 6.3, is 

much faster (around 3.5 times faster) in chitin than in cellulose. To use equation (6.5), surface 

tension (18.43 mN/m), viscosity (0.297 mPa s) [31] and density (0.655 g/cm3)[32] are substituted 

into equation (6.5), resulting in determined penetration constant for chitin is 2.7× 1013  and 

cellulose is 8.0× 1014. 

Then, we conducted liquid mixtures uptake in both cellulose and figure 6.4 shows the 

results. Water-dimethyl sulfoxide and water-formamide compositions were systematically varied 

as 0, 10%, 25%, 50%, 75% and 100%. During liquid mixtures penetration, two stages were 

observed. In capillary uptake process, squared mass of liquid increases linearly with respect to 

time; once saturation was reached, liquid mixtures mass no longer changes. From Figure 6.4, water 

reaches saturation within 50 s while other liquid mixtures take longer time (more than 100 s) to be 

saturated.  



                      

Figure 6. 4 (a) Water-dimethyl sulfoxide,(b) water-formamide adsorption mass in 

microcrystalline cellulose column as functions of penetration time. 

 

Interestingly, as mixture concentration varies systematically, uptake rate does not follow 

the trend of organic solvent concentration changes. For example, in figure 6.4a, water without 

dimethyl sulfoxide has the fastest penetration speed in cellulose. This is because water not only 

has the highest surface tension, but also the lowest viscosity, which is shown in table 6.2. As water 

content decreases and dimethyl sulfoxide concentration increases, while liquid mixtures surface 

tension increases but the viscosity drops.[33] Therefore, the water-dimethyl sulfoxide uptake rate 

does not follow a trend as water concentration is varied systematically. 

Table 6. 2 Water-dimethyl sulfoxide mixtures properties and penetration constant 

Water fraction Surface tension viscosity density Penetration constant 

(c) 

0 44.0 1.99 1.09 0.0026 

0.1 45.2 2.16 1.09 0.0024 

0.25 47.1 2.51 1.09 0.0021 



0.5 50.7 3.45 1.09 0.0014 

0.75 56.2 3.42 1.08 0.0013 

1 72.8 0.89 0.99 0.0041 

 

Similarly, water-formamide mixtures capillary speed is shown in figure 6.4b. Interestingly, 

penetration rate is divided visibly into two separated regions. Pure water, 75% water and 50% 

water mixtures stay close together while other liquid mixtures, formamide, 10%water-formamide 

and 25% water-formamide, whose slope are similar. It suggests that water again has the largest 

penetration rate due to its large surface tension and lowest viscosity. When water mole fraction 

becomes larger, mixtures surface tension drops steadily while viscosity stays relatively constant. 

Therefore, at high water content, slopes are close to each other. Data in figure 6.4 and table 6.3 are 

then plugged into equations to get contact angles of individual liquid mixtures. obtained contact 

angles are plotted in figure 6.5. 

 

Table 6. 3 Water-formamide mixtures properties and penetration constant 

Water fraction Surface tension viscosity Density Penetration constant 

0 58.0 3.10 1.13 0.0023 

0.1 58.4 3.04 1.11 0.0023 

0.25 59.1 2.42 1.12 0.0026 

0.5 61.0 1.64 1.09 0.0036 

0.75 64.6 1.19 1.06 0.0040 

1 72.8 0.89 0.99 0.0041 

 

The liquid mixtures uptake slopes are plotted in figure 6.5 along with determined contact 

angles. For water-dimethyl sulfoxide in cellulose, the liquid uptake rate decreases first and then it 

increases. The trend agrees with water-dimethyl sulfoxide mixtures viscosity, indicating that 

viscosity is the main controlling factor that controls capillary action. Despite penetration constant 



does not follow a increase trend, contact angles data almost linearly rise as water content increases. 

Determined contact angles for pure dimethyl sulfoxide is around 27o while contact angle for pure 

water is about 64o. Those data agree well with literature reported values.[34-37] contact angles of 

water-dimethyl sulfoxide mixtures are not typically reported in literature, but data in figure 6.5 

might be useful for characterizing cellulose-liquid mixtures adsorption.[38] From figure 6.5, at 

low water content (<30%), contact angles increase slowly. At high water content (>50%), contact 

angles increase faster compared to low water content. This is because: at low water content where 

dimethyl sulfoxide is the main solvent, due to swelling or potential aggressive physiochemical 

interaction between cellulose and dimethyl sulfoxide, contact angles remain small, meaning 

cellulose-solvent  mixtures interact strongly (high interfacial surface energy).[38-41] This extra 

interaction energy between cellulose and rich-dimethyl sulfoxide solvents may add exceed energy 

into discussion. Indeed, as water content increases, contact angle increases drastically. Because 

water interacts with cellulose through mostly van der Waals interaction, adding more water would 

enhance non-polar hydrophobic interaction and thus increases contact angle to as large as 63o.  

For water-formamide mixtures, trend looks completely different from water-dimethyl 

sulfoxide. Penetration speed increases as water concentration increases, which agrees with 

viscosity trend in table 6.3 where water has the smallest viscosity (0.89 mPa s) while formamide 

has the largest viscosity (3.10 mPa s). for contact angles, overall it follows the trend that contact 

angles increase from around 30o to 63o. Interestingly, contact angles increases for both water-

dimethyl sulfoxide and water-formamide, no matter how penetrating speed changes. For water-

dimethyl sulfoxide mixtures contact angles, water has contact angles around 62o, which is close to 

reported angles of 69o.[42] Dimethyl sulfoxide contact angles on cellulose is also comparable with 

literature reported values. For water-formamide mixtures, contact angles increase as water mole 



fraction increases, agreeing with the fact that water is polar liquid while formamide is bipolar 

liquid. 

    

Figure 6. 5 Determined penetration constant and contact angles of water-dimethyl sulfoxide 

(left) and water-formamide (right) in cellulose. 

 

6.6.3   Liquid mixtures penetration in chitin columns 

To extend liquid mixture approach to biomass particles with different hydrophilicity and 

chemistry, we also applied the same procedure to chitin particles whose particles saize ranging 

from 10-50 𝑢𝑚 . Figure 6.6a and 6.6b show water-dimethyl sulfoxide and water-formamide 

penetration data within column packed with chitin powder. For water-dimethyl sulfoxide, pure 

water has again the highest penetration rate while 50% water mixture has the slowest penetration. 

In fact, mixtures other than pure water have small variation in penetration constant. This is because 

pure water has lowest viscosity, as explained in cellulose penetration. Similarly, for water-



formamide mixtures, again, water penetrates faster than any other mixtures, suggesting its 

preferential interactions with chitin. 

           

Figure 6. 6 (a) Water-dimethyl sulfoxide, (b) water-formamide adsorption mass in chitin column 

as functions of penetration time. 

 

The slope from figure 6.6a and figure 6.6b are plotted in 7a and 7b along with determined 

contact angles using equation (6.5). Similar to cellulose case, penetration slope of water-dimethyl 

sulfoxide decreases first, reaching a global minima at water mole fraction 50%. This could be due 

to the relatively small viscosity compared to other liquid mixtures. Mixtures contact angles are 

also calculated and plotted in figure 6.7a and 6.7b. Water consistently has the greatest angles 

around 75o while dimethyl sulfoxide has the angle at 65o, formamide contact angle stays around 

60o. contact angles data is challenging to be compared to literatures valuse because of limited data 

availabe in literatures. 



 

Figure 6. 7 Liquid mixtures penetration rate constant as functions of water mole fraction. The 

left is for water-dimethyl sulfoxide penetrating in chitin and right is water-formamide penetrating 

in chitin. 

 

6.6.4   Cellulose and Chitin Surface Energy by OWRK model 

OWRK model was used for determining cellulose and chitin surface energies. Figure 6.8 

shows the linearized OWRK plots that is similar to Chapter 3 approach. From figure 6.8a, it 

presents two sets of analysis with the blue line being the best-fit line and the red line being the 

fixed intercept fitting. In either case, the regression coefficient (R2) is similar, which is close to 

0.93. However, determined surface energies are different under two analysis. If best-fit line is used, 

determined γSG
d  is around 26.1 mN/m while γSG

p
 is around 16.8 mN/m. Those data deviates from 

literature values,[43, 44] although total surface energy agrees well with literature values. As 

mentioned, one of potential problem is that cellulose might preferentially interact with dimethyl 

sulfoxide, a welling agent for biomass pretreatment. Therefore, it is reasonable to lower polar term 

by fixing the intercept while finding best-fit slope. Here, we took average values of literature 



reported as fixed polar term, and we regressed to best-fit slope. Surprisingly, the best-fit dispersive 

term (γSG
d ) is 43.5 mN/m while fixing polar term as 4.1 mN/m, which completely agrees with 

reported values.  

 

Figure 6. 8 OWRK model Surface energy of cellulose (left) and chitin as determined using 

liquid mixtures contact angle 

 

 For chitin, we performed identical analysis. When using best-fit regression line, we found 

γSG
p

 is about 16.8 mN/m and γSG
d  is about 12.9 mN/m, summing up total surface energy is 29.7 

mN/m. Compared to cellulose, chitin has less -OH group while has extra -NH2 and -CH3 group. 

Those groups make chitin less hydrophilic, or more hydrophobic. Therefore, chitin surface energy 

decreases compared to cellulose. For specific component, since -CH3 is added in chitin, it would 

make chitin non-polar. Therefore, polar term should be similar to cellulose. However, we observed 

the opposite. Another analysis was performed similar to thecellulose analysis. We fixed the polar 



term based on literature values and found the best-fit dispersive component. As shown in figure 

6.8, after correction, γSG
d  is 16.8 mN/m and γSG

p
 is 9.1 mN/m. 

 Overall, the method presented here needs improvement. Despite that direct comparison 

with literature values is impossible because of several reasons. First, methods that compress or 

spin-coat biomass powder into a thin film or pellet have flaws such as introducing surface 

roughness and liquid penetration, making contact angles measurement inaccurate. Second, not all 

used liquids for contact angles measurement are compatible with particles. For example, dimethyl 

sulfoxide data showed in this study can actually swell cellulose, overestimating surface energy.  

 To make approach robust and practical, a solvent that is not chemically reacting with 

selected biomass particles should be considered, e.g. ethanol. Another important liquid selection 

criteria is that preferential interaction between solvent and column should be avoided to decrease 

complexity. To obtain reproducible and consistent data, column packing should be validated 

before each run. Specifically, packing density should be consistent. The last opinion is that liquid 

should be selected in a wide range of chemical information. More data would provide more 

confidence for regression. 

6.7   Conclusions 

 Powder surface energy is important for dispersion and surface interaction. However, 

conventional way that compresses powder into pellet or spin-coat powder into films have problems 

associated with porosity, roughness and liquid penetration into pellet. Washburn method remains 

the most widely used approach for estimating surface energy of powders.  

In this study, binary mixture approach has been extended to Washburn for determining 

biomass particles surface energy. we tested two biomass particles with different hydrophobicity 



and surface groups. To measuring contact angles of mixtures, two aqueous mixture systems were 

selected, water-dimethyl sulfoxide and water-formamide. The data shows that water-formamide 

and water-dimethyl sulfoxide overestimate cellulose polar component while underestimate 

dispersive component, as compared to literature reported values. Overall surface energy agrees 

well with literature values. For chitin, the same observation that polar term is overestimated while 

dispersive term is underestimated. This mainly is due to dimethyl sulfoxide’s incompatibility with 

both cellulose and chitin because it swells those biomass particles. 

6.8   Acknowledgement 

I would like to thank Professor Lambert in Chemistry Department for generous lab access during 

pandemic time. I also would like to thank Professor Teixeira for interesting and inspiring 

discussions on particles packing. 

6.9   Reference  

 

1. Lu, Y. and W. Yuan, Superhydrophobic/superoleophilic and reinforced ethyl cellulose 

sponges for oil/water separation: synergistic strategies of cross-linking, carbon nanotube 

composite, and nanosilica modification. ACS applied materials & interfaces, 2017. 9(34): 

p. 29167-29176. 

2. Sai, H., et al., Surface modification of bacterial cellulose aerogels’ web-like skeleton for 

oil/water separation. ACS applied materials & interfaces, 2015. 7(13): p. 7373-7381. 

3. Kaiser, A., W.J. Stark, and R.N. Grass, Rapid production of a porous cellulose acetate 

membrane for water filtration using readily available chemicals. Journal of chemical 

education, 2017. 94(4): p. 483-487. 



4. Ahn, E., et al., A4 paper chemistry: synthesis of a versatile and chemically modifiable 

cellulose membrane. ACS nano, 2020. 14(5): p. 6173-6180. 

5. Liu, A., L. Medina, and L.A. Berglund, High-strength nanocomposite aerogels of ternary 

composition: poly (vinyl alcohol), clay, and cellulose nanofibrils. ACS applied materials 

& interfaces, 2017. 9(7): p. 6453-6461. 

6. Fei, G., et al., Fabrication of bacterial cellulose/polyaniline nanocomposite paper with 

excellent conductivity, strength, and flexibility. ACS Sustainable Chemistry & 

Engineering, 2019. 7(9): p. 8215-8225. 

7. Wei, D.W., et al., Superhydrophobic modification of cellulose and cotton textiles: 

Methodologies and applications. Journal of Bioresources and Bioproducts, 2020. 5(1): p. 

1-15. 

8. Duan, B., et al., Hydrophobic modification on surface of chitin sponges for highly 

effective separation of oil. ACS applied materials & interfaces, 2014. 6(22): p. 19933-

19942. 

9. Gamble, J.F., W.-S. Chiu, and M. Tobyn, Investigation into the impact of sub-

populations of agglomerates on the particle size distribution and flow properties of 

conventional microcrystalline cellulose grades. Pharmaceutical development and 

technology, 2011. 16(5): p. 542-548. 

10. Tobyn, M.J., et al., Physicochemical comparison between microcrystalline cellulose and 

silicified microcrystalline cellulose. International journal of pharmaceutics, 1998. 169(2): 

p. 183-194. 

11. Alghunaim, A., S. Kirdponpattara, and B.-m.Z. Newby, Techniques for determining 

contact angle and wettability of powders. Powder technology, 2016. 287: p. 201-215. 



12. Notley, S.M. and M. Norgren, Surface energy and wettability of spin-coated thin films of 

lignin isolated from wood. Langmuir, 2010. 26(8): p. 5484-5490. 

13. Hulikal Chakrapani, T. and W.K. den Otter, Capillary imbibition of binary fluid mixtures 

in nanochannels. Langmuir, 2020. 36(42): p. 12712-12722. 

14. Zhang, Z., et al., Binary liquid mixture contact-angle measurements for precise 

estimation of surface free energy. Langmuir, 2019. 35(38): p. 12317-12325. 

15. Lucas, R., Ueber das Zeitgesetz des kapillaren Aufstiegs von Flüssigkeiten. Kolloid-

Zeitschrift, 1918. 23(1): p. 15-22. 

16. Cai, J., et al., Lucas–washburn equation-based modeling of capillary-driven flow in 

porous systems. Langmuir, 2021. 37(5): p. 1623-1636. 

17. Kennedy, S.B., et al., Combinatorial screen of the effect of surface energy on fibronectin-

mediated osteoblast adhesion, spreading and proliferation. Biomaterials, 2006. 27(20): p. 

3817-3824. 

18. Liu, Z., X. Yu, and L. Wan, Capillary rise method for the measurement of the contact 

angle of soils. Acta Geotechnica, 2016. 11(1): p. 21-35. 

19. Benavente, D., et al., Predicting the capillary imbibition of porous rocks from 

microstructure. Transport in porous media, 2002. 49(1): p. 59-76. 

20. Rudawska, A. and E. Jacniacka, Analysis for determining surface free energy uncertainty 

by the Owen–Wendt method. International Journal of Adhesion and Adhesives, 2009. 

29(4): p. 451-457. 

21. Fillion, J.J., J.E. Bennett, and J.F. Brennecke, The viscosity and density of ionic liquid+ 

tetraglyme mixtures and the effect of tetraglyme on CO2 Solubility. Journal of Chemical 

& Engineering Data, 2017. 62(2): p. 608-622. 



22. Nhaesi, A.H. and A.-F.A. Asfour, Densities and kinematic viscosities of ten ternary 

regular liquid systems at 293.15 and 298.15 K. Journal of Chemical & Engineering Data, 

2000. 45(6): p. 991-995. 

23. Carvalho, P.J., et al., Effect of water on the viscosities and densities of 1-butyl-3-

methylimidazolium dicyanamide and 1-butyl-3-methylimidazolium tricyanomethane at 

atmospheric pressure. Journal of Chemical & Engineering Data, 2010. 55(2): p. 645-652. 

24. Sastry, N.V. and M.C. Patel, Densities, excess molar volumes, viscosities, speeds of 

sound, excess isentropic compressibilities, and relative permittivities for alkyl (methyl, 

ethyl, butyl, and isoamyl) acetates+ glycols at different temperatures. Journal of 

Chemical & Engineering Data, 2003. 48(4): p. 1019-1027. 

25. Wagh, P.S., A.N. Bhumkar, and M.V. Rathnam, Excess Volume, Viscosity, and 

Isentropic Compressibility of Methyl Acrylate+ Alkane Binary Mixtures. Journal of 

Chemical & Engineering Data, 2020. 65(5): p. 2343-2350. 

26. Connors, K.A. and J.L. Wright, Dependence of surface tension on composition of binary 

aqueous-organic solutions. Analytical Chemistry, 1989. 61(3): p. 194-198. 

27. Hankinson, R.W. and G.H. Thomson, A new correlation for saturated densities of liquids 

and their mixtures. AIChE Journal, 1979. 25(4): p. 653-663. 

28. Thomson, G., K. Brobst, and R. Hankinson, An improved correlation for densities of 

compressed liquids and liquid mixtures. AIChE journal, 1982. 28(4): p. 671-676. 

29. Shukla, R., et al., Density, refractive index and molar refractivity of binary liquid mixture 

at 293.15, 298.15, 303.15, 308.15 and 313.15 K. Arabian Journal of Chemistry, 2016. 9: 

p. S1357-S1367. 



30. Klein, T., et al., Liquid viscosity and surface tension of n-hexane, n-octane, n-decane, 

and n-hexadecane up to 573 K by surface light scattering. Journal of Chemical & 

Engineering Data, 2019. 64(9): p. 4116-4131. 

31. Aminabhavi, T., et al., Density, viscosity, and refractive index of the binary mixtures of 

cyclohexane with hexane, heptane, octane, nonane, and decane at (298.15, 303.15, and 

308.15) K. Journal of Chemical & Engineering Data, 1996. 41(3): p. 521-525. 

32. Mopsik, F.I., Dielectric constant of n-hexane as a function of temperature, pressure, and 

density. Journal of research of the National Bureau of Standards. Section A, Physics and 

chemistry, 1967. 71(4): p. 287. 

33. Nieto-Draghi, C., J. Bonet Ávalos, and B. Rousseau, Transport properties of dimethyl 

sulfoxide aqueous solutions. The Journal of chemical physics, 2003. 119(9): p. 4782-

4789. 

34. Gardner, D.J., et al., Adhesion and surface issues in cellulose and nanocellulose. Journal 

of adhesion science and technology, 2008. 22(5-6): p. 545-567. 

35. Dankovich, T.A. and D.G. Gray, Contact angle measurements on smooth nanocrystalline 

cellulose (I) thin films. Journal of adhesion science and technology, 2011. 25(6-7): p. 

699-708. 

36. Peršin, Z., et al., Determining the surface free energy of cellulose materials with the 

powder contact angle method. Textile research journal, 2004. 74(1): p. 55-62. 

37. Hubbe, M.A., D.J. Gardner, and W. Shen, Contact angles and wettability of cellulosic 

surfaces: A review of proposed mechanisms and test strategies. BioResources, 2015. 

10(4): p. 8657-8749. 



38. Zhang, X., et al., Cellulose modification by recyclable swelling solvents. Biotechnology 

for biofuels, 2018. 11(1): p. 1-12. 

39. Yoo, C.G., et al., Elucidating structural characteristics of biomass using solution‐state 2 

D NMR with a mixture of deuterated dimethylsulfoxide and hexamethylphosphoramide. 

ChemSusChem, 2016. 9(10): p. 1090-1095. 

40. Zhang, X., et al., Synergistic effect of pretreatment with dimethyl sulfoxide and an ionic 

liquid on enzymatic digestibility of white poplar and pine. RSC advances, 2016. 6(67): p. 

62278-62285. 

41. Wu, L., S.-H. Lee, and T. Endo, Effect of dimethyl sulfoxide on ionic liquid 1-ethyl-3-

methylimidazolium acetate pretreatment of eucalyptus wood for enzymatic hydrolysis. 

Bioresource technology, 2013. 140: p. 90-96. 

42. Ma, B., et al., Influence of cellulose/[Bmim] Cl solution on the properties of fabricated 

NIPS PVDF membranes. Journal of Materials Science, 2017. 52(16): p. 9946-9957. 

43. Steele, D.F., et al., Surface energy of microcrystalline cellulose determined by capillary 

intrusion and inverse gas chromatography. The AAPS journal, 2008. 10(3): p. 494-503. 

44. Jacob, P.N. and J.C. Berg, Acid-base surface energy characterization of microcrystalline 

cellulose and two wood pulp fiber types using inverse gas chromatography. Langmuir, 

1994. 10(9): p. 3086-3093. 

 

 



Chapter 7 

D.L.V.O. Analysis of Cellulose and Solid-Acid Catalyst Interaction for Hydrolysis Reaction 

7.1 Abstract 

The physical interaction between cellulose and solid acid catalysts is believed an important step 

for heterogeneously converting cellulose to glucose in hydrolysis reaction. The classic D.L.V.O. 

theory was utilized to quantify the colloidal interaction between cellulose and selected wide range 

of solid acid catalysts, including ZSM5, zirconia, iron oxides, Nafion, polystyrene and activated 

carbon. To determine surface potential of selected catalysts bearing carboxylic acid and sulfonic 

acid group, a simple acid/base model was developed to quantify surface potential using measurable 

parameters including pKa, pH and acid density on surfaces. Using estimated surface potential and 

non-retarded Hamaker constant determined by Lifshitz theory, a parametric study was conducted 

to map out D.L.V.O. energy barrier with respect to pH, pKa and Hamaker constant. The result 

shows that all selected catalysts bearing carboxylic acid could adsorb cellulose due to the 

dominance of van der waals attraction over electrostatic repulsion. However, for catalysts bearing 

sulfonic acid, the cellulose-catalysts adsorption behave differently: Nafion, ZSM5 and polystyrene 

repels cellulose strongly, but zirconia, iron oxides and activated adsorb cellulose effectively. The 

analysis partially agreed with literature findings and could be used to screen catalysts substrates 

materials for effective solid acid catalysts design. Catalyst particle size has shown to have effect 

on cellulose-catalyst adsorption. A brief and qualitive discussion has been provided to reveal the 

non-D.L.V.O. forces effect and concludes that hydration is likely repulsive because of the affinity 

of cellulose and catalysts to adsorb water and surface roughness effect; steric repulsion is believed 

repulsive due to the localized chain extension and entropy reduction; hydrophobic interaction is 

believed having minimal effects on cellulose-catalyst adsorption due to their hydrophilicity. The 



present study has provided theoretical insight into cellulose-catalysts adsorption with 

considerations involving Hamaker constant, pH, particle size, pKa and non-D.L.V.O. forces. 

7.2 Introduction 

Cellulose is the most abundant organic polymers on earth, and the effective depolymerization of 

cellulose into fermentable sugars is an important step for producing biomass-based chemicals and 

biofuel.[1-5] Despite its importance and promising future, cellulose degradation is difficult and 

challenging for many reasons.[6,7] Firstly, cellulose consists of thousands of β-1,4 linked glucose 

units that forms long linear fiber chains connecting each other with inter-/intra- hydrogen bonds. 

This molecular configuration leads to a crystalline and stiff structure that is mechanically strong 

and difficult to breakdown.[8-11] Secondly, cellulose dissolution in common industrial solvents 

such as water and ethanol is difficult, further reducing the reaction rate in hydrolysis reaction and 

placing a bottleneck.[12-15] 

Many strategies have developed to chemically depolymerize cellulose using hydrolysis reaction, 

but they all have limitations in themselves.[16] For instance, liquid acid such as chloride acid (HCl) 

and sulfuric acid (H2SO4) have been utilized as homogeneous catalysts to hydrolyze and degrade 

cellulose.[17,18] Although those liquid acid catalysts are inexpensive and effective in 

depolymerizing cellulose, they suffer from pains associated with downstream separation cost, 

corrosion, which undermines its potential for commercialization.[19] Some study looked at 

biologically decomposing cellulose by incorporating enzymes that possess both binding domain 

and catalyzing domain into the reaction system as catalysts.[20-22] Despite enzyme systems such 

as Pedobacter and Mucilaginibacter can identify and cleave the C-O bonds effectively, it has some 

economical and technological roadblocks that prevent its commercialization. On the one hand, the 

design and synthesis of typical enzyme is expensive and time-consuming.[23] On the other hand, 



because of the instability or even damages of enzyme at temperature greater than 50 °C, the 

enzymatic reaction is conducted at low temperature, which in turn lowering the production 

efficiency.[24] 

Recently, catalysts design for catalytic hydrolyzing cellulose have shifted from homogeneous 

catalysts to heterogeneous catalysts.[25,16,90] Accordingly, many researches have used solid-acid 

catalyst instead to decompose cellulose.[27-29] Compared to mineral acid catalysts or enzymes, 

solid-acid catalysts have many advantages, including ease of separation, reusability, tunability of 

surface properties, reduced corrosion risk, and less harm to environment.[25] Three main 

categories of solid-acid catalysts are routinely reported in literatures, including metal oxide, 

polymer-based materials and sulfonated carbonaceous materials. For instance, Wattanapaphawong 

et al. examined the performance of a broad range of metal transition oxide in degrading cellulose 

and found zirconia (ZrO2) has the highest lactic yield because of the synergetic effect of acid and 

base sites on zirconia surfaces.[30] Rinaldi et al. pioneered in using Amberlyst 15, a resin polymer 

bearing sulfonic acid group to depolymerize cellulose in 2008.[31] Yamaguchi and Hara have 

synthesized carbon materials bearing acid groups such as -COOH, -OH and -SO3H and claimed 

that hydrogen bonds formed between phenolic glycosidic bonds is responsible for C-O 

cleavage.[32] 

To date, solid-acid catalyst design has been guided by molecular-level intuition with little thought 

about physical interactions at the colloidal level. As a result, the strength of colloidal interactions 

between solid-acid catalysts and cellulose in the presence of water or other solvents remains largely 

unknown. In principal, the physical interaction between cellulose and solid-acid catalyst in 

aqueous solution is a solid-liquid-solid three-bodies interaction. This colloidal interaction not only 

includes molecular level dispersion or hydrogen bond if present, but also colloidal level interaction 



such as vdw dispersion or electrostatic interactions. Tarabanko et al. has theoretically shown that 

electrostatic attraction between negatively charged catalysts and protonated cellulose is the main 

reason for cellulose-catalysts adsorption for further cellulose depolymerization.[33] However, this 

only applies to the case where the aqueous solution is highly acidic. And their theoretical study 

cannot be applied to a broad categories of catalysts with different surface acidity. Radtchenko et 

al. experimentally studied adsorption between cellulose and silica and found that possibly 

dispersion forces may be the causes for cellulose-silica adsorption.[34] Despite those evidences 

qualitatively demonstrate that colloidal interaction can dictate the adsorption between cellulose 

and catalysts, no comprehensive theoretical study is available to quantitatively demonstrate 

interaction magnitude between existing catalysts and cellulose. A better understanding of  how 

catalysts properties and the aqueous solution properties can influence cellulose-catalysts 

adsorption is necessary for synthesizing desired catalysts and selecting proper reaction liquid 

media. 

Herein, the objective of this manuscript is to examine colloidal interaction between cellulose and 

solid-acid catalyst. We first apply the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory that 

takes account both van der Waals (vdw) attraction and electrostatic repulsion to cellulose-catalyst 

interaction. To perform the analysis, we select several commonly reported catalysts, including 

zirconia, ZSM-5, Nafion and carboxylic/sulfonic acid functionalized carbon materials to define 

the range of parameters such as Hamaker constant (A132), pKa, surface potential (𝜓0) and pH. 

Based on those defined ranges, we then conduct parametric studies to quantitatively determine the 

sensitivity of D.L.V.O. interactive energy barrier with respect to A132 and pH for catalysts bearing 

sulfonic acid and carboxylic acid respectively, to establish what are the potential strategies can be 

implemented to enhance the cellulose-catalysts adsorption, in terms of properties such as surface 



potential, pH and Hamaker constant. The effect of catalyst particles size on adsorption is also 

analyzed using D.L.V.O. framework. Then, we reduce the D.L.V.O. analysis to common literature 

reported catalysts including ZSM5, Nafion, carboxylic acid functionalized activated carbon and 

sulfated polystyrene to comment on the performance of current catalysts design from adsorption 

perspective. Lastly, we examine the non-D.L.V.O. interactions, including hydration forces, steric 

forces and hydrophobic forces and discuss how the catalysts might be engineered to enhance non-

D.L.V.O. effect in cellulose-catalyst adsorption. 

7.3 Theory 

7.3.1 D.L.V.O. Theory 

The implications of DLVO on particle-particle interactions during heterogeneously catalyzed 

cellulose hydrolysis were examined. A few simplifying were applied to reduce the scope of the 

problem without sacrificing accuracy or limiting the ramifications of the analysis: i) catalyst-

cellulose interactions were modeled, without contributions from other biomass components and 

without consideration of catalyst-catalyst or cellulose-cellulose interactions; ii) all particles were 

assumed spherical and smooth; iii) the catalyst itself was is assumed to be chemically stable, 

meaning that surface properties such as charge density and dielectric constant remain fixed.  

The general form of DVLO theory can be summarized as: 

 𝑈 = 𝑈𝑣𝑑𝑤 + 𝑈𝑒𝑑𝑙 (7.1) 

where 𝑈 is the total D.L.V.O. interaction energy, 𝑈𝑣𝑑𝑤 is the interaction energy arising from vdw 

dispersion and 𝑈𝑒𝑑𝑙 represents the interaction energy of electrostatic double-layer forces. The vdw 

attraction (𝑈𝑣𝑑𝑤) between two spherical particles follows a power law with respect to particle-

particle separation (x), as derived by Hamaker:[37] 
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(7.2) 

where 𝑅1 and 𝑅2 symbolize radius of cellulose and solid-acid catalyst particle, respectively. 𝐴132 

is the combined nonretarded Hamaker constant between cellulose (denoted as “1”) and solid-acid 

catalyst (denoted as “2”) interacting across water (denoted as “3”). 𝐴132 can be measured directly 

or (more typically) can be used to estimated:38  

 𝐴132 = −(√𝐴11 − √𝐴33)(√𝐴22 − √𝐴33) (7.3) 

where 𝐴11 is the Hamaker constant of cellulose-cellulose interacting across vacuum. Similarly, 

𝐴22 denotes Hamaker constant between catalysts across vacuum and 𝐴33 is Hamaker constant of 

water interacting with water across vacuum.  

Values of individual Hamaker constants (𝐴𝑖𝑖) can be obtained by fitting force-distance data, which 

is time-consuming and instrument-dependent. Instead, the approach recommended by Lifshitz can 

be used to predict 𝐴𝑖𝑖 based on values of dielectric constant and refractive index, both of which 

are commonly available.39 The expression is given as: 
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(7.4) 

where 𝑘𝑏  is Boltzmann constant (1.38 × 10−23J∙K–1); T is the temperature in Kelvin (K); 𝜀𝑖 

represents the zero-frequency permittivity and 𝑛𝑖 symbolizes the refractive index; 𝑣𝑒 is the main 

electronic absorption frequency in the ultraviolet region, typically around 3 × 1015 s−1 . This 

equation indicates that the interaction is always attractive for particles with identical permittivity 

and refractive index. For dissimilar particles, the interaction can be either attractive or repulsive, 

depending on the relative values of the index of refraction and dielectric constant. Appropriate 



values for the index of refraction and dielectric constant are available in the literature for cellulose 

and model materials representative of major catalyst types (e.g., oxides, carbons, and polymers). 

DLVO theory includes an important contribution from electrostatic repulsion (for similarly 

charged surfaces) or attraction. Cellulose and most catalyst materials, especially those bearing acid 

groups, will be charged when placed in aqueous solutions, either due to dissociation of ionizable 

functional groups or adsorption of ions.40,41 To quantify the electrostatic repulsion, electrical 

potential distribution between the particles must be computed using the Poisson-Boltzmann (PB) 

distribution:48 

 
∇2𝜓 = 

8𝜋𝑐𝑒𝑧

𝜀
sinh (

𝑧𝑒𝜓

𝑘𝑏𝑇
) 
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where c is the ions concentration in unit of molecules L–1; e is the electron charge; z is valence of 

the ionic species; 𝜀 is the dielectric constant of the aqueous solution; 𝜓 is the electrical potential. 

For spherical particles, the PB equation can be reduced to:[49] 

 𝑑2𝜓

𝑑𝑥2
= 𝜅2𝜓 

(7.6) 

where 𝜅 is reciprocal of the Debye length, which characterizes the thickness of the diffusion layer 

and which varies from a few hundred nanometers in pure water to several nanometers in highly 

concentrated ions solution. The Debye length is defined as: 
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Solution of PB equation gives the potential as a function of radial distance (x) from the surface.  

Many mathematical methods, both numerical and analytical, have been developed to solve the 

Poisson Boltzmann equation.[49-51] Among these mathematical methods, Hogg at al. provided 



an analytical solution appropriate for spherical particles. The expression for Uedl given by the Hogg 

solution of the PB equation is shown as equation (8):[49] 
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where 𝜀0 is the vacuum permittivity and 𝜀3 represents the dielectric constant of water; 𝑅1 and 𝑅2 

are radii of cellulose and solid-acid catalysts respectively; 𝜅 is the reciprocal of  Debye length (𝜆𝐷), 

as defined in equation (7.7). 𝜓01 and 𝜓02 represent surface potential of cellulose and solid-acid 

catalysts respectively. 

Figure 7.1 is a schematic showing the DLVO interaction resulting from the sum of equations (7.2) 

and (7.8). At large separation distances, the particles experience no net interaction. The vdw 

attraction increases drastically with decreasing particle separation for separation distances less than 

5 nm; the magnitude of the vdw extraction depends on several factors, such as particle size, 

Hamaker constant, dielectric constant, and refractive index. The electrostatic interaction is a longer 

range force than vdw interaction; Figure 7.1 shows it as a repulsive interaction, as it is for similarly 

charged particles. The electrostatic interaction depends both on particle properties, chiefly the 

charge density, as well as solution properties such as ionic strength. Furthermore, for particles 

bearing acids or bases, solution pH will influence acid/base dissociation and hence charge density.  



 

Figure 7. 1 Schematic of D.L.V.O. interaction energy as a function of particles separation. The 

red dash line represents electrostatic repulsion and the green dash line is the vdw attraction. 

 

Combining vdw attraction and electrostatic repulsion results in an attractive well at short 

separation distances where vdw interactions dominate and a barrier which arises due to the 

mismatch in vdw and electrostatic spatial dependency. The repulsive barrier explains the stability 

of similarly charged particles, with colloidal stability typically observed for cases in which the 

magnitude of the barrier is greater than 25kbT.[52] Conversely, for catalyst-cellulose interaction, 

the barrier must be surmounted before catalysis can occur. In this case, barriers less than 10 kbT 

would seem to be a reasonable requirement, bearing in mind that catalyst-cellulose interaction is 

just one part of a series of activated steps. 

7.3.2 PKa-PH-Surface Potential Model 

Solid catalyst surfaces will be charged upon immersion in aqueous media due to partial 

dissociation of their acid groups. The charge density depends on several factors, such as catalyst 

acidity, catalyst surface acid density and pH of the aqueous solution. To quantify this charge 



density/surface potential in terms of measurable parameters, e.g. pKa, pH and acid surface 

coverage, a reliable mathematical model must be developed beforehand so that surface potential 

can be estimated for later D.L.V.O. analysis. This mathematical model could help propagate 

influences of the measurable factors to electrostatic forces on cellulose-catalyst adsorption. 

Accordingly, two predictive methods will be employed to estimate surface potential, depending 

on the types of catalysts. The first method applies to the cases where zeta potential (ζ) is known. 

In this case, equation (7.9) will be utilized to indirectly approximate surface potential:[53] 
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where ζ is the zeta potential at given conditions, 𝜅 is reciprocal Debye length and d is the distance 

between particle surface and slipping plane, often taking the value of 5-6 Å.[54] Here, we will use 

equation (7.9) to approximate surface potential for cellulose, zirconia, ZSM5, Nafion, and 

activated carbon for different pH using literature zeta potential where available. 

The second method applies to functionalized catalysts, including carboxylic/sulfonic acid 

functionalized catalysts, Nafion and Amberlyst-15 materials where surface acid coverage and acid 

dissociation equilibrium constant are approximately known. In this method, we generalize the 

surface potential dependence on acid surface coverage, pKa and aqueous solution pH.[55,56] We 

start from a catalyst (A) bearing acid head group (B) on the surface. This catalyst surface will 

obtain charges by the dissociation of both acid group and the substrate material through: 

 𝐴𝐻 ⇄ 𝐻+ + 𝐴− 

𝐵𝐻 ⇄ 𝐻+ + 𝐵− 

(7.10) 

(7.11) 

where A is the substrate materials, e.g. activated carbon, zeolite or metal oxides such as zirconia 

and silicon dioxide, as commonly reported in literatures B represents acid head group acid, e.g. 



sulfonic acid (-SO3H) or carboxylic acid (-COOH) group on catalysts. Both reactions represent the 

deprotonation of solid-acid. To simplify the model, we have made two assumptions. i). we assume 

that the catalyst surface consists of two types independent ionizable sites: the functionalized acids 

sites and the substrate materials, and both of them exist separately and do not affect the dissociation 

of each other; ii). further protonation of solid-acid can only happen under extremely acidic 

condition (typically under pH = 1.5, depending on the strength of the acid) and will not be 

considered here.[56] The extent of the dissociation for both catalyst and acid head group depend 

on the acidic strength, temperature and solution environment, and can be quantified by the 

equilibrium dissociation constant (Ka): 
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(7.13) 

where [𝐻+]0 is the protons activity around solid-acid catalyst surface, 𝛤𝐴𝐻 is surface acid density 

for undissociated acid and 𝛤𝐴−  is the surface density for dissociated acid or substrate catalyst. 

According to P.B. distribution equation, the proton activity around the solid surface and that in 

bulk phase can be correlated by:  
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where [𝐻+]𝑏 is the proton activity in bulk phase, and it is normally determined by measuring 

solution pH. e is unit electron charge. 𝜓0 is solid-acid surface potential and 𝑘𝑏 is Boltzmann constant.  

The resulting surface will become negatively charged and can be characterized by surface charge 

density (𝜎0). By definition, surface charge density of catalyst upon added into water is the sum of 

net charge, described as:  



 𝜎0 = 𝑒𝑁𝐴 {𝛤𝐴− + 𝛤𝐵−} (7.15) 

where e is the unit electron charge, 𝑁𝐴 is the Avogadro constant, 𝛤𝐴−is the surface number density 

of dissociated group e.g. -OH- and 𝛤𝐵−  is the number density for dissociated acid head group. 

Another correlation that relates measurable surface acid coverage to unmeasurable dissociated acid 

surface concentration is needed. Accordingly, the total acid concentration consists of dissociated 

and undissociated site density for both acid head group and substrate catalysts are:  

 𝛤𝐴𝑡
= 𝛤𝐴𝐻 + 𝛤𝐴− 

𝛤𝐵𝑡
= 𝛤𝐵𝐻 + 𝛤𝐵−  

(7.16) 

(7.17) 

Equation (10-17) can be utilized to solve for surface charge density as a function of measurable 

quantities, including pH, pKa, surface coverage (𝛤𝑡𝑜𝑡). However, upon solving the above equations, 

surface charge density and surface potential are inter-correlated. To obtain equations for surface 

potential and density individually, a separate equation is required. Here, Grahame equation relates 

surface charge density and surface potential for curved surface will be used:57 
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where 𝜀0 is the vacuum permittivity and 𝜀3 represents the dielectric constant of water, 𝜅 is the 

reciprocal of Debye length, 𝑘𝑏 is the Boltzmann constant and 𝜓0 is the surface potential. 

Solving equation (7.10-7.18) simultaneously, the surface potential (𝜓0) or surface charge density 

(𝜎0) can be obtained implicitly. The determined surface potential is solely a function of parameters, 

including acid dissociation constant (𝐾𝑎1, 𝐾𝑎2), surface acid coverage (𝛤𝐴𝑡, 𝛤𝐵𝑡), pH of the reaction 

medium and radius of the catalyst particle (a). Further analysis will show that the predicted surface 

potential/surface charge density show congruence with literature reported values within the limit 

of experimental uncertainty. 



7.4 Resultes and Discussions 

Previous studies have claimed that short-ranged molecular interaction such as hydrogen bond and 

ions-induced dipole interaction between cellulose and catalyst may be reasons responsible for 

molecular-level binding and further C-O bond cleavage for converting cellulose to sugars. Shrotri 

et al. have synthesized carbon catalyst bearing carboxylic and hydroxyl acid and concluded that 

the polycyclic aromatic surface of the carbon catalyst adsorbs cellulose molecules via CH-π 

binding for further cellulose decomposition. Despite that those molecular interactions are directly 

related to the mechanism for cellulose depolymerization, those subset of vdw interactions are not 

the only interactions involved, instead, colloidal forces induced by electrostatic double-layer 

repulsion, hydration or steric interactions may be equally important to either promote or prevent 

cellulose-catalyst interaction given that the dimensions of cellulose and typical catalysts fall into 

colloidal domain. One of the key questions this manuscript attempts to answer is: whether current 

catalysts design and synthesis scheme is reasonable for promoting cellulose-catalysts adsorption? 

To answer this question, we examine the effect of D.L.V.O. and non-D.L.V.O. forces on cellulose-

catalyst interaction. The first part examines the synergic effect of both electrostatic double-layer 

repulsive and vdw attractive forces, also termed D.L.V.O., on the interaction of three commonly 

used catalysts, including carboxylic acid functionalized activated carbon materials and zirconia, 

and Nafion polymer materials.  The second part is to examine non-D.L.V.O. interactions, including 

hydration, hydrophobic and steric interaction.  

7.4.1 Determination of Hamaker Constant and Surface Potential 

Hamaker constant. To apply the D.L.V.O. theory to cellulose-catalyst adsorption, the focus of 

this work is then to obtain reliable parameters needed for D.L.V.O. calculations. The D.L.V.O. net 

interaction energy consists of two distinct contributions, vdw attraction and electrical double layer 



repulsion. The vdw interaction always exists, and its magnitude is assessed by nonretarded 

Hamaker constant, a quantity that is typically determined by fitting force-distance curve for 

interacting particles. Accurate estimation of Hamaker constant would facilitate us evaluate the 

reported catalysts and also identify potential catalysts candidate for cellulose hydrolysis. 

Fortunately, Lifshitz theory (eqn. 7.4) that use optical properties such as dielectric constant and 

refractive index has provided accurate estimation for a wide range of particles interaction in polar 

solvents such as water.[87] Accordingly, dielectric constant and refractive index for cellulose and 

some common catalysts substrate materials, including ZSM5, zirconia, activated carbon, magnetite, 

Nafion and polystyrene are extracted from literatures. Then Hamaker constant (Aii) for individual 

materials interacting with itself across the vacuum is obtained using equation (7.4). Then equation 

(7.3) is being utilized to compute nonretarded Hamaker constant for cellulose-catalyst interaction 

in aqueous solution. The computed Hamaker constant (A132) for cellulose and solid-acid catalysts 

are not generally available in literature. Aii is compared with literature value where available. For 

example, the calculated Hamaker constant of cellulose interacting with itself in vacuum is 

approximately 6.4 × 10−20J, which is close to 5.8 × 10−20 J reported by Bergström et al. using 

spectroscopic ellipsometry.58 Hough and White use the exact solution of the Lifshitz theory to 

compute A132 for zirconia and obtain 20 × 10−20J, which close to the value in table 7.1. Reported 

Aii using “Quasi-Dynamic” method for polystyrene is about 7.9 × 10−20 J and close to 

8.30 × 10−20J.[88] Literature reported Hamaker constant for magnetite is about 40 × 10−20J and 

is higher that calculated value (34.8 × 10−20 ). Although the accuracy of Hamaker constant 

obtained from different physical instruments is still in debate, the Lifshitz theory still remains the 

most widely used theoretical approach to estimate Hamaker constant. The congruence of 



calculated Hamaker constant with literature values suggests the promise of Lifshitz theory for 

determining A132 without involving experimental efforts. 

Table 7. 1 Calculated Hamaker constant (× 10−20J) for different solid-acid catalysts interacting 

with cellulose in water using Lifshitz theory 

Materials ni εr Aii A132 Ref. as Cat. 

Cellulose59,60 1.53 7.6 6.40 - - 

ZSM561,62 1.49 3.5 6.88 0.64 71 

ZrO2
63,64 2.15 18 26.20 2.88 30 

C (A.C.)65,66 2.42 12 43.90 3.60 32 

Fe3O4
67,68 2.42 8.5 34.80 3.59 30 

Nafion69 1.38 3.5 10.25 0.17 72 

Polystyrene70 1.55 2.6 8.30 1.07 73 

 

The results in table 7.1 suggest that Hamaker constant (A132) for cellulose-catalysts interaction 

across water (A132) increases in the order of: activated carbon (A.C.) > Fe3O4 > ZrO2 > polystyrene > 

ZSM5 >Nafion, spanning from 0.17 × 10−20J to 3.60 × 10−20J. Interestingly, activated carbon 

and metal oxides e.g. Fe3O4 and ZrO2 are excellent candidates for adsorbing cellulose. This is in 

accord with the fact that carbon materials and metal oxides are protons donors because of its rich 

electron cloud density, resulting in strong vdw attraction. Not surprisingly, increasing the catalyst 

surface electron density has been a widely used approach to tailor catalyst catalytic performance. 

In contrast, polymer materials such as Nafion are chemically inert and have low tendency to adsorb 

cellulose. Polystyrene has an intermediate Hamaker constant (A132) of 1.07 × 10−20 J, allowing it 

having greater attraction than ZSM5 and Nafion with cellulose. The catalysts showing in table 7.1 

cover three main categories, including polymer, zeolite and metal oxides solid materials. However, 

this does not necessarily represent all the catalysts within each category. In fact, even for the case 



of metal oxides, the Hamaker constant (Aii) can vary drastically. In evaluating individual catalyst 

vdw attraction, accurate optical properties such as dielectric constant refractive index should be 

obtained for the accurate prediction of Hamaker constant. 

Surface Potential. As discussed in theory section, cellulose and catalyst surface are negatively 

charged, which will result a electrostatic repulsion between them. To quantify this electrostatic 

repulsion, equation (7.8) will be used to evaluate the repulsion energy. To use equation (7.8), 

surface potential values for both cellulose and catalysts have to be obtained beforehand. Two 

predictive methods are used here to indirectly determine surface potential for two different cases. 

The first method, as outlined in Theory, adopts equation (7.9) using literature reported zeta 

potential values if they are available. This method applies to cellulose and substrate of un-

functionalized catalysts such as Nafion, zeolites and most metal oxides. Accordingly, literatures 

values of zeta potential at different pH or ionic strength for different catalysts are extracted and 

shown in table 7.2. Surface potential is predicted using equation (7.9) and the Debye length is 

taken based on the reported ionic strength if available. Unlike typical studies that approximate 

surface potential using zeta potential due to its well-established measuring technique, the equation 

(7.9) provides more accurate estimation for surface potential. 

Table 7. 2 Zeta potential (ζ, mV) of cellulose and selected catalysts from literatures and 

predicted surface potential (𝜓02, mV) 

Materials  pH = 2(3) d pH = 4 pH = 6(5) d pH = 8 Ref. as Cat. 

 ζ 𝜓02 ζ 𝜓02 ζ 𝜓02 ζ 𝜓02  

a Cellulose 42  -27 -33.2 -24 -25 -29 -30 -27.5 -28 - 

b ZrO2 74 35 43.4 10 12 -10 -12 -22 -23 30 

c ZSM 5 75 -15 -18.3 -20 -22 -25 -27 -28 -29 71 

d Nafion 76 -45 -56.6 -65 -67 -68 -69 - - 72 



e Fe3O4 
77 - - 20 22 4 6 -30 -31 30 

f C (AC) 78 20 24.5 5 7 -10 -12 -15 -16 32 

a Cellulose zeta potential was from Prathapan et al.42 The ionic strength was determined based on 

pH and no electrolyte was added; d Nafion zeta potential at pH = 3 is used instead of pH = 2 and 

zeta potential for pH = 5 is used instead of pH = 6 due to data availability. 

Table 7.2 shows that cellulose is consistently negatively charged with surface zeta potential 

around -27 mV in the pH range of 2 to 8 and shows as a weak function of pH. The zeta potential 

decreases dramatically at pH below 1, as measured by Prathapan et al.[42] This is because cellulose 

are extracted from wood materials by liquid acid hydrolysis during pulping process, such as 

sulfuric acid. The pretreated cellulose will have sulphate ester group on cellulose surfaces with 

pKa around 1.9, meaning that the protonation only occurs when the pH drops to around 1. As for 

zeta potential of representative catalysts without functionalization, they behave differently, 

depending on the surface acid strength. The isoelectric point (pH at which the surface has zero 

charge) for metal oxides such as zirconia and magnetite oxides are as large as 5-6, indicating that 

the surfaces get protonated and become positively charged at pH below 5-6 while becomes 

negatively charged at pH greater than 6. Nafion has a nearly constant negative zeta potential in pH 

range of 2-8 due to the complete dissociation of strong sulfonic acid. And the magnitude of 

predicted surface potential for Nafion is between -55 mV and -70 mV. Interestingly, predicted 

surface potential for activated carbon depends strongly on pH with positive charge at pH below 

approximately 5 and negative charge at pH larger than 5. This is likely due to that carbon materials 

can easily attract protons at lower pH through electrostatic attraction between electrons and protons. 

At higher pH above 5, hydroxyl ions are prone to adsorb on carbon materials. Zeolite such as ZSM-

5 and Zeolite-Y are moderate in acid strength, and have isoelectric point below 2, meaning that 

ZSM5 becomes negatively charged in the pH range of 2-8. The magnitude of the surface potential 



is around -19 mV to -30 mV, lowering than the expected. This is likely due to that zeolite has 

porous structure and only the acid sites on surfaces are available for deprotonation. Overall, the 

zeta potential reported in literatures can be reasonably explained using acid dissociation data. 

Therefore, the values in Table 7.2 will be incorporated into equation (9) to extract the surface 

potential for subsequent D.L.V.O. calculations. 

Currently, a general scheme for synthesizing catalysts for cellulose decomposition focuses on 

functionalizing catalytic domain and binding domain on existing catalyst substrates. Among the 

functional groups, carboxylic acid and sulfonic acid are two of the acids the have been successfully 

engineered on catalysts in literature. Unfortunately, surface potential or zeta potential for those 

catalysts are not generally reported in literature. Accordingly, as outlined in theory section, a 

generalized model that correlates surface potential and surface chemistry as well as pH must be 

developed. Therefore, equation (7.10-7.18) is being used to model the surface potential as a 

function of chemical properties such as pKa and pH. To demonstrate the robustness of the model, 

we have selected ZSM5 as substrate material. Three acid head groups with different pKa (-2, 1.0, 

2.5) is assumed to be functionalized on ZSM5 with surface density as 0.075/nm2. In fact, these 

three pKa covers the typically reported acid strength. p-Toluic acid is being utilized to 

functionalize carbon materials and has the pKa around 2.86; methyl carboxylic acid such as formic 

acid and propanoic acid are weak in general, with pKa around 4.5. Sulfonic acid tends to be strong 

acid. For example, Methanesulfonic acid has the pKa around -1.9 while benzenesulfonic acid is 

much stronger with pKa around -2.8. The particle size is assumed as 1 um, which is reasonable for 

typical catalyst size. 



 

Figure 7. 2 The surface potential of ZSM5 and activated carbon bearing different acid head 

group as a function of media pH. The pKa of acid head group is taken as 2.5, 1.0 and -2 from 

weak acid to strong acid. The substrate (ZSM5 and activated carbon) surface density is assumed 

as 1.0/nm2, functionalized acid surface density is taken as 0.05/nm2. Equilibrium constant for 

ZSM5 is assumed as 5 and particle size is assumed as 1 um. 

 

The predicted surface potential results as a function of pH are show in figure 7.2. Overall, 

predicted surface potential of ZSM5 bearing acid group increases as pH increases, in accord with 

the fact that the anions can attract counter-ions at high ionic strength aqueous solution and reduce 

the surface charge density or surface potential. In particular, this localized protonation becomes 

significant for weak acid. For strong acid such as sulfonic aid with pKa smaller than -2, the surface 

potential is somehow insensitive to pH change and stays relatively constant around -230 mV, as 

shown in figure 7.2. Predicted surface potential for weak acid (e.g. carboxylic acid with pKa 

around 2.5) varies from close to zero at low pH (around 1) to around -170V at pH close to 6. The 



change of surface potential with respect to pH is steeper at pH between 2-3 and reaches to flat at 

pH about 5. For acid with intermediate strength (pKa = 1), the variation of the surface potential 

over pH between 1 and 6 follows the same trend as the cases for weaker acid (e.g. pKa = 2.5). 

Overall, the predicted surface potential captures. 

7.4.2 Parametric Analysis 

The counter-balance between dispersion attraction and electrostatic repulsion leads to a question 

that what are the potential strategies to overcome the repulsion barrier. In fact, some of the catalysts 

reported in literature are promising for overcoming the repulsion barrier and enhance cellulose-

catalysts adsorption, based on their large Hamaker constant, but no systematic theoretical studies 

have been conducted for a wide range of catalysts bearing different acid strength. In principal, two 

main strategies that relies on either vdw attraction enhancement or electrostatic repulsion reduction 

might be useful for selecting or engineering catalysts. For vdw attraction, Hamaker constant is the 

crucial parameter that dictates the strength of colloid particle adsorption. According to table 7.1, 

metal oxides such as ZrO2 and Fe3O4 are reported having excellent performance in decomposing 

cellulose while polymer-based material has weak vdw dispersion with cellulose. Despite the fact 

that those metal oxides can have strong Lewis acid sites that ionizes water and produce protons for 

later β-1,4 cleavage, the large Hamaker constant that resulting in large vdw attraction would (>2 

× 10−20𝐽) ensure the close contact for cellulose and catalyst. For electrostatic repulsion, surface 

potential and surface charge density are the two main parameters that determines the interaction 

strength. However, surface potential is dependent on other factors such as surface acid strength 

(pKa) and pH of the aqueous solution. Therefore, a generalized parametric studies that can map-

out D.L.V.O. repulsion barrier in terms of Hamaker constant, pH and pKa is necessary from 

particle adsorption perspective. Unfortunately, the catalysts selection criteria in literature are not 



based on the physical interactions, but mainly on the stability in hot-temperature conditions, 

feasibility for synthesis or cost. 

Herein, we perform parametric studies to evaluate the sensitivity of cellulose/catalysts D.L.V.O. 

interactions under varied pH and catalyst Hamaker constant. In detail, we assume a catalyst bearing 

carboxylic acid with pKa assumed as 2.5 and acid loading is taken as 0.75/nm2, as commonly 

reported in literature. Equation (7.10-7.18) are used to extract surface potentials for D.L.V.O. 

energy calculation. The pH of the reaction medium is varied from 2 to 5, which covers the typical 

cellulose hydrolysis pH. vdw dispersion is computed for catalyst with varying Hamaker constant 

from 1× 10−20𝐽 to 3.5× 10−20𝐽. Then the D.L.V.O. repulsion barrier is obtained as a function of 

pH for different catalysts, showing in figure 7.3. We then replace carboxylic acid with sulfonic 

acid with pKa around 2, which is also typical for commonly used sulfonic acid, as mentioned in 

previous section. 

The results in figure 7.3 indicates that the repulsion barrier of all selected catalysts reduces to 

below 5 kbT at pH below 2.4 for acid strength with pKa above 2.5, suggesting potential adsorption 

between cellulose and all the selected catalysts, including ZSM5, polystyrene, ZrO2, Fe3O4 and 

activated carbon. As the pH between 2.5 and 5, the repulsion barrier for Nafion and ZSM5 strongly 

depends on pH. For carboxylic acid functionalized ZSM5, the repulsion barrier reduces to below 

5 kbT when the pH is lower 4.0. The repulsion barrier for Nafion is significantly larger than other 

catalysts due to its small Hamaker constant (0.17× 10−20𝐽). Surprisingly, polystyrene bearing 

carboxylic acid (pKa = 2) have zero repulsion barrier at pH range of 2-5. This is due to its larger 

Hamaker constant compared to Nafion. Catalysts substrates such as zirconia, iron oxides and 

activated carbon have excellent potential for adsorbing cellulose because their large Hamaker 

constant. Charmot84 has shown that carboxylic acid functionalized mesoporous carbon 



nanoparticle (MCN) catalysts can achieve glucans-to-glucose conversion about 80% at pH around 

2 while the conversion drops to less than 20% at pH as high as 4.6. In fact, the cellulose and 

catalysts would be highly negatively charged at pH around 4.6. This large pH would most likely 

result in the cellulose and catalysts staying apart and form stable colloid dispersion phase. Another 

evidence is that enzymes that are typically weakly charged are capable of staying on cellulose and 

convert it into glucose. The implication is that lowering the pH would be a strategies for weakly 

charged catalysts to adsorb onto cellulose. 

Catalysts substrate bearing sulfonic acid with pKa around -2 have strong repulsion to cellulose and 

its repulsion is somehow independent on pH. Figure 7.3(b) shows that Nafion, ZSM5 and 

polystyrene bearing sulfonic acid (pKa = -2) have repulsion barrier greater than 100 kbT, 

suggesting the difficulties for them to stick on cellulose due to synergetic effect of large surface 

potential/surface charge density and small Hamaker constant. Because of the complete dissociation 

upon adding in water, the pH has limited effect on their surface potential, and hence the repulsion 

barrier. However, for zirconia, iron oxides and activated carbon, because of the strong attraction 

caused by large Hamaker constant (>2.8× 10−20𝐽), the repulsion barrier reduces to below 5 kbT for 

the whole range of pH.  

We note that the analysis shown here is confined to acid pKa around -2 and 2.5 because it covers 

the typically reported acid strength. For acid pKa greater than 2.5 such as methane carboxylic acid 

or the form of formic acid end group, the adsorption between cellulose and catalysts is promising 

for typical pH range from 2-5. For acid with pKa smaller than -2, such as p-toluenesulfonic acid, 

the D.L.V.O. repulsion barrier is even larger in pH ranging from 2 to 5 for catalysts with Hamaker 

constant smaller than 1.510−20𝐽. In fact, those catalysts will form stable “colloid” system with cellulose 



and this colloidal stability can only be disrupted by external methods such as changing the ionic strength or 

pH.  

   

Figure 7. 3 D.L.V.O. interaction energy barrier as function of pH and Hamaker constant. The 

left is for pKa = 2.5 and the right is for pKa = -2. The pKa for substrate materials is assumed as 5 

and has surface density of 1.5/nm2. The surface acid density is assumed as 0.075/nm2 and article 

size is taken as 1 um. 

 

7.4.3 Particle Size Effect on Cellulose-Catalyst Adsorption 

Previous studies have shown that particle size has a significant effect on the particle adsorption. 

Those studies have demonstrated that reducing either cellulose or catalysts to 100-500 nm can 

increase glucose yield significantly ball-mill, a mechanical breakdown of cellulose prior to 

hydrolysis, is a well-established routine not only because it recrystallize cellulose, but also it 

reduces cellulose particles size. They attribute the improved performance to its large specific 

surface area. However, limited theoretical studies on cellulose-catalysts adsorption studies with 



respect to particle size are available. Despite that direct forces measurement by AFM between 

cellulose has been reported in literature to study cellulose colloid stability, those experimental data 

only reveals the physical interactions between cellulose, but not between cellulose and catalyst 

Moreover, those measurements are typically conducted in air instead of liquid. Therefore, a 

theoretical interaction potential prediction that takes account particle size is necessary to 

understand the physical interaction.  

 

Figure 7. 4 D.L.V.O. interaction energy as a function of separation for different functionalized 

activated carbon particle size. The pKa is 1.5,  acid head group coverage of activated carbon is 

assumed as 1.5/nm2, pH is assumed as 3.5 and cellulose particle size is taken as 2 um. 

 

In principal, the interaction energy, either vdw attraction or electrostatic repulsion are size-

dependent because of additivity of energy, as shown in equation (2) and (8). Here, we use D.L.V.O. 

to take account catalyst size effect and figure 7.4 is the resulting  D.L.V.O. interaction energy 

between cellulose and catalyst (functionalized activated carbon) with respect to activated carbon 

particle size varying from 20 nm, 40 nm, 200 nm to 400 nm. The pH is fixed at 3.5, which is typical 



for common reaction. We further assume that the catalysts have acid with pKa about 1.5 on the 

surface. We assume that Hamaker constant is independent on the particle size as shows by 

Pinchuk27 that the damping factor that affecting Hamaker constant is negligible for our particle 

size. The results indicate that the D.L.V.O. repulsion barrier is as large as 62 𝑘𝑏𝑇 for activated 

carbon with radius 400 nm. This huge repulsion barrier requires high kinetic energy provided by 

heater in order to overcome the barrier. Once the particle size reduces to around 100 nanometers, 

the repulsion energy barrier drops to below 20 kbT. This prediction is well explained by the fact 

that typical enzyme, which has the size around a few hundred nanometers or even smaller, can 

easily attach to cellulose surfaces at room temperature. However, the practical cellulose hydrolysis 

with particle size round 3 um requires much high temperature to accelerate the kinetic energy of 

particles. 

7.4.4 D.L.V.O. interaction for cellulose and literature reported catalysts. 

The parametric analysis has provided the quantitative tools that might be useful for analyzing the 

adsorption between cellulose and literature reported catalysts. Accordingly, we select four 

commonly reported catalysts in literature, namely, Nafion, ZSM5, functionalized activated carbon 

(pKa = 2.5) and sulfonated polystyrene (pKa = 1)  as model catalysts. The pH varies from 2, 4 and 

6 for Nafion and ZSM5 and from 2.5, 3.5, 4.5 and 5.5 for functionalized activated carbon and 

polystyrene. Those pH range is suitable for typical cellulose hydrolysis reaction in which pH is 

higher at beginning and lower towards the end of the reaction due to acid product generation. 

Under each pH condition, surface potentials for Nafion, ZSM5 and cellulose were computed using 

equation (9) and zeta potential from table 7.2; Surface potentials for functionalized activated 

carbon and polystyrene were determined using equation (10-18), as outlined in theory section. 

The calculated surface potentials were then incorporated into equation (8) for D.L.V.O. energy 



calculation. The computed D.L.V.O. net interaction energy with respect to particle separation at 

different  pH is shown in figure 7.5. 

Overall, the results in figure 7.5 demonstrate that electrostatic repulsion dominates over vdw 

attraction and results in a repulsion D.L.V.O. barrier at high pH because of the high negative 

surface potential for polymer-based catalysts and carboxylic/sulfonic acid functionalized catalysts. 

Specifically, D.L.V.O. interaction between cellulose and Nafion mainly repulsive from pH = 2 to 

6. This could be explained by two reasons: firstly, the sulfonic acid on Nafion is strong acid with 

pKa below zero, and this much negative surface potential (around -60 mV) can hardly diminish 

even though the pH is as low as 2. Secondly, the vdw attraction is too weak (with Hamaker constant 

around 0.15 zJ) at separation above 1 nm and only becomes significant at shorter distance.  

Cellulose and catalyst attract each other at separation greater than 15 nm due to the weak vdw 

attraction. At separation between 2 nm and 15 nm, electrostatic repulsion dominates the interaction 

and the repulsion barrier tends to be sensitively to pH variation. At high pH such as 3.5, the 

repulsion energy barrier is as high as 34 kbT. Then it decreases to around zero kbT when the pH 

increases to 2.8. This can be explained by the fact that the catalysts surface get protonated at lower 

pH, resulting in a less negatively charged surface and hence reducing the electrostatic repulsion. 

Additionally, the Debye length drops from 24 nm to 11 nm when the pH decreases from 3.5 to 2.8, 

allowing cellulose and activated carbon getting closer enough. 



     

      

Figure 7. 5 D.L.V.O. interaction energy at different pH as a function of separation for (a) 

Nafion, (b) ZSM5, (c) carboxylic acid (pKa = 2.5) functionalized activated carbon and (d) 

sulfonated polystyrene (pKa = 1); cellulose particle radius is taken as 1 um while catalyst radius 

is assumed as 100 nm and ionic strength is taken as 0.1 mM. 

 

The calculation here is limited to the case where absolute surface potential is typically low (<-60 

mV) because of the limitation of Hogg’s analytical solution. In fact, the surface potential of 

catalysts, especially for whose bearing sulfonic acid head group are much higher than -60 mV at 

pH ranging from 1.5 to 7, and sometimes even greater than -150 mV. This large amount of excess 



charge on catalysts will repulse cellulose much strongly, leading to a much high energy barrier. 

We also notices that surface potential of cellulose is somehow independent on pH, as shown by 

Prathapan.  

Although good adsorption not necessarily leads to high cellulose to glucose conversion because 

short-ranged forces such as hydration or hydrophobic interaction will play a role, there do have 

some literatures reported evidence. Geboers et al. shows that the conversion of glucose over Ru-

loaded zeolites increases with addition of trace amount of mineral acids, including hydrochloride 

(HCl) or sulfuric acid (H2SO4). They attributes the improved performance to the enhanced 

cellulose-catalysts adsorption. we careful noted that although the D.L.V.O. calculation proves that 

lowering pH could increases the adsorption, lowering pH could also lead to high probability of 

protons attacking cellulose at high temperature. The analysis here confines only to adsorption, but 

not necessarily conversion.  

high yield. Accordingly, studies have tested solid-acid catalysts with smaller particle size. 

7.4.5 Non-D.L.V.O. interaction for cellulose and catalysts  

Although D.L.V.O. theory can predict the interactions between particles to within 5% accuracy as 

some experiments confirmed, it often breaks down at small separation (below 2-5 nm) where the 

continuum theory fails to explain the dramatical change in either repulsion or attraction. At small 

separation about a few order of molecular scale, two of the main non-D.L.V.O., hydration (or 

solvation) and steric forces will come into play. Depending on the coordination between solvent 

and cellulose as well as solvent and catalysts, the non-D.L.V.O. forces could be strongly repulsive 

or attractive. In this section of discussion, we will qualitative describe the role of the non-D.L.V.O. 

interactions affecting cellulose-catalysts adsorption. 



7.4.6 Hydration forces 

The hydration force arises from the ordering of water molecules on liquid-solid interface and the 

ordering with itself at  confined spaces, typically within 1-10 orders of solvent molecule size. 

Depending on the separations, surface roughness and chemical nature of the adjacent surfaces, the 

water molecules conform themselves in different configuration, leading to different water thin film 

density. In fact, the strength of the hydration forces is proportional to the water molecule density 

within the confinement, as an empirical correlation proposed by Tarazona and Vicente: 

                                                               𝑃(𝑥) = −𝜌∞𝑘𝑏𝑇𝑐𝑜𝑠 (
2𝜋𝑥

𝜎
) 𝑒−

𝐷

𝜎                                              7.19 

where ρ∞  is the solvent number density. This force exponentially decays as the separation of 

particles increases, meaning that the force almost disappears at distances greater than 5 times of 

the solvent molecule size but increases dramatically as the separation falls within a few A. The 

hydration force behaves oscillatory fluctuating between attraction and repulsion, depending on 

whether the solvent molecules are been squeezed out or adsorbed in. This oscillatory forces can 

change to monotonically if the surface roughness are too large so that the solvent molecules are 

prevented being squeezed out. 

The hydrophilicity of cellulose allows water molecules to adsorb on cellulose and form solid-liquid 

interfacial hydrogen bonds. Likewise, most of the solid acid catalysts, including zeolite, metal 

oxides and carbon materials are hydrophilic and have strong affinity to attract with water molecules. 

The strong affinity of water with cellulose and with catalysts will results in the localized 

immobility of water films. This thin layer of water films prevents further attachment between 

cellulose and catalyst, resulting a strong hydration repulsion. Polymer-based catalysts such as 

polystyrene and Nafion are typically hydrophobic in nature, allowing them to repel water and 



somehow in direct contact with cellulose. As for the case of functionalized catalysts bearing 

hydrophilic groups such as -OH, -COOH and -SO3H, those functional groups are hydrated prior 

contacting with cellulose, unless the molecular attraction between cellulose and those groups are 

stronger than those groups with water molecules. Since most of the theories that quantify the 

hydration are empirical, and the measurement technique for hydration forces is often interfered 

with D.L.V.O. forces, the magnitude or strength of hydration forces relative to D.L.V.O. forces is 

still in debates. However, modifying the catalysts and cellulose to somehow have hydrophobility 

could be a strategy to enhance cellulose-catalyst adsorption. 

7.4.7 Steric forces 

Cellulose is polymer materials in nature, and the surface roughness is too large to be ignored. In 

fact, cellulose used for hydrolysis reaction is normally ball-milled first to increase the accessibility 

and decease the crystal structure. This procedure may further make the cellulose rough with chains 

extending to the bulk solution. Under severely high temperature, those tangles of polymer-chains 

may start to overlap and interact with the chains from other particles. The scenario for catalysts is 

slightly different, depending on the catalysts type. Un-functionalized zeolite, metal oxides and 

carbon materials have a well-defined solid-liquid interface because the solid can resist high 

temperature and stay stable. As a result, the steric interaction, mostly is repulsion due to the 

unfavorable entropy reduction, between cellulose and bear catalysts are small in magnitude and 

instant in time scale. Catalysts that bears polymer functional groups tends to form strong steric 

repulsion with cellulose, and its magnitude depends on the surface coverage density as well as the 

nature of the catalyst-polymer adsorption, e.g. physical sorption or chemisorption. In fact, 

introducing polymer chains that could stick onto particles surfaces has been a strategy for 



stabilizing colloid particles. In the case of cellulose hydrolysis, we would need the opposite, that 

is reducing the steric repulsion and “disrupt” the colloid “stability. 

The thermo-stability of the polymer anchoring groups on catalysts may have an noneligible effect 

on the its steric interaction with cellulose. The weak binding for polymers chains on catalyst may 

cause the dissociation and of those groups and disperse into the liquid media. As a result of that,  

7.4.8 Hydrophobic forces 

The hydrophobic forces is less significant than both hydration forces and steric forces because 

cellulose and most catalysts are hydrophilic, as the cases for cellulose-zeolite, cellulose-metal 

oxides and cellulose-carbon materials. However, the hydrophobic interaction for polymer catalysts 

such as polystyrene is significant because of the their hydrophobility. As a result, the hydrophobic 

attraction for polystyrene is stronger than cellulose-polystyrene. Again, not only non-D.L.V.O. 

forces, the particle has to overcome electrostatic forces and vdw forces before reaching the short-

ranged non-D.L.V.O. interaction. The statements are qualitive and more quantitatively theories 

have to develop to characterize or predict the synergetic effect of all types of interaction. 

7.5 Conclusion 

Hydrolyzing cellulose by solid-acid catalysts has attracted large amount of interests because of its 

benefits such as ease of separation, reusability and less-harm to environment. Current solid-acid 

catalysts design and synthesis have focused on molecular aspects such as hydrogen binding, 

covalent binding. As a result, the colloidal level of physical interactions between cellulose and 

catalysts in the presence of water remains largely unknown.  

The present studies have filled the gap by using D.L.V.O. theory to quantify the interaction energy 

between cellulose and solid-acid catalysts. We select several commonly used catalysts, including 



ZSM5, Nafion, polystyrene, ZrO2, Fe3O4 and activated carbon materials to perform the D.L.V.O. 

analysis. Surface potential is predicted using a simple acid-base theory and Hamaker constant is 

determined using Lifshitz theory. We first perform the parametric analysis by determining 

repulsion energy barrier as function of Hamaker constant, pH and pKa of functionalized catalysts. 

The parametric analysis reveals that all selected catalysts including Nafion, polystyrene, activated 

carbon, zirconia and iron oxide bearing weak acid, e.g. carboxylic acid with pKa around or greater 

than 2.5, could potentially adsorb on cellulose because of the dominance of van der waals attraction 

over electrostatic repulsion. However, once the catalysts are functionalized with sulfonic acid with 

pKa about -2, polymer-based catalysts such as Nafion and polystyrene, and ZSM5 can repel 

cellulose because of large surface potential/surface charge density and small Hamaker constant. 

Metal oxides such as zirconia and iron oxides and activated carbon could adsorb cellulose within 

the pH range of 2-6 because of their large Hamaker constant, casting doubt on polymer-based 

substrate for designing catalysts for cellulose hydrolysis. We then analyze the particle size effect 

on cellulose-catalyst adsorption and find that the repulsion barrier will be reduced to less than 10 

kbT once the catalyst size is lowering to 50 nm. The analysis partially agreed with catalysts 

performance in literatures where weak acid is shown to have adsorption affinity with cellulose. 

The findings could help screen catalysts substrate materials and tune factors such as surface charge 

density and reaction media for enhancing cellulose-catalysts adsorption. 

Lastly, we assessed the effect of non-D.L.V.O. forces involving hydration, steric and hydrophobic 

forces on cellulose-catalysts adsorption. Hydration forces is believed monotonically repulsive 

because cellulose and most catalysts (e.g. zeolite, metal oxides and carbon materials) are favorably 

hydrated, causing osmotic pressure. The surface roughness further prevents the water squeezing 

out from the confinement. Steric forces is likely repulsive because of the overlapping of the 



polymer chins from cellulose and catalysts, and the entropy reduction. Hydrophobic attraction is 

relatively weak compared to other two due to the hydrophilicity of the interacting particles.  
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Chapter 8 

Revised Design Principals for Solid-acid Catalysts 

8.1 Abstract 

Solid-acid catalysts functionalized with catalytic groups have attracted intense interest for 

hydrolyzing cellulose into fermentable compounds. However, the solid-acid catalysts design has 

been guided by molecular level of interactions and the mechanism of cellulose-solid-acid catalyst 

particles adsorption remains unknown. Here, we applied colloidal stability theory, DLVO, to 

rationalize the solid-acid design for enhanced cellulose-solid-acid adsorption. The theoretical 

analysis shows that polymer-based solid-acid substrates such as polystyrene and Nafion are 

surprisingly ineffective for adsorbing cellulose due to the small Hamaker constant and repulsive 

electrostatic repulsion; both carbon and metallic oxide-based catalysts are effective for cellulose-

solid-acid interaction because of the dominating van der Waals attraction. We have evaluated 

strategies for enhancing cellulose-catalyst interaction and concluded that raising reaction 

temperature or synthesizing acid/base bifunctional catalysts can effectively diminish electrostatic 

repulsion and promote cellulose-catalyst coagulation. The shear force is also analyzed and 

recommended that current shear rate must increase at least an order of magnitude in order to induce 

coagulation. 

8.2   Revised Design Principals for Solid-acid Catalysts 

The design of solid-acid for hydrolyzing cellulose has long been guided by molecular interaction. 

However, given that both cellulose and catalyst are present as solid before and after the reaction, 

DLVO theory must be used to rationalize catalyst design. Figure 8.1a and Figure 8.1b are 

schematic representations of the particle-particle interaction predicted by DLVO theory (top panel) 



and the resulting colloidal suspensions (bottom panel), shown both for particles with similar 

(Figure 8.1a) and dissimilar charges (Figure 8.1b). 

 

Figure 8. 1 Schematics of particle-particle interactional energy as functions of particle 

separation (yellow sphere represents cellulose and blue sphere represents solid-acid catalyst: (a) 

like-charge colloidal interactional energy as function of particle separation, (b) unlike-charge 

colloidal interaction as function of separation, (c) approximated single hydrogen bonding 

interaction energy between cellulose chain and chlorobenzene. Note that the x-axis scale is 20 

nm in Figure 8.1a and Figure 8.1b and 0.5 nm in Figure 8.1c. 

 

In the case of particles with similar charges, particles must surmount an energy barrier located 

several nanometers from the particle surface before they can interact. Crucially, the location of the 

barrier (>1-3 nm separation) is far beyond the range of molecular non-bond interaction such as 

hydrogen bonds (<2 Å), meaning that macro-particles should overcome the energy barrier caused 

by DLVO effect before hydrogen bonds or other forms of van der Waals interaction can be formed 

between particles. At best, catalyst particles might interact at a distance with cellulose, for example 



by water mediated proton transfer;[1] however, decreasing the separation distance less than 10 nm 

incurs an increasing energy penalty that opposes such interaction. 

The bottom panels of Figure 8.1 are particle-particle schematics. The net repulsive energy 

barrier predicted for similarly charged particles results in stable dispersions (Figure 8.1a, bottom 

panel). For dissimilarly charged particles, the net interaction is attractive, resulting in fast-

coagulation (Figure 8.1b, bottom panel). For catalytic applications, coagulation is the desired 

outcome. That stated, catalyst particles bearing acid groups will invariably be negatively charged 

in solution. So, too, are cellulose particles. Accordingly, acid catalysts and cellulose are predicted 

to form stable colloids, rather than undergoing coagulation. 

For comparison, Figure 8.1c is a molecular-level schematic representation of the interaction 

energy between a hydrogen bond donor (polysaccharide) and acceptor (chlorobenzene), the 

suggested interaction responsible for particle-particle catalysis. Unlike Figure 1a and 1b, Figure 

1c shows that molecules or atoms experience no interaction barrier aside from the extremely short 

range (<1 Å) steric interaction. For similarly charged particles the situation is qualitatively 

different, and Figure 8.1 makes clear that applying molecular level explanations to colloidal 

phenomena, as has been done for solid-acid catalysis of cellulose, is insufficient. 

The objective for catalysis is to design an “unstable dispersion” that encourages catalyst-

cellulose interaction. Colloidal theory can be used for designing solid-acids for which the repulsive 

barrier for interacting with cellulose is <25 kbT, an arbitrary value but one that is based on empirical 

observations of colloidal stability.[2] Ideally, this interaction could be tuned by changing pH, ionic 

strength, or temperature; accordingly, the solid catalyst could be used under one set of conditions 

for cellulose hydrolysis. Clearly, this level of manipulation is not possible without a firm scientific 

basis and theoretical analysis, which is what this work aims to develop. 



For spherical particles, the DLVO equation can be reduced to a function of particle diameter, 

solution phase pH, ionic strength, Debye length, and a collection of parameters that are known or 

can be estimated for cellulose and many important solid-acid catalyst types, including inorganic 

materials, polymeric, and functionalized carbons.[3] The SI contains the details on how DLVO 

theory was applied to the catalyst-cellulose problem. The most important parameter affecting 

UVDW, aside from particle diameter, is the Hamaker constant, A132. The Hamaker constant depends 

on the catalyst material and values for several important catalyst materials interacting with 

cellulose across water are provided in Table 8.1. Similarly, for UEDL, the most important parameter 

is the surface potential. As described in the SI, the surface potential is not typically known. 

However, the surface potential can be estimated from experimental measurements of the zeta 

potential or estimated from known values of surface acid density, ionic strength, and acid strength 

(pKA). Table 8.1 provides some representative values of zeta potential representative catalyst 

materials at pH values of 1.0, 3.0, and 5.0, as reported in the literature. 

Table 8. 1 Hamaker constants and reported zeta potential for representative solid-acid catalysts 

interacting with cellulose 

Catalyst Modifier acid 

A132 

(×10
−21 J) 

 (mV) 

Ref. 
pH=1 pH=3 pH=5 

Cellulose - - -16 -25 -27 [4] 
a Carbon Nitric acid 36.0 -30 -37 -40 [5] 
b Fe3O4 Sulfonic acid 35.0 - -40 -63 [6] 
c  ZrO2

 Citric acid 28.8 - -18 -42 [7] 
d Polystyrene Acrylic acid 10.7 - -28 -45 [8] 

e  Nafion - 1.70 - -45 -70 [9] 

Note: a,b,c,d,e zeta potential at pH =1 is not reported; e zeta potential for bear Nafion without acid 

functionalization. 



Table 8.1 defines ranges of the Hamaker constant and surface potential for cellulose and 

commonly used solid-acids. Cellulose is used as a representative biomass constituent, and the 

subject of many previous studies of solid-acid catalysis.[10] Figure 8.2 shows energy-distance 

curves for values of the Hamaker constant and surface potential that span the range expected from 

Table 8.1, with other factors held constant at representative values (pH = 5, fixed catalyst diameter 

of 1 𝜇m and fixed cellulose particle diameter of 5 𝜇m). Clearly, in most cases, a solid-acid particle 

will experience a barrier ranging from 10 kbT to 200 kbT as it approaches the cellulose surface. 

Carbon is an exception, due to its large Hamaker constant (Table 8.1). Inorganic oxides and 

especially polymers experience a prohibitively large repulsive barrier for interaction with cellulose. 

 

 

Figure 8. 2 DLVO interaction energy as a function of cellulose-catalyst separation for reported 

catalysts at pH = 5. 

 

A problem with existing catalyst strategies is that partial de-protonation of the acid surface 

results in a negative surface potential (Table 8.1). Since cellulose possesses a negative surface 

potential at pH above 2 (Table 8.1), the resulting UEDL often results in a repulsive barrier 

preventing catalyst-cellulose interaction, as shown in Figure 8.2. Keeping the catalyst protonated, 



by lowering pH is one way to avoid the negative surface charge, as shown in a contour plot of 

energy barrier as a function of pKA – pH (Figure 8.3) for representative values of the Hamaker 

constant (2 × 10−20  J) and acid density (5 nm−2). Figure 8.3 shows that adjusting pH can 

effectively remove the catalyst-cellulose interaction barrier. However, the problem with acidifying 

the pH is that it requires addition of homogeneous acid, the very problem that was to be solved. 

For example, reducing the barrier to less than 200 kbT for a catalyst with pKA < 2 requires reducing 

the pH to less than 1.1. 

 

Figure 8. 3 DLVO maximum energy barrier as a function of acid group pKa and solution pH, 

assuming acid head group density of 5 nm−2, Hamaker constant of 2×10−20 J. 

 

An approach that does not depend on addition of liquid acids is selecting the catalyst material 

to maximize UVDW. Figure 8.4 plots the energy barrier as a function of Hamaker constant for three 

representative values of the surface potential, and shows how this approach might work. Hamaker 

constants of representative materials are superimposed on the plot for reference. Maximizing the 

Hamaker constant, for example by using carbon-based or inorganic catalyst particles such as 

zirconia or iron oxide, has potential to reduce the particle-particle interaction barrier to <25 kbT at 



surface potential around – 35 mV. In contrast, polymer-based catalysts such as Nafion and 

polystyrene do not interact with cellulose without a substantial >25 kbT barrier under any realistic 

conditions. 

 

 

Figure 8. 4 The DLVO energy barrier height as function of Hamaker constant for different 

values of the surface potential. 

 

Heating the reaction system to 140 – 170 oC is commonly described in the literature for 

decomposing cellulose under mild conditions.[11] The change of Hamaker constant is around 3% 

upon raising the temperature from 25 oC to 150 oC.[12] The change of temperature mainly affects 

dielectric constant and hence the Debye length of the reaction system. Figure 8.5 shows that 

increasing temperature to 150 oC may enhance carbon and zirconia-based catalysts ability to 

adsorb cellulose. Polymer based catalysts such as polyelectrolyte still lack the capacity to interact 

with cellulose under intermediate temperature. 

 



 

Figure 8. 5 DLVO energy barrier as a function of temperature for cellulose interacting with 

polystyrene, zirconia, and carbon catalysts. The cellulose diameter is assumed as 5 𝜇m. The 

surface potential for the catalyst is assumed to be −30 mV and catalysts surface potential are 

assumed to be – 50 mV. 

 

A final option is the use of a bifunctional catalyst consisting of acid and base groups, which has 

been successfully synthesized.[13-16] The need for the acid group is clear from the application. 

However, as shown previously in Figure 8.2, acid group dissociation leads to the catalyst acquiring 

a negative charge that then repels the negatively charged cellulose substrate. The role of the base 

therefore is to balance the negative charge of the partially dissociated acid. Naturally, a 

bifunctional catalyst must be designed carefully so that the acid and base groups do not simply 

react in solution to form the corresponding salt. Polyions are an example.[17, 18]  Indeed, 

polyionic materials have been used previously to promote cellulose flocculation,[19] and several 

solid-acid catalysts proposed for cellulose hydrolysis have possessed cationic groups, including 

imidazolium,[20] previous work on acidic polymers bearing imidazolium groups have again 



focused on molecular-level effects, for example using as inspiration the observation that some 

imidazolium-based ionic liquids are effective cellulose solvents.[20] Here, a colloidal perspective 

is advocated. 

DLVO energy calculation can be used to model the effects of bifunctional catalysts on cellulose 

binding, using a procedure similar to that adopted to construct Figure 8.3; the Supporting 

Information provides details. Figure 8.6 provides particle-particle interaction curves for 

representative values of the density of acid to base sites at fixed Hamaker constants characteristic 

of inorganic solids (2 × 10−20 J), with cellulose particle diameter of 5 𝜇m, catalyst diameter of 1 

𝜇m, a pH of 5. Figure 8.6 shows that a bifunctional catalyst can reduce the particle-particle 

interaction barrier to < 10 kbT for values of the acid to base density ratio less than or equal to 1. In 

fact, for the case in which the base site density is twice that of the acid site density, the catalyst-

cellulose interaction is attractive at all separations, meaning that a mixture of that bifunctional 

catalyst and cellulose may spontaneously coagulate. 

 

Figure 8. 6 Interaction energy of cellulose with bifunctional catalysts having different ratio of 

acid to base site density, assuming pKa as 1 and pKb as 5.75, total site density 𝛤𝑡𝑜𝑡 as 5 nm−2. 

 



For biomass hydrolysis using tightly bound bifunctional catalysts, recovering the catalyst after 

reaction may pose a challenge.[21] Colloidal-level analysis suggests several recovery strategies. 

Following with the theme of bifunctional catalysts, pH might be used to tune between attractive 

and repulsive interactions. Accordingly, the reaction might be performed at mildly acidic pH, at 

which conditions the base is protonated, and the catalyst recovered by adjusting the pH to de-

protonate the base. As with performing the reaction at pH < pKA, which is a viable strategy for 

promoting catalyst-cellulose aggregation (Figure 8.3), the pH adjustment approach must use small 

enough quantities of acids and bases not to offset the benefits of catalyst recovery. Similarly, 

adjusting the temperature might provide a method for catalyst recovery. The theoretical analysis 

presents calculations performed at room temperature, and the effect of temperature is provided in 

the SI. As a further option, non-aqueous solvents or solvent mixtures might be considered. The SI 

provides guidance on the effects of non-aqueous solvents on particle-particle interactions. 

A final consideration is non-DLVO effects, generally categorized as steric, hydration, 

hydrophobic and shear forces.[3] Of these, cellulose and catalyst particles will both be hydrophilic, 

meaning that hydrophobic forces can be neglected.[3] Steric forces do not contribute to cellulose-

solid-acid interaction aggregation but instead is typically repulsive and can cause stabilization,[22] 

which is not desirable. Magnitudes of hydration forces are difficult to predict [23] but tend to be 

important only at length scales much less than the repulsive barrier shown for many situations in 

cellulose-catalyst interaction in Figure 8.2. 

Shear force-induced aggregation is an industrially implementable consideration. The SI 

provides theoretical details for the analysis. [24] At high shear rate above a critical shear rate (𝛾̇∗), 

the shear force has ability to counterbalance electrostatic force caused barrier and diminish 

repulsive barrier. As shown in Figure 8.7, for a solid-catalyst with varying surface potential, 



critical shear rate ( 𝛾̇∗ ) increases drastically as catalyst becomes more negatively charged, 

suggesting that significantly strong mechanical stirring is required for overcoming energy barrier. 

Even for mildly negatively charged catalyst with surface potential around -50 mV, as indicated in 

Figure8.7, 𝛾̇∗ can range from 32 s-1 to 126 s-1, depending on the catalyst size. This range is much 

greater than typical literature reported maximum stirring rate that spans from 200 rpm (2.5 s-1) to 

800 rpm (9 s-1)[25-27] The dependence of 𝛾̇∗
 and coagulation rate constant on particle size are also 

discussed in literature, suggesting that large particles (a few micrometres) requires lower 𝛾̇∗ for 

coagulation while small particles (a few nanometers) requires larger 𝛾̇∗  for coagulation.[24, 28] 

However, in practice, using large size of catalyst may increase DLVO energy barrier,[29] which 

still requires high 𝛾̇∗; large size of catalyst also possesses low specific area, reducing specific 

catalytic site density and effectiveness of the solid catalyst. Therefore, reducing solid-catalyst size 

and increasing shear rate are recommended for enhancing cellulose-solid acid particle interaction. 

 

Figure 8. 7 Critical shear rate (𝛾̇∗) as a function of catalyst surface potential, assuming catalyst 

Hamaker constant is 2×10−20 J; cellulose surface potential is -27 mV; cellulose diameter is 1 𝜇m. 



8.3 Conclusions 

Solid-acids have potential to reduce the costs of producing simple sugars from cellulose-rich 

biomass. However, work in this field has been falsely guided by molecular-level explanations.[30-

32] Colloidal-level considerations suggest point to new strategies for the design of cellulose-

deconstruction solid-acid catalysts. The Hamaker constant must be maximized, particle size should 

be reduced as much as possible while permitting catalyst recovery, and repulsive forces originating 

from the electrical double layer must be minimized. Carbon-based or inorganic catalysts with 

bifunctional acid/base surface groups may be especially effective at meeting these requirements as 

carbon possesses a favorable Hamaker constant and base groups can neutralize the negative charge 

that acid groups confer to the catalyst surface. High shear rate is recommended for 

counterbalancing DLVO repulsive energy barriers and hence promote cellulose-solid acid catalyst 

coagulation. 
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Chapter 9 

Polydiallyldimethylammonium chloride (PolyDDA) Enhanced Hydrolysis Reaction of 

Cellulose with Solid Acid 

9.1 Abstract 

Breaking down cellulose biopolymer into its monomers such as glucose is crucial for promoting 

sustainability. Liquid acid such as sulfuric acid has corrosive problems, restricting its economy 

feasibility. Enzymes are typically highly effective and selective, but enzymes are expensive, and 

the kinetics are slow. Functionalized solid-acid catalysts such as activated carbons bearing sulfonic 

acid, polystyrene bearing carboxylic acid are routinely reported resulting in as high as 90% glucose 

yield. However, two main issues exist: 1). Most solid acid leaches homogeneous liquid acid which 

is responsible for observed high glucose yield; 2). Solid acid and cellulose can repel each other in 

liquid medium due to electrostatic repulsion. To overcome electrostatic repulsion, we have tuned 

catalysts and cellulose surface charge by adding polyDDA, a polycations. Results show that 

introducing polyDDA into reaction significantly increases glucose yield by as much as 8-10%. To 

quantify and differentiate catalyzing contributions of homogeneous reaction (e.g. cellulose and 

liquid acid reaction) and heterogeneous reaction (e.g. cellulose and solid acid reaction), we 

prepared standard sulfuric acid at the same pH as hydrothermally treated Amberlyst-15-polyDDA 

resultant liquids, prepared sulfuric acid results in lower glucose yield compared to Amberlyst-15-

polyDDA-cellulose reaction. Extra glucose yields may be due to other interactions such as 

cellulose-Amberlyst-15 interaction or leached species (other than liquid acid)-cellulose interaction. 

Further control tests and cellulose-catalysts coagulation test in the presence of polyDDA are 

recommended. 



9.2   Introduction 

Cellulose is the major component of biomass, accounting for around 40-60 wt% of all 

forms of biomass. This vast amount of cellulose market is projected to exceed $235 billion in next 

five years.[1] Producing valuable chemicals, including glucose, hydroxymethylfurfural from 

cellulose has bright future because its renewability and sustainability.[2-4] Depolymerization of 

cellulose into reduced sugars such as glucose and monosaccharide  is important for biomass-based 

technology. However, cellulose consists of covalent bonds and hydrogen bonds, strengthening its 

stability.[5, 6] Cellulose is not soluble in most safe solvents such as water and ethanol,[7, 8] 

significantly reducing its reactivity during depolymerization reaction in liquid. Catalysts are 

needed to increase product yield. Mineral acid such as hydrochloride acid and sulfuric acid are 

corrosive and energy intensive in downstream separation; biologically decomposing cellulose 

using enzymes is not economically feasible because enzyme is expensive, and the production rate 

is slow.[9-11] 

Solid acid catalysts, a class of organic/organic particles that possess unique binding and 

catalyzing sites, have attracted many interests in the past few years. Various materials have been 

used to develop solid catalysts, including zeolite, metal oxide, carbon materials and polymer-

based.[12, 13] Functionalizing those particles with sulfonic acid or carboxylic acid groups have 

reportedly claimed resulting in near 90% glucose yield.[14, 15] However, as pointed out by 

Tyufekchiev,[16] observed high reactivity and glucose yield attributes to leached and degraded 

acid groups (e.g. HCl) from catalysts surfaces. 

Another major problem with current solid acid catalyst design is that most of reported 

studies have not revealed cellulose-solid acid interaction in colloidal level. Instead, molecular 

interaction like dispersion, π-π interaction is claimed responsible for particles-particles adsorption 



in liquid environment. Unarguably, colloidal theory is more applicable for rational solid acid 

design than intuitive molecular binding approach. As we previously show, cellulose and most solid 

acid catalysts are negatively charged, forming an electrical repulsion barrier that prevents particle-

particle interaction. Indeed, reaction medium remains a colloidal suspension before and after 

reaction as observed in many studies.[17] 

To enhance solid-acid-cellulose adsorption in liquid media, electrical repulsion barrier has 

to be overcome. Strategies that can improve colloidal aggregation is analyzed in our previous 

studies, including increase of ionic strength by adding salt solution, decrease pH to less than pKa 

or reduce particles size. Those method typically requires addition of other ions and protons, which 

will make interaction much complicated. Another widely used approach is use of coagulant.[18-

20] Commonly used coagulant includes Aluminum sulfate (Alum), polyaluminium chloride (PAC) 

and ferric sulfate.[21-24] when selecting a coagulant for cellulose hydrolysis, it is important to 

choose one with thermal stability and high water solubility. This is because hydrolysis reaction is 

normally conducted at 140-200 oC.[25] Low solubility of coagulant may be ineffective for regulate 

particles surface charge sue to separated phases. 

Polydiallyldimethylammonium chloride (polyDADMAC or polyDDA), an important 

industrial polycations employed for precipitate containment or food residue. Benefits of polyDDA 

includes low toxicity, high water solubility and dense charge.[26-30] Indeed, polyDDA can 

dissolve in aqueous solutions and disperse as polymer chains. Free chains can attach to anionic 

surfaces, neutralizing negative charge and promote aggregation.[31] PolyDDA can also tolerate 

temperature as high as 250 oC.[32] Despite its wide use in colloidal field where coagulant is 

utilized for aggregation enhancement, polyDDA has not been employed in solid-acid hydrolyzed 

cellulose degradation reaction. 



 

Figure 9. 1 Schematic of polyelectrolyte enhanced cellulose-solid acid coagulation. 

 

In this chapter, we investigate polyDDA effect on cellulose hydrolysis reaction with solid 

acid particles. Specifically, we have selected four solid acid catalysts, Amberlyst-15, ZSM-22, 

ZSM-5 and vinyl sulfonic acid char. We first mixed cellulose with solid acid and polyDDA to 

examine which catalysts give the most noticeable glucose yield. We then selected best catalysts, 

to do a more detailed analysis. We first measured zeta potential of solid catalyst at fixed reaction 

pH. To eliminate homogeneous reaction contribution, we tested supernatant of solid catalysts and 

heterogeneous contribution is analyzed. Lastly, we recommended a method for evaluating solid 

acid catalysts.  

9.3   Experimental 

9.3.1   Materials 

All chemicals are used as received, unless otherwise indicated. ZSM-22 was purchased from ACS 

advanced materials supplierADDRESS. Amberlyst-15, microcrystalline cellulose (>99%), 

polydiallyl-dimethylammonium chloride (PolyDDA) (MW 200,000-300,000) and nano-ZSM-5 

were purchased from Sigma Aldrich. Acetone, sulfuric acid and ethanol are purchased  from 



different sources. Glucose, hydroxymethylfurfural and levulinic acid were purchased from Sigma 

Aldrich.YOU GAVE CITY AND STATE EARLIER 

9.3.2   Ball-milling 

Microcrystalline cellulose was ball-milled using a vibratory shaker Retsch MM2000 to 

decrystallize cellulose. 1 gram of raw microcrystalline cellulose was placed in two steel chambers 

(18 mm in. diameter and 55.5 in. length). Three stainless balls with different radii were mixed with 

cellulose. Ball-milling procedure lasted for 50 minutes at room temperature (22 oC).DID YOU 

CHARACTERISE THE PARTICLE SIZE AT THE END? 

9.3.3   Zeta potential measurement 

Zeta potential was measured for both cellulose and Amberlyst-15. Prior to the measurement, 

cellulose and Amberlyst-15 were ball-milled for 30 minutes to reduce the particle size TO WHAT 

so as to fit into the system size capacity. Then an array of cellulose-water-polyDDA and 

Amberlyst-15-water-polyDDA suspensions were prepared with increased polyDDA 

concentrations. ZetaSizer ZEN 3600 from Malvern Panalytical was used for measuring zeta 

potential and particle size distribution. Disposable folded capillary cells were used to prepare the 

samples. Specifically, methanol was first injected into the cells by syringe to pre-wet the cell 

chamber, followed by injecting the prepared particle suspension into the cell. Prior to measurement, 

the sample cell was degassed to remove air bubbles. 

9.3.4   Cellulose Hydrolysis 

1). Ball-milled microcrystalline cellulose was hydrolyzed into water-soluble products in the 

presence of both solid catalysts and polyDDA. To investigate effect of polyDDA dosage on 

cellulose-catalysts catalyzing performance, 0.2 g cellulose was mixed with 0.1 g of catalysts 

(ZSM-22, ZSM-5, Amberlyst-15 and vinyl sulfonic acid char)  and 3 mL deionized water. Then 



the mixtures were magnetically stirred at room temperature for 10 minutes in a 15 mL heavy-wall 

vial. Meanwhile, the coagulant solution was prepared by blending 0, 0.1 mL and 0.5 mL polyDDA 

solution (equivalent to 0, 0.02g and 0.1g) with 2 mL deionized water. Then 0.5 mL of the coagulant 

solution was added into cellulose-catalysts mixtures every 5 minutes.  

2). The prepared suspensions were submerged into an oil bath that was preheated to 150 oC. The 

stirring speed was adjusted to 200 rpm. After the reaction reached the desired time, the resulting 

liquid mixture was transferred to a 50 mL centrifuge tube and was centrifuged at 2500 rpm for 20 

minutes. After the centrifugation, 0.5 mL of the liquid supernatant was diluted to 10 times for later 

HPLC analysis. Other remaining liquids was transferred to vials and the pH was measured. For 

comparison, the previous experiment was repeated in the absence of polyDDA or catalysts to 

evaluate the catalytic performance of polyDDA and catalysts.  

3). The homogeneous acid hydrolysis was conducted by preparing an array of different sulfuric 

acid aqueous solution that has the same concentration as solid-acid catalyzed mixtures.  

4). To evaluate the effect on Amberlyst-15 leaching on cellulose hydrolysis, 0.1 g of Amberlyst-

15 was mixed with 0, 0.25, 0.5, 0.75 and 0.9 mL of the polyDDA solution and 5 mL of water for 

each sample. The prepared liquid suspensions were sealed in a 15 mL heavy wall pressure tube 

and was treated at 150 oC for 1 hour. Then the resultant suspensions were centrifuged, and the top 

supernatant were transferred to glass vials. Then 0.25 mL of the liquids were mixed with 0.1 g 

cellulose and let it react at 150 oC for 1 hour. Afterwards, the suspension was centrifuged, and the 

liquids samples were analyzed using HPLC. 



9.3.5   Product Quantification:  

The liquid product composition was analyzed with High Performance Liquid Chromatography 

(HPLC, Agilent 1200 series) coupled with a Bio-Rad Aminex HPX-87H column. SOLVENT 

SYSTEM?The calibration curve was obtained by measuring the composition of known 

concentration of standards at 0.25, 0.5, 0.75, 1, 1.25, 2 and 2.25 g/L. The mobile phase was 5 mM 

sulfuric acid. 

9.4   Results and Discussions 

9.4.1   Effects of polyDDA on Glucose Yield 

The first objective is to compare performance of selected solid acid catalysts and identify the most 

effective solid acid catalysts, in the presence of polyDDA. Figure 9.2 shows all solid acid catalysts 

can break down cellulose into glucose and glucose yield increases as time increases. The reaction 

rate is significantly different. Amberlyst-15 has the highest glucose yield at all tested times and its 

reaction rate is the highest. In contrast, ZSM-5 and vinyl sulfonic acid have the lowest glucose 

yield and its reaction rates are identical and small. ZSM-22 has the second largest glucose yield. 

Amberlyst-15 and ZSM-22 are the best catalysts BASED ON GLUCOSE YIELDS 



 

Figure 9. 2 Glucose yield as functions of time for different solid acid catalysts: ZSM-22, ZSM-5, 

Amberlyst-15 and vinyl sulfonic acid. Reaction conditions: 0.2g ball milled cellulose (50 

minutes), 0.1 g catalyst, 0.1mL polyDDA, 150 oC. 

 

 We then decided to choose two best-performed catalysts, Amberlyst-15 and ZSM-22 to do 

a more detailed analysis. We first extract polyDDA effect by comparing cellulose-solid acid 

catalysts reaction with polyDDA to the situation where polyDDA is absent. Figure 9.3a and 9.3b 

show glucose yield difference for ZSM-22 and Amberlyst-15, respectively. Figure 9.3a shows 

adding polyDDA increases glucose yield from 2% to around 9% at 1 hour. Similarly, polyDDA 

boosts glucose yield from 9% to around 16% at 1 hour reaction. Not only polyDDA increases 

maximum glucose yield, it also speeds reaction rate, and it is particularly true for ZSM-22, in 

which polyDDA increases glucose production rate 4 folds.  



 

Figure 9. 3 Glucose yield as functions of time for celluloas reacting with Amberlyst-15 and 

ZSM-22. Reaction conditions: 0.2g ball-milled cellulose (50 minutes), 0.1g solid catalyst, 0.1mL 

polyDDA, 150 oC 

 

9.4.2   Differentiating Homogeneous and Hetergeeneous Contributions 

Despite an apparent improvement for glucose yeild is observed for both Amberlyst-15 and ZSM-

22, this improvement may be a mixed effect resulting from complicated interaction between 

cellulose and solid catalysts, cellulose and liquid, and solid catalysts-polyDDA interaction. Of 

those potential undesired interactions, polyDDA-solid cataolysts interaction is worth particular 

attention. Because polyDDA is positively charge polymer chains, those chains tend to find 

negative counterions to balance its positive charge. Solid catalyst, Amberlyst-15 and ZSM-22 may 

have negative charge sites, attracting polymer chains and relases protons. Therefore, we decided 

to measure pH after reaction. Figure 9.4 shows measured pH after reaction for all selected catalysts. 

 Overall, Amberlyst-15 has the lowest pH while ZSM-5 has the highest pH, sugggesting 

polyDDA performs ions exchange with Amberlyst-15 the most and ZSM-5 is the most stable 



catalyst. It is interesting to see that vinyl sulfonic acid and ZSM-5 has relartively similar glucose 

yield but vinyl sulfonic acid is more acidic than ZSM-5 liquid, suggetsing that pH is not the only 

factors affecting glucose yield. Possible cellulose-solid acid interaction may also contribute to 

glucosE yield. Overall, figure 9.4 indicates an exponential trend relating glucose yield with 

measured pH: as pH decreases, glucose yield increases significantly between 1.5-2.5. When pH is 

larger than 3, glucose yeild stays relatively CONSTANT and independent on pH. 

 Figure 9.4 can qualitively show stability of solid catalysts by observing horizontal pH 

variance. For example, Amberlyst-15 spans pH from 1.5 to 2, suggesting proton coentrations 

changes from around 0.01 M to 0.03 M. ZSM-22 is more stable than Amberlyst-15 because its pH 

ranges from 0.001 to 0.01 M. ZSM-5 and vinyl sulfonic acid are most stable catalysts with proton 

concentration stays around 0.001 M.[33-36] 

 



 

Figure 9. 4 Measured glucose yield as function of pH after reaction for all tested solid acid 

catalysts: Amberlyst-15, ZSM-22, ZSM-5 and vinyl sulfonic acid. Circles represent catalysts 

categories. Data points include 2, 5 and 8 hours reaction. 

 

 Figure 9.4 shows homogeneous acid clearly contributes to glucose yield. The main source 

of homogeneous acid is solid catalysts surfaces. Question now becomes how much homogeneous 

acid contributes to overall yield and how much contributions come from particle-particle 

interaction? As figure 9.5 shows, polycations may have two pathways that can later on affect 

glucose production. The first pathway involves an ions exchange reaction between polyDDA and 

solid catalysts and relases protons. Those protons are highlyb reatcive, contributing to part of 

glucose yield. The second pathway, however, involves complicated mechanism. First of all, 

polyDDA chains may bridge cellulose with solid catalysts and enhance their interaction. Observing 

brridging effect is challenging as reaction is not observable. Another possible explaination is that 



polyDDA can form patches on partcicles, those patches significantly decreases surface potential, 

reducing electrostatic repulsion and promoting adsorption. 

 

Figure 9. 5 Schematic showing tow possible explination for improved glucose yield promoted 

by polyDDA. Green circle represents solid-acid catalysts and gray circle represents cellulose. 

First pathway is proton attacking cellulose and second pathway is cellulose-solid-acid 

interaction. The red cross is undesired pathway while green check is desired pathway. 

 

 In either events, e.g. ions exchange or patches, solid catalysts will leach homogeneous acid 

into reaction medium. Those homogeneous remains in liquid and catalyze cellulose. To elucidate 

homogeneous acid conntribution, we tested supernatant’s activity. In details, we first 

hydrothermally treated Amberlyst-15 in the presence of polyDDA, mimicing cellulose hydrolysis 

reaction without adding cellulose. After treatment, top clear liquid is separated from liquid 

particles. pH of recycled liquid is measured and a standard sulfuric acid with the same pH is 

prepared to hydrolyzing cellulose. 



 From Figure 9.6, Amberlyst-15 has the lowest glucose yield (9%) while polyDDA-

promoted run has the highest glucose yield (15%). Interestingly, sulfuric acid-only has 

intermediate glucose yield at around 11%. Comparing sulfuric acid’s glucose yield with 

Amberlyst-15’s glucoe yield, it seems that ion exchange effect only contributes to roughly 1-2% 

glucose yield. Hwever, when comparing sulfuric acid’s glucose yeild to Amberlyst-15 and 

polyDDA mixtures’ glucose yield, around 4% glucos yield increases once introducing polyDDA. 

Therefore, ion exchange or acid leaching effect is significantly smaller compared to solid-solid 

interaction’s contribution. 

 

Figure 9. 6 Glucose yield for three conditions: Cellulose and Amberlyst-15, cellulose, 

Amberlyst-15 and polyDDA, cellulose and sulfuric acid (sulfuric acid has the same pH as 

supernatant). Reaction conditions: 1 hour at 150 oC. 

 

 To further emilnate other factors that might contribute to observed high glucose yield, we 

systematically varied polyDDA dosages and evalute its effect on glucose yield. First, we mixed 

ball-milled cellulose with varied wt% of polyDDA, including 1%, 2%, 3% and 4%. Figure 9.7 



shows that glucose yield of cellulose-polyDDA is very low and less than 2%, suggesting that 

polyDDA itself can not degrade cellulose. We then hydrothermally treated Amberlyst-15 with 

varied amount od polyDDA for one hour. After treatment, supernatant is extracted and pH is 

measured. We then prepare a standard sulfuric acid solution based on measured pH, and use those 

prepared sulfuric acid to hydrolyze cellulose. As polyDDA concentration increases, pH of 

supernatants decreases as well, in the sequence of 2.04, 1.85, 1.71 and 1.51. Figure 9.7 shows that 

sulfuric acid hydrolyzed cellulose has significantly low glucose yeild compared to cellulose-

Amberlyst-15-polyDDA mixtures, indicating leached sulfuric acid is not the only reason for high 

glucose yield. For example, when polyDDA mass fraction is 3%, glucose yield difference is as 

large as 8%. This extra 8% glucose yield can noy be explained by leached species, including 

leached sulfuric acid. more detailed control tests are recommended to understand or differentiate 

homogeneous and hetergeneous contributions. 



 

Figure 9. 7 Ball-milled cellulose reacting with Amberlyst-15 and PolyDDA. PolyDDA 

concentration is varied as 1 wt%, 2wt%, 3 wt% and 4 wt%. Black line represents cellulose 

interacting with polyDDA, green data points repreesents cellulose reacting with Amberlyst-15 in 

the presence of polyDDA, and red data points represents cellulose reacting 

 

9.5   Conclusion 

In the study, we present a polyDDA promoted cellulose hydrolysis reaction with solid acid 

catalysts. we have tested four different solid acid catalysts, including ZSM-22, ZSM-5, Amberlyst-

15 and vinyl sulfonic acid. Among those catalysts, ZSM-5 and vinyl sulfonic acid have the lowest 

glucose yield while ZSM-22 and Amberlyst-15 have the highest glucose yield. Further pH 

measurements confirm that high reactivity of ZSM-22 and Amberlyst-15 is due to its low pH and 

high protons concentrations released by polyDDA-catalyst ions exchange effect. To further 

differentiate homogeneous and heterogeneous effect on glucose yield, we hydrothermally treated 



Amberlyst-15 with polyDDA, and supernatants’ pH is measured. A standard sulfuric acid solution 

based on measured pH is prepared and is used to decomposing cellulose. Surprisingly, prepared 

sulfuric acid has much lower glucose yield than cellulose-polyDDA-Amberlyst-15 combination. 

The extra glucose yield is believed coming from cellulose-Amberlyst-15 interaction. 
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Chapter 10 

Salt-Promoted Cellulose Hydrolysis: A Hofmeister Series Study 

10.1   Abstract 

Depolymerizing cellulose into reduced sugars is an important step for promoting lignocellulosic 

based renewable energy economy. Hydrolysis reaction of cellulose in the presence of diluted 

homogeneous acid catalyst such as hydrochloride acid (HCl) remains the most economically 

feasible technology. Cellulose is typically mechanically pretreated to remove crystallites prior acid 

hydrolysis. However, cellulose recrystallization in hydrothermal condition prevents continuous 

breakdown of cellulose into glucose. Here, we examined inorganic and organic salts effect on 

cellulose crystallization during hydrolysis reaction. Cellulose is hydrothermally reacted with HCl 

in assists of a series of salts based on Hofmeister series. X-Ray diffraction and Raman show that 

some salts such as guanidinium chloride can reduce crystallites size; ssNMR indicates formation 

of cellulose II is suppressed, possibly due to salts-chains interaction. Subsequent hydrolysis 

reactions show salting-in salt yields higher glucose while salting-out salts result in lower glucose 

yield. Molecular dynamic simulation was performed in Gromacs and it shows guanidinium 

chloride relaxes glycosidic bonds while ammonium chloride remains cellulose structures. 

Interaction of salts-cellulose may have implications for the community to select proper salts that 

promotes high glucose yield.  

10.2   Introduction 

Cellulose is the most abundant biopolymers produced by photosynthesis reaction. The annual 

production is estimated around 75 to 100 billion tonnes.[1] Decomposing this vast amount of 

cellulose into reduced sugars has attracted intense interests in the past few decades. Various 

technologies have been designed and developed to degrade lignocellulose into monosaccharides. 



Those technologies specifically incorporate enzymes or solid acid catalysts.[2-4] However, 

enzymes are expensive, making the technologies not economically feasible. Instead, diluted acid 

hydrolysis remains dominant approach for hydrolyzing cellulose.[5] The benefits of using diluted 

acid as catalysts include cost effectiveness, low recovery cost and environmentally feasible.  

Before hydrolyzing cellulose, mechanically pretreatment is necessary because it will 

partially convert crystalline cellulose into amorphous phase, and amorphous cellulose is known 

more reactive than crystalline cellulose. This process is typically conducted in a vibrational shaker. 

[6-8] Despite that mechanical pretreatment such as ball-milling removes three-dimensional lattice 

structures, recrystallization of amorphous cellulose into crystalline structure is observed for 

decades upon wetting in hydrothermal conditions.[9-11] The newly formed crystalline structure, 

cellulose II, prevents successive breakdown and reduces glucose yield. 

Mechanism of water-induced cellulose recrystallization attributes to hydrophobic effect of 

non-polar part of cellulose. To suppress cellulose recrystallization and improve subsequent glucose 

yield, solvents with reduced hydrophobic effect is tested in literatures.[10] For example, X-ray 

diffraction shows amorphous cellulose treated in ethanol retains its amorphous structures and 

hence significantly increases product yield. γ-Valerolactone is also observed suppressed cellulose 

recrystallization.[12] However, reaction between cellulose and organic solvent-i.e., ethanol, may 

produce undesired or low value chemicals, e.g. ethyl-glucopyranoside. Therefore, water seems still 

the optimum choice due to its high selectivity as over 90% products are glucose. 

To use water as reacting media, reducing its hydrophobic effect is the logical step. Various 

approaches have been studied to reduce water hydrophobicity.[13] Of those, electrification, raising 

temperature or introducing inorganic/organic salts are the most widely used approaches. Indeed, 

inorganic salt have been widely used for promoting cellulose hydrolysis.[15-18] In selecting salt 



for cellulose hydrolysis, many factors can be considered, but the role of salt in preventing cellulose 

re-crystallization remains unknown and unexplored in most literatures. Furthermore, molecular 

level of understanding is unknown in terms how the salt decomposing cellulose. 

Hofmeister series has been an empirical series that provides qualitive guide for selecting 

salt for protein denaturation.[19-22] The original idea of Hofmeister series is to classified anions 

or cations based on their ability to dissolve proteins. Some salts, termed “salting out”, reduces 

proteins solubility and precipitates proteins. Conversely, “salting-in” salt, which can enhance 

protein solubility, are widely used for improved protein dissolution. Not surprisingly, proteins and 

cellulose have similarities, e.g., both of them are amphiphile, containing both hydrophobic and 

hydrophilic groups. Applying Hofmeister series criteria to select salts for decomposing cellulose 

is reasonable. Despite that inorganic salts such as sodium chloride, salts effect on cellulose 

crystallinity has not been studied in literature.[23] 

 

Figure 10. 1 Schematics of approach for studying salts effect on cellulose recrystallization and 

hydrolysis reaction. 

In this study, we investigate salts effect on cellulose recrystallization and how it influences 

glucose yield in the presence of diluted hydrochloride acids. Specifically, we selected a series of 



inorganic salts, including NH4Cl, CaCl2, KCl, LiCl, C (NH2)3 Cl, based on published Hofmeister 

series. Then we treated ball-milled cellulose with those inorganic salts with the same ionic strength. 

Crystalinity of salt-treated cellulose was thoroughly characterized by X-ray diffraction, Roman 

and solid-state NMR for structure evaluation. To elucidate the molecular level of interaction and 

structure changes of cellulose chain in inorganic salt solutions, molecular dynamics simulation 

was conducted in Gromacs and radical distribution for water-cellulose and salt-cellulose 

interaction were studied. Lately, after cellulose structure characterization, we hydrolyzed cellulose 

in the presence of selected inorganic salt and hydrochloride acid. A new Hofmeister series based 

on selected salts’ ability to suppress recrystallization and their ability for hydrolyzing cellulose is 

constructed for rational salts selection. 

10.3   Experimental 

10.3.1   Materials and Chemicals 

Microcrystalline cellulose, Avicel PH-101 and hydrochloride acid solution (0.1N) were purchased 

from Sigma Aldrich. Guanidinium chloride was obtained from Sigma Aldrich. Calcium chloride 

was purchased from Sigma Aldrich. Lithium chloride was obtained from company y. Potassium 

chloride and ammonium chloride were obtained from Sigma Aldrich. Zinc chloride was purchased 

from Merk KGaA. Lithium chloride was obtained from Millipore Sigma. Sodium hydroxide, 

sodium chloride, sodium bicarbonate and sodium phosphate were obtained from Sigma Aldrich. 

Glucose, formic acid and levulinic acid were purchased from company Sigma Aldrich for HPLC 

calibration preparation. All chemicals are used as received. 

10.3.2   Ball-Milling Pretreatment 

Microcrystalline cellulose (MCC) was ball-milled for different durations to generate a series of 

samples with varying degrees of crystallinity. Briefly, 1.0 gram of MCC was placed in a stainless-



steel cylinder (18 mm diameter×55.5 mm length, 10 mL). Three stainless steel balls 6 (2×9.5 mm 

diameter and 1×15.85 mm diameter) were placed in the cylinder. The cylinder was clamped within 

the holder of a vibratory shaker Retsch MM2000 and samples were ball milled for 10, 20, 30, 40, 

and 50 minutes. 

10.3.3   Cellulose Hydrolysis 

 Cellulose was hydrolyzed with different aqueous salt solutions. Specifically, cellulose was first 

ball-milled for 50 minutes to remove crystallinity. Then 0.1 g of ball-milled cellulose was mixed 

with 2 mL aqueous salt solution which consists of 0.05 M HCl and 0.5M salt (NH4Cl, CaCl2, KCl, 

LiCl, C (NH2)3 Cl). The reaction was carried out in a 15 mL heavy wall pressure glass tube 

(ChemGlass) sealed by a screw cap with a Viton O-ring seal. The stirring bar was set as 200 rpm 

and reaction temperature was set as 150oC heated in an oil bath. The reaction time was set as 0.5h, 

1h, 2h, 3h and 4h. After the desired reaction time, the pressure tube was removed from oil bath 

and cooled down in ice bath. After the cooling, resultant liquid suspension was transferred to 50 

mL centrifuge glass tube. Further liquid-solid separation was conducted in a centrifuge for 20 

minutes at 2500 rpm. After centrifuge, top clear liquid was transferred to glass vials for further 

HPLC analysis. The residue solid was washed by acetone twice and dried at 65 oC overnight. 

Several control tests were conducted to analyze the inorganic salt effects. Cellulose 

hydrolysis with 0.05 M hydrochloride acid was conducted in similar fashion except removing the 

salt; the effect of salts on cellulose hydrolysis was carried out by mixing 0.1 g cellulose with 0.5 

M guanidinium chloride and reacting for 4 hours under 150 oC; avicel-101 was used as crystalline 

cellulose, and it was reacted with 0.05 M hydrochloride acid and 0.5M guanidinium chloride for 

4 hours at 150 oC. All other analysis remained the same as inorganic salt-hydrochloride acid-

cellulose reaction. 



10.3.4   HPLC Analysis 

Liquid products were analyzed High Performance Liquid Chromatography (HPLC, Shimadzu LC-

40 model). A diode array detector (DAD) was used for organic acids and furanic compounds and 

a refractive index detector (RID) for carbohydrate detection. Bio-Rad Aminex HPX-87H 

(Phenomenex) was used for product separation. The mobile phase was 5 mM sulfuric acid. The 

mobile phase flow rate was 0.6 mL/min and analyzing temperature was 35 oC and UV-vis detection 

wavelength was set to 284 nm. A series of standard glucose solutions was prepared for obtaining 

calibration curve, which are 0.25, 0.5, 1, 2 and 5 g/L. 

10.3.5   X-Ray Diffraction (XRD) 

X-Ray diffraction (XRD) analysis was carried out with Rigaku Geigerflex diffractometer using 

CuKα radiation at 37.5 kV and 25 mA. A step size of 0.05° was used with 1 second accumulation 

time. Diffractograms of different samples were compared after area normalization and baseline 

subtraction. Crystallinity index was calculated by the widely used method first developed by Segal. 

In this method, the crystalline contribution is determined by the intensity of the 002 peak at 22.5° 

and the amorphous by the intensity at 18.3°. 

10.3.6   Raman Microscopy 

Raman spectral analysis of cellulose samples was carried out with a Horiba Xplora Raman 

Microscope using 785 nm excitation laser and 10× Olympus magnification lens. The acquisition 

range was set from 300 cm-1 to 1600 cm-1. 

10.3.7   Solid State Nuclear Magnetic Resonance (ssNMR) 

NMR experiments were performed using a Bruker DSX400 spectrometer operating at a 13C 

resonance frequency of 100 MHz, using a 4-mm magic-angle spinning probe in double-resonance 

mode at a spinning frequency of 9 kHz and at room temperature. The 13C chemical shifts were 



externally referenced on the neat TMS scale using the carboxyl peak of α-glycine at 176.49 ppm. 

Typical 90° pulse lengths were 3.6 μs for 1H and 4 μs for 13C. MultiCP64 with composite-pulse 

excitation and storage65 was used to obtain nearly quantitative 13C spectra. Five blocks of CP 

were implemented with 90–100% amplitude ramps on the 1H channel. The contact time for each 

CP period was 1.1 ms, resulting in a total combined CP contact time of 5.5 ms. The delays for 1H9 

repolarization were 4 s for all samples, while the recycle delay was 8 s. A rotation-synchronized 

Hahn spin echo66 was used to achieve dead-time-free detection, generated by a 180° pulse with 

EXORCYCLE67 phase cycling after the last multiCP block. During the 18.7-ms detection, proton 

decoupling with the SPINAL64 scheme68 was applied, at a 1H strength of ν1 ≈ 85 kHz. The 

number of scans averaged was 512 for MCC, 1280 for MCC-BM50, 768 for MCC-BM50-SP, and 

832 for MCC-BM50-AC (see nomenclature defined below in 2.11). 

A 5-s T1C filter69 was used to remove signals from segments with short 13C spin-lattice 

relaxation times T1C due to fast segmental motions, such as non-crystalline cellulose C6 side 

groups, retaining the sharp crystalline-C6 peaks of cellulose I and II, which are well resolved. The 

same numbers of scans as for the multiCP spectra were averaged. Direct polarization with 2-s  

recycle delay was used to select signals of mobile segments with fast T1C relaxation, yielding the 

band of non-crystalline cellulose C6 complementary to the T1C-filtered crystalline peaks. For all 

four samples 4096 scans were averaged. Zirconia rotors (Bruker Biospin) were used as received 

for magic-angle spinning of all samples. 

10.3.8   Molecular Dynamics (MD) Simulations 

All atoms-molecular dynamics simulation (MD) was conducted using GROMACS (version-5.0). 

The initial cellulose chain structure is a 8-glucose-chain 1-β cellulose fibril and 4 cellulose fibril 

chains was randomly solvated in the simulation box pre-defined as 6 nm cubic box. Packmol was 



used to assemble the solute molecules that consists of the 1M guanidine hydrochloride or 

ammonium chloride and 4 cellulose fibril chains. The cutoff radius of nonbonded interactions was 

set to 1.2 A and the particle mesh Ewald (PME) summation method was used to calculate the 

electrostatic potential with periodic boundary conditions. Charmm36 force field is used to extract 

parameters.[24, 25] 

The simulation was performed in the following steps: 1). Packmol package was used to 

prepare solvent box that consists of 1 M salt (guanidine hydrochloride or ammonium chloride). 2). 

The solvent box was solvated by TIP3P water molecules. Then four cellulose fibril chains were 

inserted into the box randomly. 3). The system was equilibrated to minimize the energy. 4). The 

system was equilibrated under  NVT ensemble for 200 ps.[26-28] 
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Figure 10. 2 Structures of cellulose chains and guanidinium chloride and ammonium chloride 

(Left to Right). 

10.4    Results and Discussions 

Cellulose hydrolysis or pretreatment in the presence of inorganic salts are studied over years.[15, 

29-32]. However, their studies on salt selection are either not well-rationalized or salts effect on 

cellulose structure change is not well-characterized.[33-35] The discussion section is divided into 

three sections. The first section is to characterize hydrothermally treated amorphous cellulose 

using three different characterization techniques, including X-ray diffraction, Raman and Solid-

state NMR. Characterization will provide information on salts performance on crystallization 

suppression. The second part of discussion is to test salts’ performance in hydrolyzing cellulose. 

Lastly, based on salts’ performance on glucose yield, we selected two representative salts, 

including the best-performed and worst-performed salts, and gain molecular information how 

these two representative salts interacting with cellulose. To summarize the study, a new Hofmeister 

series is constructed for future salt selecting. 

10.4.1  X-Ray Diffraction and Raman Analysis of Amorphous Cellulose Treated in Salts 

Solutions 

To investigate how salt cations affect the cellulose structures along the reaction, we first ball-

milled cellulose for 50 minutes to remove crystalline structures at the interfaces. Then we 



hydrothermally treated the cellulose with inorganic salt solutions at 150 oC for 2 hours. Then 

treated cellulose was removed and washed with acetone for x-ray analysis. 

                           

Figure 10. 3 X-ray diffraction showing effect of cations on cellulose re-crystallization in 

hydrothermal conditions. The raw cellulose was ball-milled for 50 minutes. The treatment 

conditions are: 150 oC, 2 hours. 

 

Figure 10.3 shows the x-ray patterns after hydrothermal treatments. Apparently, cellulose 

without salt re-crystallizes because the peak intensity at 16o and 22o are the highest among the 

treated samples, which is consistent with previous reported study.[10] For cellulose treated with 

different inorganic salts, they behave differently. For instance, cellulose treated with ammonium 

chloride recrystallizes most comparted to other aqueous salts, suggesting its ineffectiveness on 

suppressing cellulose re-crystallization. In contrast, guanidinium chloride prevents the cellulose 

re-crystallization most effectively. Sequentially, the effectiveness of selected salts in suppressing 



cellulose crystallization is in the order of GdmCl > CaCl2 > LiCl > KCl > NH4Cl. Interestingly, 

the sequence is consistent with hydrolysis performance except for LiCl. However, considering the 

error bar in hydrolysis data, the performance of LiCl and KCl are deemed as identical. 

 

Figure 10. 4 Raman spectroscopy showing effect of cations on cellulose re-crystallization in 

hydrothermal conditions. The raw cellulose was ball-milled for 50 minutes. Two droplets of 

aqueous salt solutions are introduced to wet cellulose powder. 

 

Since X-ray diffraction only provides information on atoms arrangements on Miller planes, 

e.g. 110 and 200, it does not capture chemical bonds dynamics. Cellulose is a complicated structure 

containing covalent bonds and non-covalent bonds such as hydrogen bonds, Raman spectroscopy 

characterizes vibration bonds, which is applicable here. To illustrate the dynamics of vibrational 

bonds changes, we developed a simple wetting technique in which a small quantity of droplets 

(e.g. two) are spread onto cellulose powder and the powder samples is immediately exposed to 

Raman laser. Figure 10.4 shows the simple technique and results. In figure 10.4, bands at 380 cm-



1 and 1100 cm-1 are highlighted since they are related to cellulose crystalinity. Figure 10.4 clearly 

indicates that 50 minutes ball-milled cellulose wetted by pure D.I. water restores its crystalinity 

the most comparing to other samples treated with salt solutions. 50 minutes ball-milled 

microsatellite  treated with guanidinium chloride has the lowest peak intensity, suggesting its low 

crystalinity and it is consistent with XRD observation. Salts in between, NH4Cl , NaCl and LiCl 

have intermediate peak intensity. Considering all samples are treated with salts within 2 minutes, 

it suggests recrystallization is a fast process in all cases, even in guanidinium chloride. 

10.4.2   Solid State NMR Analysis of Amorphous Cellulose Treated with Salt Solutions 

To gain greater insight, selected samples were further analyzed using quantitative 13C 

ssNMR and result is shown in figure 10.5. Specific focus was placed on the C4 and C6 regions of 

the NMR spectrum, as these regions contain distinguishable contributions from carbons in 

crystalline interior chains and nanocrystalline surface or truly amorphous chains. Five samples are 

analyzed: water-treated Avicel101 (2h), 500mM guanidinium chloride treated microcrystalline 

cellulose (50 minutes ball-milled) for 0.5 and 2 hours, 500 mM guanidinium chloride and 50mM 

HCl treated microcrystalline cellulose (50 minutes ball-milled) and 500 mM ammonium chloride 

treated microcrystalline cellulose (50 minutes ball-milled). Bands between 60-65 ppm corresponds 

to formation of cellulose II. As we expected, the presence of HCl removes part of cellulose I and 

suppress growth of cellulose II. Samples treated with ammonium chloride and guanidinium 

chloride have identical cellulose II and cellulose I, suggesting that crystallinity might not be the 

factors effecting glucose yield. 



 

Figure 10. 5 The C4 and C6 13C NMR spectra of selected cellulose samples. The black curve 

represents the overall spectra; the red curve is signal from domains with long T1C relaxation 

times, and the green curve is signal from regions with short T1C relaxation times. 

 

10.4.3   Inorganic salts Promoted Cellulose Hydrolysis 

The first objective is to investigate the effect on different cations on decomposing cellulose into 

glucose in the presence of liquid acid. Accordingly, microcrystalline cellulose was ball-milled for 

50 minutes to convert crystalline structure into amorphous structures. Ball-milled cellulose was 

hydrolyzed in the presence of the inorganic salts, which are NH4, LiCl, KCl, CaCl2 and GdmCl 

and hydrochloride acid. Figure 10.6 shows the glucose yield for all selected inorganic aqueous alt 

solutions. Apparently, glucose yields for all the selected inorganic salts increase except for 

ammonium chloride which has the same glucose yield as the control test. In general, the glucose 

yield is in the sequence of GdmCl > CaCl2 > KCl > LiCl > NH4Cl. Interestingly, this sequence 



agrees with Hofmeister’s empirical series.[20] Since ammonium chloride is known as salting-out 

salt, meaning that adding ammonium chloride will cause its preferential interactions with water, 

resulting in less interaction with solute e.g. cellulose., and stabilize the cellulose structure. In 

contrast, guanidinium cation, which is on the opposite side of the Hofmeister series, is known as 

“chaotropic agent” which can strengthen interaction of cellulose with guanidinium cations. 

 

Figure 10. 6 Glucose yield of ball-milled microcrystalline cellulose hydrolyzed in different 

aqueous-salt solutions. The reaction conditions are: 150 oC, 4 hours, 0.05M HCl. 

 

10.4.4   Guanidinium Chloride Promoted Cellulose Hydrolysis 

To shine light into why guanidinium chloride performs better than other selected inorganic salts, 

we have decided to isolate guanidinium chloride from the list. We first tested the time-effect of 

cellulose hydrolysis reaction in the presence of guanidinium chloride with varied HCl 

concentration. Figure 10.7 shows glucose yield as a function of time for three conditions: red data 



points represent glucose yield of ball-milled cellulose reacting with 50mM in the absence of 

guanidinium chloride while black data points represent the same conditions with added 

guanidinium chloride (500 mM). Two significant changes can be observed: 1). Maximum glucose 

yield difference is as large as 12% comparing red and black data points. This attributes to 

guanidinium chloride preventing amorphous cellulose to recrystallize, as shown in Figure 10.8A 

and 9.8B. Interestingly, the rate of glucose production is roughly decreasing as time becomes larger. 

This is because recrystallization is a dynamic process as well. Figure 10.8A and 10.8B show that 

cellulose slowly recovers its crystalinity when time increases from 30 minutes to 240 minutes, 

suggesting guanidinium chloride can slow down recrystallization, but cannot eliminate it. 

 

Figure 10. 7 Cellulose hydrolysis in the presence of guanidinium chloride and hydrochloride 

acid. Cellulose was ball-milled for 50 minutes before reaction. The reaction conditions are: 150 

oC, 0.05 M HCl and 0.5 M guanidinium chloride. 

 



 To increase glucose yield in the presence of guanidinium chloride, we increase HCl 

concentration from 50 mM to 100 mM. Surprisingly, glucose yield is only slightly improved, 

suggesting that added HCl may also trigger and speed up recrystallization. Indeed, Figure 10.8C 

and 8D show that cellulose restore 80% of its intensity (and crystalinity) even within 30 minutes. 

As we increase reaction time to 240 minutes, cellulose completely recovers its crystalinity. With 

that being said, even though we start with 100 mM HCl, it removes amorphous phase faster and 

forms cellulose crystals faster as well comparing with 50mM HCl reaction. 

 

Figure 10. 8 X-ray diffraction of recovered cellulose for 30 minutes and 240 minutes after the 

reaction. 

 



10.4.5 Maximizing glucose yield in the presence of guanidinium chloride 

The presence of guanidinium chloride suppresses transition of amorphous cellulose into crystalline 

structure, cellulose II. This suppression effect takes place only for cellulose with amorphous phase. 

For highly crystalline cellulose, guanidinium chloride has negligible influence on glucose yield, 

as shown in Figure 10.9. In figure 10.9, we evaluated two extreme cases that Avicel101 is the most 

crystalline structures and 50-minutes ball-milled cellulose is the most amorphous sample. Both 

samples are hydrolyzed with and without guanidinium chloride (500 mM). Avicel101 has no 

visible differences as the glucose yield is close to 8-10% at 150oC for 4 hours. However, for 50 

minutes ball-milled cellulose, not only glucose yield has jumped to 34% in the presence of 

guanidinium chloride, but also glucose yield difference is about 10%, suggesting that guanidinium 

chloride’s effect is maximized for amorphous cellulose. 

 

Figure 10. 9 Glucose yield of Avicel101 and 50 minutes ball-milled microcrystalline cellulose 

with and without guanidinium chloride. Reaction conditions: 50mM HCl, 4 hours at 150 oC. 



 

Figure 10. 10 Schematics of how guanidinium chloride and HCl affect cellulose crystalinity: 1). 

Crystalline cellulose remains crystalline structure after guanidinium chloride treatment; 2). 

Guanidinium chloride retains amorphous phase and forms cellulose II; 3).HCl re-crystallize 

cellulose by forming mostly cellulose I and removing amorphous phase. 

 

Figure 10.10 summarizes some of main points from analysis. Results show that guanidinium 

chloride does not convert crystalline cellulose into amorphous phase. Instead, guanidinium 

chloride does not affect Avicel crystalinity at all. After ball-milling cellulose and treated with HCl 

and guanidinium, part of cellulose I are removed by HCl. Small amount cellulose II are formed, 

suggesting that guanidinium chloride forms cellulose II but not cellulose I. When treating 

amorphous cellulose without HCl, a portion of cellulose I are converted cellulose II, possibility 

explaining why guanidinium chloride improves glucose yield because cellulose II is much reactive 

than cellulose I. 

10.4.6   Molecular Dynamic Simulations  

So far, all characterization method used can only provide macroscopic properties such as crystal 

size and crystalinity. Fundamentally, crystals rely on arrangement and conformation of individual 

atoms or molecules. Knowing how salts, especially those representative salts such as ammonium 



chloride and guanidinium chloride, affect conformation of cellulose is important. Accordingly, we 

performed a simple molecular dynamic simulation using Gromacs and the method is specified in 

experimental section. 

 

Figure 10. 11 Dihedral angle distribution of labelled C1-C2-O3-C4. 

 

Specifically, we are interested in angles distribution around glycosidic bond as its direct 

relation with glucose production. Accordingly, we simulate three systems: 1M guanidinium 

chloride with 4 cellulose chains, 1M ammonium chloride with 4 cellulose chains and pure cellulose 

chains interacting with water. Dihedral angles for labeled C1-C2-O3-C4 is computed for all three 

samples. Interestingly, angle distribution for cellulose-water system is centered around 94o, which 

is almost identical to water-ammonium chloride-cellulose mixture whose angle is around 96o, 

suggesting that ammonium chloride effect on cellulose might be like water’s effect on cellulose. 

However, when we simulate water-guanidinium chloride-cellulose mixture, we noticed the angles 



become slightly spreading, suggesting that the bonds are influenced and relaxed to some extent 

once mixing with guanidinium chloride.[36, 37] 

 

Figure 10. 12 radical distribution function of -OH (cellulose) with water molecules in the presence 

of ammonium chloride and guanidinium chloride respectively. 

  

The interaction between -OH group of cellulose with water is believed an important type 

of interaction contributing to cellulose crystallization. Hydrogen bonding between -OH and water 

may help cellulose keep amorphous phase as it prevents cellulose self-binding by hydrogen bonds, 

a phenomenon called hydrophobic effect. Therefore, we performed radical distribution for 

cellulose’s -OH with water’s oxygen for both ammonium chloride and guanidinium chloride. The 

first hydration peak is at around 0.2 nm, which is hydrogen bonding. As separation increases, 

number density around -OH varies for these two salts. Number density of guanidinium chloride is 

slightly greater than ammonium chloride, suggesting that water molecules are pushed away by 

guanidinium cations. But the differentiation is small, indicating that both ammonium cations and 



guanidinium cations may have the accessibility to interact with interior part of cellulose, which 

may interfere its crystalline structures.  

10.4.7   Hofmeister Series for Salts Effect on Cellulose Hydrolysis and Crystallization 

suppression 

Lastly, to summarize salts effect on both crystalinity and glucose production, we construct our 

own qualitive Hofmeister series. In figure 10.13, the blue data points are the series for cations with 

fixed anions, chloride anions. The yellow dots represent anions with fixed sodium cations. The 

black line is glucose yield while the red line represents crystalinity. For various cations with fixed 

anions, the correlation between glucose yield and crystalinity is clearly positive. While for anions 

with fixed cations, the correlation is weak. This is mainly due to protons activity. For example, 

CO3
2- is a weak acid, it thus constrains protons and reduce proton’s ability to attack cellulose. We 

recommend choosing salts with care when varying anions as some anions may form weak acid 

with protons.  

 

 

Figure 10. 13 Hofmeister series of selected inorganic salts for depressing cellulose 

recrystallization and promoting cellulose hydrolysis in presence diluted hydrochloride acid. 



10.5   Conclusions 

In this study, we evaluate salts’ ability to suppress cellulose crystalinity and its implication for 

cellulose hydrolysis. Specifically, we found that “salting-in” salt such as guanidinium chloride, 

can double glucose yield. X-ray diffraction, Raman suggest guanidinium chloride can suppress 

cellulose recrystallization and increases cellulose reactivity. “salting-out” salt such as lithium 

chloride and ammonium chloride, are unable to keep amorphous cellulose. ssNMR indicates that 

guanidinium chloride treated Avicel has relatively larger amorphous cellulose compared to 

ammonium chloride treated sample. Meanwhile, guanidinium chloride can form more active 

cellulose II compared to samples with HCl. 

Molecular dynamics simulation was performed to gain  conformation changes of cellulose. The 

results indicate that guanidinium chloride relaxes glycosidic bonds and the bonds around it. 

Radical distribution functions between water and -OH of cellulose suggests that guanidinium 

cations have more accessibility and possibility to interact with cellulose -OH than ammonium 

cations. Lastly, a new version of Hofmeister series was constructed to help the community identify 

proper salts for improved cellulose depolymerization. 
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Chapter 11 

Conclusions and Recommendation 

In this dissertation we focus on solving some fundamental questions regarding cellulose 

depolymerization in hydrolysis reaction. Instead of attempting various catalysts/solvents or other 

hydrolysis promoters, we emphasize on molecular or colloidal interactions understanding before 

we do any catalysts or process design for converting cellulose into reduced monomers.  

The very first question we want to address is how exactly solid-acid catalysts work to break down 

cellulose. Since cellulose and solid-acid catalysts are solid particles before and even after reaction 

in hydrothermal conditions, those particles disperse, suspend and collide with each other during 

reaction. In this process, surface properties such as hydrophobicity, dispersity, surface charge 

density and even particles size can be important and dictate the colloid interaction. We first want 

to understand surface energy of our cellulose and solid-acid particles as surface energy is related 

to Hamaker constant and subsequently van der Waals attraction of colloidal particles. However, 

when we decide to measure surface energy of our powders and materials using contact angle 

measurements, we have a problem that most of contact angle testing liquids are not compatible 

with cellulose particles, either due to their reactivity with cellulose or their toxicity.  

Chapters 3-6 is seeking to develop a brand-new technique for precisely measuring surface free 

energy. instead of using several pure liquids whose chemistry are completely different, we simply 

use two liquids, one is water and another one is a benign solvent such as dimethyl sulfoxide, 

formamide or ethylene glycol. We mix water with one of selected organic solvent in various 

composition so that we systematically change their surface tensions as well. Measuring contact 

angles of liquid mixtures on various surfaces such as PVC, PDMS and PMMA allows us to 

precisely determine surface free energy. we also developed a mixing rule for extracting liquid 



mixture surface tension data that contains rich chemical information, such as dispersive forces, 

polar forces, acid and base interactions. This new technique relies on two important factors: liquid 

surface tensions parameters and statistical analysis. We have used existing mixing rule, including 

cubic mixing rule, for extracting abundant surface tension parameters. However, this method might 

be even more powerful than we thought. The mixing principles can easily be extended to more 

complicated liquid system, such as ternary or quaternary system. For cellulose hydrolysis reaction 

in liquid mixtures, understanding the nature of liquid mixtures by analyzing its forces type and its 

interfacial interaction with cellulose or solid-particles is crucially important for developing 

technologies decomposing cellulose. Therefore, we recommend using generalized mixing theory 

to thoroughly characterize any organic solvents/solvents mixtures. Measuring contact angles of 

corresponding liquid mixtures on biomass would be beneficial to understand interactions at 

solvent-cellulose interfaces. 

This method also relies on statistical analysis. In principal, getting more liquid mixtures and their 

contact angles would be helping get good statistical confidence. The question here is that some 

liquids may be not compatible with solid material. For example, we use water-dimethyl sulfoxide 

mixtures to measure PVC surface energy and the results are significantly high. It turns out dimethyl 

sulfoxide can swell/dissolve PVC, introducing extra energy so it overestimates PVC surface 

energy. Greedy sometimes is good, but sometimes it is bad. Therefore, we recommend using 

compatible liquids and the notion “the more the better” is not necessarily true since it will bring 

systematic errors. 

In reality, “flat surface” is an relative concept that comes with a “reference surface”. With that 

being said, most surfaces are rough surface. For rough surface, such as cellulose, Wenzel model 

has to be considered since roughness would make hydrophilic more hydrophilic and hydrophobic 



more hydrophobic. We attempted to unify wetting theory by combining liquid surface tension 

parameters, solid surface energy parameters, surface roughness and wetting parameters all together. 

Results are very impressive for three types of surfaces: smooth PDMS, regularly patterned PDMS 

and irregularly patterned surfaces. Unified model can predict contact angles on all those surfaces 

very well. We recommended testing more surfaces with different surface chemistry. 

Getting back to cellulose. In chapter 6, we extended our liquid mixture technique to cellulose and 

chitin particles. we specifically used water-formamide and water-dimethyl sulfoxide and 

Washburn method to extract contact angles. The obtained contact angles is slightly larger than 

literature values. Using those contact angles to determine surface energy of cellulose 

underestimates surface energy a bit. We recommend preparing packed column carefully and 

consistently. By saying carefully, we have seen that packing density, porosity and uniformity can 

all affect penetration of liquid mixtures. 

Using obtained cellulose surface energy parameters, we use classic DLVO theory to study 

colloidal interaction of cellulose with solid acid catalysts. specifically, Hamaker constant of 

cellulose was obtained from surface energy. However, electrostatic repulsion between cellulose 

and most functionalized catalysts is so large that it prevents most of solid acid catalysts interacting 

with cellulose. Here, we rationalize solid acid catalysts design by examining approaches to 

overcome electrostatic repulsion barrier. Increasing proton concentration or ionic strength may be 

helpful for cellulose-solid acid aggregation. However, adding salts or protons may trigger much 

complicated reaction and homogeneous reaction will dominate. Another approach is to use 

materials with high Hamaker constant. Carbon materials and metal oxide such as zirconia or iron 

oxide might be effective for adsorption cellulose. Non-DLVO forces are also discussed in detail 

in Chapter 7. Increasing shear rate can overcome electrostatic repulsion barrier. To summarize the 



findings, we recommend the following strategies for developing solid acid catalysts: a). carbon-

based substrate is the optimum option while polymer-based catalysts are ineffective for adsorbing 

cellulose; b). Weak acid such as carboxylic are ideal groups to be installed on catalysts surface. 

However, strong acid could also work since dissociated protons will hydrolyzing cellulose, 

resulting in high product yield. The challenges need to be considered here is how to functionalize 

carbon materials with high density of acid sites, at the same time, making those acid sites 

hydrothermally stable; 3). The last consideration is the shear rate. Our calculations shows that there 

is an critical shear rate at which particles have high probability to collide with each other and 

completely overcome repulsion barrier. This critical shear rate is dependent on a number of factors 

such as particle size, particle diffusivity and repulsion energy barrier. We recommended using 

highest allowable shear rate to induce fast coagulation.  

Manipulating particle surface charge is a well-established approach for enhancing particles 

coagulation especially in water treatment industry. One way to tune surface charge is adding 

coagulant or polyelectrolyte. In Chapter 8, we introduced small amount of poly-diallyldimethyl-

ammonium chloride (polyDDA), a water soluble and hydrothermally stable polycations, into 

cellulose-solid acid mixtures. Glucose yield is significantly improved. However, polyDDA does 

ions exchange with acid sites on solid acid particles (e.g. Amberlyst-15), releasing liquid acid into 

reacting medium and increases glucose yield. We quantify how much glucose yield those released 

acid can contribute, and we find that glucose yield from liquid acid is around 8% lower than 

mixture of solid-acid and polyDDA. We recommend supernatant test (described in Chapter 8) to 

further verifying “real-heterogeneous-catalysis” effect. Besides glucose yield, measuring zeta 

potential of both solid acid and cellulose at various polyDDA dosage will help identify a suitable 

polyDDA dosage that completely or mostly neutralizes surface charges. Visualization method such 



as light scattering, SEM or simply microscope are also necessary for observing particles-particles 

interaction dynamics and coagulation. 

Not only cellulose-catalyst interaction is important, but the solvent also-cellulose interaction is 

crucial too. We typically ball-milled cellulose prior to reaction. However, both water-induced and 

catalyst (e.g. HCl) induced cellulose recrystallization is a fast and spontaneous process that 

significantly suppresses cellulose’s continuous breakdown. The recrystallization is solvent-

dependent. Choosing a solvent or modifying water mixtures may be helpful for suppressing its 

recrystallization. Previous studies have attempted various organic solvent such as ethanol and 

dimethyl sulfoxide, and ethanol is found suppressing cellulose recrystallization, but organic 

solvents tend to form other derivatives. In Chapter 9, we evaluated salts effect on cellulose 

recrystallization suppression performances. Benefits of inorganic salts include high glucose 

selectivity, ease of separation and wide range of selection. Indeed, salts sometimes are integral part 

of biomass, utilizing incorporated salts is inevitable. Although we have identified guanidinium 

chloride is the best tested slats, our salts selection is not thorough and systematic. In fact, 

Hofmeister series is an empirical series, and it behaves differently for different proteins. We 

recommended conducted a wide search and make a reasonable comparison.  

Specifically, molecular dynamics simulation can be used to screen salts who are able to interact 

strongly with either cellulose or water molecules. During simulations, care should be taken on 

“apple to apple” comparison. For example, monoanion should be compared to monoanions while 

dianions should be comparted to dianions to eliminate ionic strength effect. Ions may also 

differentiate based on their solvation free energy, size and ionic strength. Gaining insight into how 

those parameters affect its interaction with cellulose might be a good starting point. Another 

drawback of current work on MD simulation is that we used single cellulose chains. Those chains 



actually only represent chemical features such as atoms and bonds of cellulose. However, it has 

no way represents structure feature of cellulose such as crystalline or amorphous phases. To 

improve current simulation outcome, it would be beneficial to create (or use existing) rigid 3-

dimensional cellulose structures.  

We then ball-milled cellulose to remove crystallites. Ball-milled cellulose was treated in various 

inorganic salts solutions. X-ray diffraction and Raman show guanidinium chloride suppress 

formation of new crystallite while ammonium chloride has almost no visible effect compared to 

cellulose treated with just water. We attribute guanidinium chloride’s crystallite suppression effect 

to its ability to disrupt water hydrogen bonds. Water with disturbed hydrogen bonds can no longer 

have the same level of hydrophobic effect on cellulose. Reduced hydrophobic effect forces 

cellulose to have more access interacting with water rather itself. However, guanidinium chloride 

and ammonium chloride have similar effect on cellulose crystalinity based on analysis with ss 

NMR, which might suggest that salt effect is much more complicated than we thought. We 

recommend running NMR for both cellulose (ball-milled) treated with guanidinium and 

ammonium in the presence of HCl. If crystalinity is not the main reason for glucose yield, the 

presence of salts might affect proton activity and thus glucose yield.  



Chapter 12 

Appendix A  

Accurate Measurement of Acid and Base Surface Energy of Polymer Materials Using 

Aqueous Mixtures and van Oss-Chaudhury-Good (vOCG) Model 

Matlab Code 

clear all 
hold on 
xw = 0:0.2:1; 
xd = 1 - xw; 
xf = 1 - xw; 
xe = 1 - xw; 
% xet = 1 - xw; 
lw_w = 21.8; 
la_w = 25.5; 
lb_w = (51/2)^2/la_w; 
% lb_w = 25.5; 
lp_w = 51; 
l_w = 72.8; 

  
ld_d = 36; 
la_d = 0.5; 
lb_d = 44; 
lp_d = 7; 
l_d = 43; 
% delta_d = 0.15; 
ad = 0.869; 
bd = 0.603; 
theta_wd_pdms = [89.62222222 
92.67777778 
94.24444444 
97.23333333 
98.66666667 
108.0666667 
]'; 
theta_wf_pdms = [98.96666667 
100.0555556 
101.9444444 
103.4333333 
106.4555556 
109.1888889 
]'; 
theta_we_pdms = [95.44444444 
97.38888889 
98.14444444 
101.1333333 
102.5555556 
110.1333333 



]'; 
l_wdmix_exp = [44 45 47 53.5 58 72]; 
%scatter(xw,l_wdmix_exp) 
%hold on          

  
                      modelfundd = @(delta_d,xw) xw.^2*lw_w+2*xw.*(1-xw)*(1-

delta_d(1))*sqrt(lw_w*ld_d)+(1-xw).^2*ld_d... 
                           + xw.*(1-xw)*sqrt(lw_w*ld_d)*delta_d(2).*(xw.^2 - 

(1-xw).^2)... 
                           + 2*sqrt((xw.^2*la_w+2*xw.*(1-xw)*(1-

delta_d(1))*sqrt(la_w*la_d)+(1-xw).^2*la_d... 
                           + xw.*(1-xw)*sqrt(la_w*la_d)*delta_d(2).*(xw.^2 - 

(1-xw).^2)).*(xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_d(1))*sqrt(lb_w*lb_d)+(1-

xw).^2*lb_d... 
                           + xw.*(1-xw)*sqrt(lb_w*lb_d)*delta_d(2).*(xw.^2 - 

(1-xw).^2))); 

                       
delta_d0 = [0.5 0.02]; 

  
mdld = fitnlm(xw,l_wdmix_exp,modelfundd,delta_d0) 
delta_d = mdld.Coefficients.Estimate; 

  
%xw = 0:0.01:1; 
lw_wdmix = xw.^2*lw_w+2*xw.*(1-xw)*(1-delta_d(1)).*sqrt(lw_w*ld_d(1))+(1-

xw).^2*ld_d + xw.*(1-xw)*sqrt(lw_w*ld_d)*delta_d(2).*(xw.^2 - (1-xw).^2); 
la_wdmix = xw.^2*la_w+2*xw.*(1-xw)*(1-delta_d(1)).*sqrt(la_w*la_d(1))+(1-

xw).^2*la_d + xw.*(1-xw)*sqrt(lw_w*la_d)*delta_d(2).*(xw.^2 - (1-xw).^2); 
lb_wdmix = xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_d(1)).*sqrt(lb_w*lb_d(1))+(1-

xw).^2*lb_d + xw.*(1-xw)*sqrt(lw_w*lb_d)*delta_d(2).*(xw.^2 - (1-xw).^2); 
l_wdmix = lw_wdmix + 2*sqrt(la_wdmix.*lb_wdmix); 
%plot(xw,l_wdmix) 
%hold on 

  
ld_f = 39; 
la_f = 2.28; 
lb_f = 39.6; 
lp_f = 19; 
l_f = 58; 

  
af = 0.698; 
bf = 0.78; 
xw=0:0.2:1; 
l_wfmix_exp = l_w-(1+bf*xw./(1-af*xw)).*xf*(l_w-l_f); 
%scatter(xw,l_wfmix_exp) 
%hold on 

  
                      modelfunf = @(delta_f,xw) xw.^2*lw_w+2*xw.*(1-xw)*(1-

delta_f(1))*sqrt(lw_w*ld_f)+(1-xw).^2*ld_f... 
                           + xw.*(1-xw).*sqrt(lw_w*ld_f)*delta_f(2).*(xw.^2 - 

(1-xw).^2)... 
                           + 2*sqrt((xw.^2*la_w+2*xw.*(1-xw)*(1-

delta_f(1))*sqrt(la_w*la_f)+(1-xw).^2*la_f... 
                           + xw.*(1-xw).*sqrt(la_w*la_f)*delta_f(2).*(xw.^2 - 

(1-xw).^2)).*(xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_f(1))*sqrt(lb_w*lb_f)+(1-

xw).^2*lb_f... 



                           + xw.*(1-xw).*sqrt(lb_w*lb_f)*delta_d(2).*(xw.^2 - 

(1-xw).^2))); 

                       
delta_f0 = [0.5 0.5]; 

  
mdlf = fitnlm(xw,l_wfmix_exp,modelfunf,delta_f0) 
delta_f = mdlf.Coefficients.Estimate; 
%xw = 0:0.01:1; 
lw_wfmix = xw.^2*lw_w+2*xw.*(1-xw)*(1-delta_f(1)).*sqrt(lw_w*ld_f(1))+(1-

xw).^2*ld_f + xw.*(1-xw)*sqrt(lw_w*ld_f)*delta_f(2).*(xw.^2 - (1-xw).^2); 
la_wfmix = xw.^2*la_w+2*xw.*(1-xw)*(1-delta_f(1)).*sqrt(la_w*la_f(1))+(1-

xw).^2*la_f + xw.*(1-xw)*sqrt(la_w*la_f)*delta_f(2).*(xw.^2 - (1-xw).^2); 
lb_wfmix = xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_f(1)).*sqrt(lb_w*lb_f(1))+(1-

xw).^2*lb_f + xw.*(1-xw)*sqrt(lb_w*lb_f)*delta_f(2).*(xw.^2 - (1-xw).^2); 
l_wfmix = lw_wfmix + 2*sqrt(la_wfmix.*lb_wfmix); 
%plot(xw,l_wfmix) 
%hold on 

  
ld_e = 29; 
la_e = 3; 
lb_e = 30.1; 
lp_e = 19; 
l_e = 48; 
l_wemix_exp = [47 50 52.5 55 58.5 72]; 
xw=0:0.2:1; 
%scatter(xw,l_wemix_exp) 
%hold on 

  
                      modelfune = @(delta_e,xw) xw.^2*lw_w+2*xw.*(1-xw)*(1-

delta_e(1))*sqrt(lw_w*ld_e)+(1-xw).^2*ld_e... 
                           + xw.*(1-xw).*sqrt(lw_w*ld_e)*delta_e(2).*(xw.^2 - 

(1-xw).^2)... 
                           + 2*sqrt((xw.^2*la_w+2*xw.*(1-xw)*(1-

delta_e(1))*sqrt(la_w*la_e)+(1-xw).^2*la_e... 
                           + xw.*(1-xw).*sqrt(la_w*la_e)*delta_e(2).*(xw.^2 - 

(1-xw).^2)).*(xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_e(1))*sqrt(lb_w*lb_e)+(1-

xw).^2*lb_e... 
                           + xw.*(1-xw).*sqrt(lb_w*lb_e)*delta_e(2).*(xw.^2 - 

(1-xw).^2))); 

                       
delta_e0 = [0.1 0.1]; 

  
mdle = fitnlm(xw,l_wemix_exp,modelfune,delta_e0) 
delta_e = mdle .Coefficients.Estimate; 

  
%xw = 0:0.01:1; 
lw_wemix = xw.^2*lw_w+2*xw.*(1-xw)*(1-delta_e(1)).*sqrt(lw_w*ld_e(1))+(1-

xw).^2*ld_e + xw.*(1-xw)*sqrt(lw_w*ld_e)*delta_e(2).*(xw.^2 - (1-xw).^2); 
la_wemix = xw.^2*la_w+2*xw.*(1-xw)*(1-delta_e(1)).*sqrt(la_w*la_e(1))+(1-

xw).^2*la_e + xw.*(1-xw)*sqrt(la_w*la_e)*delta_e(2).*(xw.^2 - (1-xw).^2); 
lb_wemix = xw.^2*lb_w+2*xw.*(1-xw)*(1-delta_e(1)).*sqrt(lb_w*lb_e(1))+(1-

xw).^2*lb_e + xw.*(1-xw)*sqrt(lb_w*lb_e)*delta_e(2).*(xw.^2 - (1-xw).^2); 
l_wemix = lw_wemix + 2*sqrt(la_wemix.*lb_wemix); 
%plot(xw,l_wemix) 
%hold on 



  

  
%figure 
scatter(l_wdmix_exp,l_wdmix) 
hold on 
scatter(l_wfmix_exp,l_wfmix) 
hold on 
scatter(l_wemix_exp,l_wemix) 
hold on 
xx = 0:0.01:100; 
yy = xx; 
plot(xx,yy); 
xlim([30 80]); 
ylim([30 80]); 

  

xwd = sqrt(lw_wdmix./lb_wdmix); 
ywd = sqrt(la_wdmix./lb_wdmix); 
zwd_pdms = l_wdmix.*(1+cos(theta_wd_pdms/180*pi))./sqrt(lb_wdmix)/2; 

  
xwf = sqrt(lw_wfmix./lb_wfmix); 
ywf = sqrt(la_wfmix./lb_wfmix); 
zwf_pdms = l_wfmix.*(1+cos(theta_wf_pdms/180*pi))./sqrt(lb_wfmix)/2; 

  
xwe = sqrt(lw_wemix./lb_wemix); 
ywe = sqrt(la_wemix./lb_wemix); 
zwe_pdms = l_wemix.*(1+cos(theta_we_pdms/180*pi))./sqrt(lb_wemix)/2; 

  
% scatter3(xwd,ywd,zwd) 
% hold on 
% scatter3(xwf,ywf,zwf) 
% hold on 
% scatter3(xwe,ywe,zwe) 
lball = [lb_wdmix lb_wfmix lb_wemix]; 
laall = [la_wdmix la_wfmix la_wemix]; 
lall = [l_wdmix l_wfmix l_wemix]; 

  
xall = [xwd xwf xwe]; 
yall = [ywd ywf ywe]; 
zall_pdms = [zwd_pdms zwf_pdms zwe_pdms]; 

  
x = [xall', yall']; 
y = [zall_pdms']; 
modelfun = @(b,x) x(:,1)*sqrt(b(1))+x(:,2)*sqrt(b(2))+sqrt(b(3)); 
b0 = [10 0 20]; 
mdl = fitnlm(x,y,modelfun,b0) 
b_pdms = mdl.Coefficients.Estimate; 
x2 = 0:0.01:1.2; 
y2 = 0:0.01:1.2; 
hold on 

  
z2 = zeros(121,121); 
%for i = 1:121; 
%    for j = 1:121; 
%z2(i,j) = x2(i)*sqrt(a)+y2(j)*sqrt(b)+sqrt(c); 
%    end 



%end 
%surf(x2,y2,z2) 
%[X,Y] = meshgrid(0:0.01:1.2,0:0.01:1.2); 
%Z = X*sqrt(b_pdms(1))+Y*sqrt(b_pdms(2))+sqrt(b_pdms(3)); 
%surf(X,Y,Z) 
%view(3) 
%hold on 
%scatter3(xall,yall,zall) 
angpred_wd_pdms = 

(acos((xwd*sqrt(b_pdms(1))+ywd*sqrt(b_pdms(2))+sqrt(b_pdms(3)))*2.*sqrt(lb_wd

mix)./l_wdmix-1))/pi*180; 
angpred_wf_pdms = 

(acos((xwf*sqrt(b_pdms(1))+ywf*sqrt(b_pdms(2))+sqrt(b_pdms(3)))*2.*sqrt(lb_wf

mix)./l_wfmix-1))/pi*180; 
angpred_we_pdms = 

(acos((xwe*sqrt(b_pdms(1))+ywe*sqrt(b_pdms(2))+sqrt(b_pdms(3)))*2.*sqrt(lb_we

mix)./l_wemix-1))/pi*180; 
angall_pdms = [theta_wd_pdms theta_wf_pdms theta_we_pdms]; 
thetaall_pdms = [theta_wd_pdms,theta_wf_pdms,theta_we_pdms]; 

% DLVO theory cellulose - solid acid interactions 

hold on 

 

for i = 1:1; 

PH(i) = 4.5 + 2*(i-1); 

x = 0 : 0.01 : 100; % Unit nm jiang shi duo  

%>>>>>>>>>>>>>>>>>>>particle size <<<<<<<<<<<<<<<<<<< 

ratio = 50; 

 

R1 = 1000; % nm cellulose size 

R2 = R1/ratio; 

% nm solid acid size 

 

% solid acid catalyst list: TBD 

 

% >>>>>>>>>>>>>>>> dielectric constant <<<<<<<<<<<<<< 

e0 = 8.85e-12; % e0--vacuum 

e1 = 7.6; % e1--cellulose 

e2 = 12; % e2--solid acid 

e3 = 78; %  e3--water 

 

% >>>>>>>>>>>>>>>>Refractive index<<<<<<<<<<<<<<<<<<< 

n1 = 1.53; % cellulose 

n2 = 2.42; % solid acid 

n3 = 1.33; % water 

 

% >>>>>>>>>>>>>>>>>Other parameters<<<<<<<<<<<<<<<<<< 

ve = 3e15; % rotational frequency 

h = 6.626e-34; % Plack constant 

kb = 1.38e-23; % Boltzman constant 

avo = 6.022e23; % avogadro constant 



T = 298; % Temperature 

 

z = 1; % Valance 

q = 1.602e-19; % electron charge 

 

  



Appendix B   

D.L.V.O. Analysis of Cellulose and Solid-Acid Catalyst Interaction for Hydrolysis Reaction 

List of Symbols 

U DLVO total interaction energy (J) 

Uvdw van der Waals attraction energy (J) 

Uedl Electrical double layer interaction energy (J) 

A132 Hamaker constant of cellulose (1) interacting with catalyst (2) across water 

(3) (J) 

A11 Hamaker constant of cellulose-cellulose interaction in vacuum (J) 

A22 Hamaker constant of catalyst-catalyst interaction in vacuum (J) 

A33 Hamaker constant of water-water interaction in vacuum (J) 

R1 Radius of cellulose particle (m) 

R2 Radius of catalyst particle (m) 

x Cellulose-catalyst separation (m) 

kb Boltzmann constant, 1.38× 10−23 (J K−1) 

T Temperature (K) 

εi Relative permittivity of cellulose (ε1), catalyst (ε2), water (ε3) and free 

space (ε0) 



ni Refractive index of cellulose (ε1), catalyst (ε2), water (ε3) 

h Planck constant (J s) 

ve Rotational frequency (s-1) 

ψ Electrical potential (V) 

ψ0 Surface electrical potential (V) 

c Ions number concentration (L-1) 

z Valence number 

e Charge of an electron, 1.60× 10−19 (C) 

κ Reciprocal of Debye length (m-1) 

λD Debye length (m) 

ζ Zeta potential of catalyst and cellulose particle surface (V) 

ka1
 Acid dissociation constant 

ka2
 Acid dissociation constant 

ΓAH Surface coverage of undissociated AH acid (mol m-2) 

ΓBH Surface coverage of undissociated BH acid (mol m-2) 

ΓA− Surface coverage of dissociated acid A- (mol m-2) 

ΓB−  Surface coverage of dissociated acid B- (mol m-2) 



ΓAt Total AH acid surface coverage (mol m-2) 

ΓBt Total BH acid surface coverage (mol m-2) 

σ0 Surface charge density (C m-2).  

 

Number of articles published on cellulose hydrolysis using solid acid in 14 years 

Figure 12.1 indicates that the field grew rapidly between 2007-2014, reaching a steady 

value between 50 and 80 publications per year from 2014-2019. The result is that the field has 

expanded from a handful of publications in 2007 to a cumulative total of more than 500 over a 13-

year time period. 

 

Figure 12. 1 shows the number of annually published articles since 2006. The data was obtained 

from Web of Science with the search keywords “solid acid catalyst cellulose hydrolysis”. 



Shear Force Effect on Cellulose-Catalyst Aggregation 

Shear-induced aggregation is discussed and derived by Zaccone et al.[1] where is a shear 

rate-dependent Arrhenius form equation is obtained for aggregation rate constant of two-body 

particle interaction:  

 

𝑘𝑖𝑗 = √
3𝜋𝛼𝑢𝛾(𝑅𝑖 + 𝑅𝑗)𝑅𝑖𝑅𝑗 − 𝑈𝑚

′′ |𝑥𝑚

𝑘𝐵𝑇
𝑒[−𝑈𝑚+6𝜋𝑢𝛾(𝑅𝑖+𝑅𝑗)𝑅𝑖𝑅𝑗]/𝑘𝐵𝑇 

(19) 

where 𝑘𝑖𝑗 is coagulation rate constant, 𝑢 is viscosity, 𝛾 is shear rate, 𝑈𝑚 is DLVO energy barrier 

and 𝑈𝑚
′′ |𝑥𝑚

 is the second derivate of Um with respect to separation (x) evaluated at DLVO energy 

barrier. 

The activation energy for shear-induced aggregation takes the form of:  

 
𝐸𝑎 =

[−𝑈𝑚 + 6𝜋𝑢𝛾(𝑅𝑖 + 𝑅𝑗)𝑅𝑖𝑅𝑗]

𝑘𝐵𝑇
 

(20) 

In the case where shear force counterbalances DLVO energy barrier and diminish the barrier, this 

critical shear rate is an important condition defining the transition from slow aggregation to fast 

aggregation[1]. Thus, the critical shear rate becomes: 

 
𝛾̇∗  =

𝑈𝑚

6𝜋𝑢(𝑅𝑖 + 𝑅𝑗)𝑅𝑖𝑅𝑗

 
(21) 

Since for a specific solid catalyst with fixed Hamaker constant, energy barrier (Um) is strongly 

dependent on surface potential and particle size. Therefore, surface potential of solid catalyst is 

systematically varied from 0 mV to -120 mV for catalyst radius of 0.5, 1, 1.5 and 2 𝜇m. Then 

equation (1) is used to determining the maximum energy barrier for specific surface potential and 

catalyst radius. Finally, equation (21) is employed for calculating critical shear rate.  



In our typical hydrolysis setup, a magnetic stirring bar is inserted into a 15-mL heavy wall glass 

tube (ChemGlass LLC.). The stirring speed, which affects the shear flow of the reaction medium, 

is often set in the rage of 200-600 rpm. Figure 12.2 shows the schematic. For simplification, we 

assume that the stirring bar forms a rotating cylinder with diameter of the length of the stirring bar. 

This assumption will make the schematic similar to Taylor–Couette flow.[2] 

 

 

         

Figure 12. 2 Schematic of reaction system of lab-scale batch reactor for cellulose hydrolysis. 

Left is the side view of the glass tube reactor and right is top view for velocity profile. 

where ω is angular velocity of the inner cylinder (or the rotating speed of stirring bar), Ri  and Ro 

are radius of inner and outer cylinders respectively, R is an arbitrary radius. 

 



The velocity profile is given by: 

 
𝑣(𝑅) =

ωRi
2

𝑅𝑜
2 − 𝑅𝑖

2 (
𝑅𝑜

2

𝑅
− 𝑅) 

(22) 

Therefore, the corresponding shear rate between the moving fluid and stationary cylinder is:  

 
𝛾(𝑅) =

ωRi
2

(𝑅𝑜
2 − 𝑅𝑖

2)(𝑅𝑜 − 𝑅)
(
𝑅𝑜

2

𝑅
− 𝑅)      𝑅𝑖 < 𝑅 < 𝑅𝑜 

(23) 

Equation (23) will be used to extract shear rate profile along the radial direction. Notice that 

equation (23) can apply to the shear rate at glass tube (e.g. R = Ro) because of the denominator 

term (Ro-R). Figure 12.3 shows some representative shear rate when the inner cylinder (or the 

stirring bar) rotates at the speed of 200, 400, 600 and 800 rpm. In general, shear rate maximizes in 

the center of the reactor and then it decreases nonlinearly along outward radial direction. 

 

Figure 12. 3 Shear rate distribution within glass tube reactor. Ro is assumed as 2 cm and inner 

cylinder radius Ri is 0.5 cm. 



Temperature Effect on Cellulose-Solid-Acid Interactions 

Most reported hydrolysis reaction are performed within the temperature range of 350-

450K. Under mildly high temperature, the first order effect of changing temperature is from 

thermal fluctuations, which is easily accounted for using kbT in the DLVO analysis. And the 

particle-particle collisions changes caused by raising temperature is negligible considering the 

hydrodynamics friction is large enough to reduce thermal fluctuation. 

A secondary direct effect is the dependence of the Hamaker constant and surface potential 

on changing temperature. The van der Waals attraction is caused by electronic fluctuation, and it 

is weakly dependent or independent on external temperature fluctuations. Therefore, van der 

Waals attraction between cellulose and solid acid is relatively constant under given reaction 

condition. The effect of temperature on catalyst surface potential/charge density is much more 

complicated to consider. First, temperature affect water dielectric and ionization constants (ε and 

Kw). In fact, the dielectric constant varies from 78 at 25 °C to approximately 35 at 200 °C, the 

upper range of temperatures used for catalytic cellulose hydrolysis.[3] As a result, Debye length 

will increase and water will be much less effective at screening charges than room temperature 

water, enhancing electrostatic repulsion and resulting in net colloidal stabilization for similarly 

charged particles. Second, water ionization constant (Kw) increase from 1×10−14 to 1×10−11 when 

water is heated from 25 to around 200 °C, with the net effect being to adjust 

protonation/deprotonation equilibria, especially for weak acids and bases. Comparatively, the 

dissociation constants[4] of carboxylic acids – and probably sulfonic acids – are much weaker 

functions of temperature than water over the same temperature range. Accordingly, the main effect 

of temperature on acid-base interactions should be due to the temperature dependence of water 

dissociation. Lastly, despite that increasing temperature may enhance the acid dissociation, 



resulting in higher ionic strength than at room temperature. This increased ionic strength may 

contribute to the aggregation; however, this would largely depend on how sensitive the acid 

dissociation to temperature and whether it is endothermal or exothermal reaction. Therefore, the 

effect of temperature on electrostatic interaction is complicated to consider.  

To simplify the temperature effect, we have taken dielectric constant of water, cellulose 

and solid-acid catalyst (e.g. carbon, zirconia and polystyrene) under different temperature and 

substitute those into equations(1-8). The results and analysis are provided in the manuscript.  

Solvent Effect on Cellulose-Solid-Acid Interaction 

Heating water to temperatures greater than 100 °C has been compared with the effect of 

changing solvents;[5] Accordingly, an alternative strategy for manipulating catalyst-cellulose 

binding is to change the solvent entirely. Various alcohol water mixtures,[6] tetrahydrofuran-water 

mixtures,[7] and mixtures of g-Valero lactone and water [8] have been suggested for biomass 

deconstruction solvents, and combining non-aqueous solvents with solid acid catalysts may 

provide substantial technological benefits. Unfortunately, colloidal stability in non-aqueous 

solvents has been the subject of limited studies, meaning that more work is required to arrive at 

definitive conclusions. 

From the considerations presented here, a first order effect of changing solvent will 

(generally) be to decrease the dielectric constant, accentuating both attractive and repulsive 

electrical double layer interactions and with only a handful of exceptions for unusual solvents, 

such as formamide (e = 109.5) or methylformamide (e = 182.4).[9] Accordingly, negatively charged 

solid acids will more strongly repel negatively charged cellulose in non-aqueous solvents than in 

water, assuming that the values of the surface potentials themselves are not changed when the 

solvent is switched. That stated, non-aqueous solvents will shift acid-base dissociation equilibrium 



to favor the neutral forms of acids and bases compared with water, meaning that the assumption 

of constant surface potential is likely erroneous and instead absolute values of the surface potential 

will be less in non-aqueous solvents than in water. Similarly, the activity of the proton itself is 

greater in non-aqueous solvents than in water,[10] meaning that combining the other strategies 

presented here – manipulating particle size, maximizing Hamaker constant, and using bifunctional 

catalysts to control surface potential – with use of non-aqueous solvents has potential to open 

entirely new avenues. 

Reference 

DLVO Matlab Code 

%% Hamaker constant 

%>>>>>>>>>>>>>>>>>>>>>>>>> 1-cellulose; 2-solid acid; 3-water 

<<<<<<<<<<<<< 

A_11 = 3/4*kb*T*((e1-1)/(e1+1))^2+3*h*ve/16/(2^0.5)*(n1^2-

1)^2/(n1^2+1)^1.5; 

A_33 = 3/4*kb*T*((e3-1)/(e3+1))^2+3*h*ve/16/(2^0.5)*(n3^2-

1)^2/(n3^2+1)^1.5; 

A_22 = 3/4*kb*T*((e2-1)/(e2+1))^2+3*h*ve/16/(2^0.5)*(n2^2-

1)^2/(n2^2+1)^1.5; 

A_132 = (A_11^0.5-A_33^0.5)*(A_22^0.5-A_33^0.5); 

%% van der Waals interaction 

%% 

w_vdw = -A_132./6*(2*R1*R2./(x.*(2*R1+2*R2+x))+... 

    (2*R1*R2./(2*R1+x)./(2*R2+x))+log((x.*(2*R1+2*R2+... 

    x)./(2*R1+x)./(2*R2+x))))./(kb*T); 

 

%% Electrical double layer repulsion 

%% 

% >>>>>>>>>>>>>>>>>>> ions concentration <<<<<<<<<<<<<<<<<<< 

% c_H = 10^(-1*PH)*1000; % proton concentration mol/m^3  

 

% electrolyte concentration  

z = 1;  

% >>>>>>>>>>>>>>>>>>>>>>>>> debye length <<<<<<<<<<<<<<<<<<< 

F = 1.5/(avo*1e-18); % 1/nm^2 

 

 

Ka1 = 10^(-2.5); % pka = -1og(c) 

Ka2 = 0; 



 

%% >>>>>>>>>>>>>>>>>>>>>> surface potential of cellulose and 

solid acid <<<<<<<<<<<<<<<<<<<< 

% >>>>>>>>>>>>>>> Zeta potential <<<<<<<<<<<<<<<<<<< 

zeta_1 = -0.020; % zeta potential of cellulose 

zeta_2 = [-0.015 -0.020 -0.025]; 

% solid acid zeta potential 

 

n = 5; 

phi_22 = zeros (1,n); 

PH = zeros(1,n); 

dey = zeros(1,n); 

c_a = zeros(1,n); 

inv = zeros(1,n); 

sigma = zeros(1,n); 

for i = 1:1:n; 

    c_a(i) = 10^(-PH(i))*1e3; % anion 

    c_c = 0e-3*1e3;  

    c_e = 0.000e-3*1e3; 

    dey(i) = sqrt(e3*e0*kb*T/(q^2*z^2*(2*c_c  + 1*c_a(i))*avo)); 

    inv(i) = 1/dey(i); % inverse debye length 

    fcn = (@( phi_22) -

e3*e0*inv(i)*kb*T/2/pi/q*(sinh(q*phi_22/2/kb/T)+2/inv(i)/... 

          (R2*1e-9)*tanh(q*phi_22/4/kb/T))-q*avo*F*(Ka1-

Ka2*((10^(-PH(i))*1000)... 

          *exp(-q*phi_22/kb/T)).^2)/(Ka1+((10^(-

PH(i))*1000)*exp(-q*phi_22/kb/T))... 

          +Ka2*((10^(-PH(i))*1000)*exp(-q*phi_22/kb/T)).^2)); 

   % fimplicit(fcn) 

      phi_22(i) = fzero(fcn,1) 

    sigma = q*avo*F*(Ka1-Ka2*c_a(i)*exp(-

q*phi_22(i)))/(Ka1+c_a(i)*exp(-q*phi_22(i))+Ka2*(c_a(i)*exp(-

q*phi_22(i)))^2)*1000; 

% end 

phi_1 = 4*kb*T/(z*q)*atanh(tanh(z*q*zeta_1/(4*kb*T))/exp(-

d0/dey(i))); 

 % phi_21(1,i) = 

4*kb*T/(z*q)*atanh(tanh(z*q*zeta_2(i)/(4*kb*T))/exp(-

d0/dey(i))); 

w_net2 = zeros (6,10001); 

 

Hogg analytical solution for electrical double layer repulsion  

for j = 1:1:n; 

   for k = 1:10001; 

        w_dl = -(e3*e0*R1*10^(-9)*R2*10^(-9)*(phi_1^2 + 

phi_22(i)^2)/4/(R1 * ... 



              10^(-9) + R2*10^(-

9))*(2*phi_1*phi_21(i)/(phi_1^2+phi_22(i)^2)*... 

              log((1+exp(-inv(i)*(1e-9)*x))/(1-exp(-inv(i)*(1e-

9)*x)))+... 

              log(1 - exp(-2*inv(i)*(1e-9)*x))))/(kb*T); 

          w_net2 = w_dl + w_vdw; 

%    end 

% end 

for m = 1:1:n 

     plot(x,w_net2) 

     m(1,i) = max(w_net2); 

     p(1,i) = (find(w_net2 == m(1,i))-1)*0.01; 

      

     xlim([0 10]); 

     ylim([-20 100]); 

end 

yyaxis left 

plot(PH,m); 

yyaxis right 

plot(PH,phi_22); 

 

hold on 

end 
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Appendix C 

Salt-Promoted Cellulose Hydrolysis: A Hofmeister Series Study 

ss-NMR 

 

Figure 12. 4 ssNMR of Avicel and microcrystalline cellulose treated with guanidinium chloride 

and ammonium chloride 

 

 

 

 

 

 



 

 


