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PREFACE 

 

Utilization of liquid and supercritical (sc) CO2 as an environmentally 

benign alternative solvent platform has been one of the major themes 

of green chemistry. Over the years, many novel and innovative 

industrial strategies using this solvent system have emerged by virtue 

of the inherent capabilities of this solvent system such as ease of 

solvent removal and tunability of solvent parameters. In addition to 

being abundant and inexpensive, this solvent system has many 

environmentally friendly attributes such as non-toxicity, non-

flammability and importantly, easily attainable critical temperature and 

pressure, making this as an environmentally acceptable and 

economically viable solvent alternative for the chemical industry. In 

spite of its limitations in terms of understanding its full solvent 

capabilities, it has made inroads into several important areas such as 

fluoropolymer synthesis, dry cleaning, chemical separations and 

processing, pharmaceutical and textiles industry,  microelectronic 

cleaning, extraction of natural products and synthetic organic 

chemistry.  One of the major challenges in the area was the 

identification of non-fluorous and inexpensive CO2-philes for enabling 

such applications. It was identified that one can develop CO2-philes 

based on site-specific solute-solvent interactions such as Lewis Acid-

Lewis Base interactions and was shown that simple functionalizations 

such as acetylation of carbohydrates can be employed for the design of 

inexpensive, non-fluorous CO2-philes.  



In this work we have employed three non-fluorous CO2-philes, viz., α-

D-Glucose pentaacetate (AGLU), Sucrose octaacetate (SOA) and 

Poly(ethylene glycol) (PEG; MW 1500). The first two belongs to the 

class of sugar acetates and the last one belongs to the class of 

oxygenated polymers.The integration of these CO2-philes with 

liquid/scCO2, for developing newer applications in the field of textiles, 

paper, wood, agricultural and pharmaceutical industries were 

investigated. Also, liquid/scCO2 is compared with conventional 

solvents such as Acetone or Ethyl Acetate for the various applications 

studied.  

The thesis is divided into eight chapters. Chapter 1 provides a detailed 

introduction to evolution and principles of green chemistry, alternative 

solvents, supercritical fluids, solvent attributes of scCO2 and finally the 

specific objectives of the present work.  

The specifications of various materials used, detailed description of 

supercritical CO2 facility, methodologies adopted, and characterization 

techniques have been presented in Chapter 2.  

Chapter 3 presents the results of our investigation on the sizing and 

desizing of cotton and polyester yarns using CO2-philes as the size 

material and liquid/scCO2 as alternative solvent. Sizing of yarns were 

also carried out in Acetone and Ethyl Acetate medium and compared.  

Chapter 4 presents the sizing of paper using CO2-philes as the size 

material and liquid/scCO2 as the alternative solvent.  



Chapter 5 deals with the study of the impregnation of wood using SOA 

in scCO2 medium. 

Chapter 6 discusses the preparation of composites of urea with CO2-

philes using scCO2 as the solvent for the sustained release of urea. The 

results obtained are compared with the release kinetics obtained for 

composites prepared using Ethyl Acetate medium.  

Chapter 7 presents the application of scCO2 as the solvent for the 

preparation of drug-excipient composites for the sustained release of 

Atenolol. The results were compared with composites prepared using 

Ethyl Acetate medium.  

Finally, the major conclusions of the work and the future outlook for 

extending these applications to an industrial level are presented in 

Chapter 8. 



1 

CHAPTER 1 
INTRODUCTION 

 

Chemical industry has been an integral part of man’s development in 

terms of the advancements it made in the diverse areas of human well-

being from the development of fertilizers and pesticides for agriculture 

to new materials for housing and better pharmaceuticals. The quality of 

human life has significantly improved during the past century. 

Chemistry had played a significant role in warfare. Chemists were also 

engaged to aid the military for developing more powerful chemicals 

and newer technologies. In the post-war scenario, many of these were 

transformed into benign use with significant commercial potential. The 

case of DDT (1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane),  is a well-

documented example.1 Being a highly potent insecticide, it was used 

during the war to prevent the spread of typhoid, malaria and some 

other diseases spread by insects and could save millions of lives during 

the war. In the post-war days, DDT continued its journey worldwide as 

an easily available insecticide without anyone foreseeing its hazardous 

consequences to human health and environment. The public awareness 

of the hazards and the bioaccumulation of pesticides gathered 

momentum with significant efforts from Rachel Carson, the American 

conservationist and journalist. It was her book The Silent Spring in 

1962 that gathered worldwide attention on how certain chemicals and 

pesticides affect the biosphere and marked the beginning of a green 

revolution in chemistry. The author also highlighted the unintended 

hazards of pesticides on our eco system and human health based on 



2 

different scientific reports and materials, and demanded strict 

environmental regulations to control and limit the widespread use of 

such harmful chemicals. This book was a warning to the public and 

also inspired scientists. Motivated by this, the American Congress 

passed the National Environmental Policy Act (NEPA) in 1969 with 

the objective to “create and maintain conditions under which man and 

nature can exist in productive harmony”. In 1970, the U. S. 

Environmental Protection Agency (EPA) was established by President 

Richard Nixon for the protection of environment and human health. 

EPA, as an initial measure, in 1972, banned the domestic use of the 

pesticide DDT due to its widespread misuse and the negative impact it 

placed on our earth. In 1987, the Montreal Protocol was established by 

the United Nations - the first treaty in the history to get universal 

approval; aimed at reducing the production and consumption of ozone 

depleting substances. In 1990’s, scientists began to recognize that 

pollution prevention requires much more attention than pollution 

control and accordingly, the Pollution Prevention Act came into effect. 

For the first time, the phrase “green chemistry” was coined by the staff 

of the EPA Office of Pollution Prevention and Toxins and by late 

1990’s, green chemistry and its twelve principles were defined by Paul 

T. Anastas and John C. Warner in their book Green chemistry: Theory 

and Practice.  

1.1 Green chemistry 

This increasing concern regarding the environment has led to a 

growing need for newer technologies that produce the minimum waste 

and reduce or eliminate the use of toxic substances.2 The most 
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important initiative in this context is the envisioning of green 

chemistry. Paul Anastas and John C. Warner defined green chemistry 

as the “utilization of a set of principles that reduces or eliminates the 

use or generation of hazardous substances in the design, manufacture 

and application of chemical products.”2,3,4 Most of the chemical 

processes are associated with some risk factors. According to the 

definition of green chemistry, it is essential to either completely 

eliminate or to reduce the risk to an acceptable level. Generally, the 

environmental risk is expressed as a function of hazard and exposure. 

Risk f (Hazard × Exposure)5,6 

Initially, risks were reduced by controlling some of the circumstantial 

factors such as the use, handling, treatment and disposal of the 

chemicals. But with the emergence of the concept of sustainable 

practices, intrinsic factors such as the design and manufacture of less 

toxic substances, reaction pathways that reduce by-products, etc. are 

given due importance. In order to accomplish the concept of 

sustainable practices and bring them into practice, certain guidelines or 

criteria have to be designed. In this respect, a set of twelve principles 

were developed as a reference to the green practices and are 

summarized below. 

The first and foremost among the principles of green chemistry is the 

prevention of waste. Waste is defined as any substance that does not 

have any value or loss of unutilized energy. Waste can be present in 

any form, and their impact on our environment solely depends on the 

various factors such as their nature, toxicity, quantity, and so on. 
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Always, it is considered better to prevent waste rather than to clean it 

after the formation and also utmost attention must be kept while 

choosing a pathway for chemical synthesis such that there is minimal 

or zero waste produced at the end of the synthesis or chemical process.  

In this respect, in 1992, Roger Sheldon introduced a new concept 

namely Environmental Impact Factor or E-factor. With this approach, 

one could easily monitor the environmental acceptability of a 

manufacturing process in chemical industry.  

Atom economy, is yet another important concept of green chemistry 

and this was introduced for the first time by Barry Trost in the year 

1990. It is defined as the conversion efficiency of reactants into the 

final product (in terms of atoms). Atom economy, together with the 

terms ‘selectivity’ and ‘yield’, can be used to evaluate the greenness of 

a chemical process.  

Wherever applicable and possible, it is necessary to employ synthetic 

methodologies that use and generate only substances that are non-toxic 

to human health and environment. In the past century, researchers have 

been working hard to develop new green synthetic strategies that 

generate non-toxic substances. Some examples of green reactions are 

C-H activation, olefin metathesis, enzymatic reactions, cycloaddition 

etc. 

Design of safer chemicals is another concept of green chemistry. With 

the advances in science, it has become very easy to identify toxic 

substances and the origin of toxicity is often attributed to certain 

functional groups that are in no way connected to the use of that 
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compound. By cleverly tailoring the molecules, it is possible that toxic 

chemicals may be replaced with non-toxic ones, or at least less toxic 

ones.  

Solvents are substances that are essential for the synthesis of a 

chemical substance but at the same time not an integral part of the 

compound. The conventional Volatile Organic Compounds (VOCs) 

used as solvents in most applications are toxic, flammable and 

corrosive. The reckless use of VOCs presents a serious problem and is 

also responsible for the pollution of land, air, and water. Recovery and 

reuse of these conventional solvents are highly energy intensive 

processes. In an effort to answer all these shortcomings, chemists 

started to look forward for safer solvent alternatives. Solvent-free 

processes and usage of alternative solvents such as supercritical fluids, 

ionic liquids, water etc. are some initiatives in this direction. 

Some of the slow chemical reactions can be accelerated with enhanced 

product yield using catalysts. Green chemistry demands the use of 

catalysts for chemical transformations. Apart from contributing to 

higher yield and atom economy, the usage of catalyst can also reduce 

the consumption of energy to a large extent, since more than thousand 

transformations could be achieved before the exhaustion of a single 

catalyst. Replacing traditional stoichiometric strategies with catalytic 

processes is regarded as the simplest way to improve the efficiency. 

From the energy perspective, the use of microwave and ultrasound can 

be opted instead of the conventional heating of the reactants at very 

high temperatures for longer time. 
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The use of renewable feedstocks is another concept that needs 

consideration from the green chemistry perspective. Prolonged use of 

non-renewable starting materials ends up in the complete depletion of 

the same. Starting materials obtained from biological or agricultural 

sources can be regarded as renewable feedstocks and need to be chosen 

as the starting materials. Lignin, cellulose etc. are some examples for 

renewable feed stocks. 

Utilization of derivatives for protecting some groups, which otherwise 

can undergo some kind of side reactions, at the given reaction 

conditions, cause adverse effects on our ecosystem and accordingly, 

their use has to be controlled.  

Green chemical practices also insist on the synthesis of bio-degradable 

substances and demand that the degradation products must be non-

toxic. The functional groups that are susceptible to hydrolysis, any 

type of cleavage etc. may be structurally incorporated in order to 

ensure that the degradation products are bio-degradable.  

Accidents are very frequent in chemical industries. Bhopal gas tragedy 

and Love Canal incidents are some instance of the worst chemical 

accidents in the history of scientific development and took thousands 

of lives. These accidents are powerful reminders to the chemical 

community. Utmost attention must be there to replace hazardous 

chemicals by safer alternatives to prevent chemical accidents and 

explosions wherever possible.  
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Real-time monitoring using modern analytical techniques and 

monitoring systems must be incorporated into the industrial processes 

for controlling a chemical process from the beginning towards the end.  

All these concepts together constitute the twelve principles of green 

chemistry, aimed at enabling sustainable practices in chemistry.  

1.2 Alternative solvents 

Solvents play an inevitable role in the field of chemistry and are 

widely used for chemical separations and processing. The use of 

organic solvents such as xylene, toluene, benzene etc. in chemical 

processes is a major environmental concern. Apart from their high 

volatility, the toxic and flammable nature of these VOC’s raises a 

major threat to the environment. Additionally, these solvents are non-

renewable and non-recyclable. The use of such solvents is liable to a 

series of regulatory controls.  Stringent environmental regulations 

paved the way for solvent-free processes and the use of green solvents 

such as water, supercritical fluids, ionic liquids, fluorous solvents, 

plant based solvents etc.7,8 To consider a solvent as a green alternative 

solvent, we need to take into account four factors, namely, their 

manufacture, distribution, use and disposal of the solvent. While 

manufacturing a solvent, the raw material used for the preparation, 

energy and cost requirements, recyclability of the raw material etc. 

needs atmost attention. The distribution and transportation of the 

solvent are other issues that require consideration. Easily and locally 

available solvents are the most preferred. The complete information 

(both physical and chemical properties) of the solvent must be known 
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before its use, since the properties such as melting point, boiling point, 

viscosity, density, corrosiveness etc. decides its mode of use, safety 

precautions, environmental, chemical and engineering considerations 

that must be enforced. Finally, the disposal of the solvent is an 

unavoidable part that requires keen attention as this stage ends up in 

severe damage to our ecosystem. The solvents that can be recycled and 

reused easily via various methods such as distillation, separation etc. 

stands superior to those solvents whose processing is too tedious with 

higher rates of economic and energy consumption. With reference to 

the aforementioned factors, the recyclability, cost, environmental 

impact, solvating power, and ease of use, of some of the customary 

alternative solvents are briefly discussed in the next section. 

1.2.1 Water 

Water is a readily available, ubiquitous solvent, but purification of 

water is an uneconomical process. While water is used as an 

alternative solvent in many organic separations and synthesis, in most 

cases, water is unable to dissolve compounds of low polarity due to its 

high dielectric constant and cooperative network of hydrogen bonds.9 

In view of the poor solubility of most of the organic compounds in 

water, the use of water as an alternative solvent was restricted mostly 

to hydrolysis reactions. In fact, nature uses water as the solvent for the 

synthesis of many complex molecules in biological systems. In the 

recent years, researchers established that water acts as an excellent 

solvent for many other organic reactions such as cyclopropanation of 

olefins, Michael additions etc.10 The high energy cost required for the 

removal of water is a serious limitation in using it as an alternative 



9 

solvent, due to its high heat capacity and latent heat of vaporization. 

Proper treatment of contaminated water is another important issue that 

requires an adequate consideration. 

1.2.2 Ionic liquids 

Ionic liquids are salts that exist in liquid state and are made up of 

positively and negatively charged ions. These solvent systems have 

already replaced conventional VOC’s in a variety of chemical 

reactions such as Friedel Crafts alkylation, reduction of aromatic rings, 

carbonylation etc.10 Manufacture of ionic liquids is a multistep process 

and their manufacturing and purification are energy intensive 

processes. Separation and reuse of ionic liquids are not very energy 

intensive. Negligible vapour pressure, low viscosity, low melting 

point, wide liquid range and non-flammability are the most important 

properties that are taken into account while considering ionic liquids as 

green alternative solvents.9,11,12 Ionic liquids are polar in nature and 

hence can solubilize many organic and inorganic materials. With the 

appropriate selection of cations and anions, the properties of ionic 

liquids can be tuned according to our desired needs and hence they are 

also known as designer solvents. Low vapour pressure of ionic liquids 

merely doesn’t convey that they are green solvents. Most of the ionic 

liquids are soluble in water and have a mere chance for entering into 

the aquatic environment causing pollution. The environmental impact 

of ionic liquids is still not completely known and research works are 

been done in this direction.  
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1.2.3 Fluorous Solvents 

Highly fluorinated compounds such as perfluoroalkylethers, 

perfluoroalkenes etc. are considered as fluorous solvents and they are 

non-toxic, non-flammable and thermally stable.9,10 They can be reused 

and are mostly used in biphasic systems. Much like ionic liquids, the 

manufacturing and purification of fluorous solvents are multi step, 

energy intensive process, consuming immense amount of VOC’s. They 

have very low polarity and are generally volatile, depending on the 

chain length. Fluorous solvents have very high density, poor solvent 

strength and low solubility in water and organic solvents. Being non-

polar in nature, they cannot be used in majority of the organic reactions 

as a solvent replacement; instead, they are used in combination with a 

conventional solvent to form a biphasic system. Oxidation reactions, 

bromination and chlorination of alcohols etc. are some of the chemical 

reactions wherein fluorous solvents have replaced conventional 

solvents. Incineration of fluoro compounds is a highly energy intensive 

process and can also lead to some harmful by-products which need to 

be treated further. These solvents persist for longer time in our 

environment and these bioaccumulate instead of biodegradation.  

1.2.4 Supercritical fluids (SCFs) 

In 1822, Baron Charles Cagniard de la Tour discovered SCFs 

accidentally while conducting experiments related to heated fluids. In 

1879, Hannay and Hogarth were the ones who demonstrated that SCFs 

possesses solvating power.13 A substance existing at a temperature and 

pressure above its critical point is said to be in the supercritical state. 
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At the supercritical state, the substance exhibits both liquid-like and 

gas-like properties, which can be tuned by just varying the temperature 

and pressure. SCFs show gas-like molecular diffusion and liquid-like 

density, and the diffusion coefficient is intermediate to that of gas and 

liquid.13,14 They have excellent ability to penetrate into porous 

materials much like a gas and dissolve substances as liquids do. 

Separation and drying via simple expansion is the foremost advantage 

of using SCFs. The recovered gas can be recycled and reused as such, 

without the need of any further purification steps. Another benefit of 

replacing conventional organic solvents lays on the minimum energy 

consumption during operation. Additionally, the thermo physical 

properties of SCFs such as diffusivity, viscosity, dielectric constant 

etc. can be tuned by simply varying the operating temperature and/or 

pressure. All these favourable solvent attributes of SCFs make them a 

good candidate as green alternative solvents.7,8,9 Nowadays, SCFs are 

considered as greener alternatives to toxic greenhouse gases and fluids 

used in air conditioners, refrigerators etc. replacing ammonia, propane, 

sulfur dioxide and chlorofluorocarbons.  Researchers began to consider 

SCFs as alternative reaction media by the end of 1980’s. Already, 

attempts have been made to develop several processes using SCFs in 

pharmaceutical, textile and food industries.15 Some of the substances 

that are commonly used as SCFs are methanol, ethanol, CO2, water, 

methane and ethane. Critical parameters of several SCFs mentioned 

above are provided in Table 1.1. 
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Table 1.1 Critical parameters of some of the generally used SCFs.16 

Substance 
Critical Temperature 

(0C) 

Critical 
Pressure 

(bar) 

Methanol 240 79.5 

Ethanol 241 63 

Carbon dioxide 31.1 73.8 

Water 374 220 

Ethane 32.2 48.72 

Propane 97 42.49 

 

Although, methanol, ethanol, ethane etc. has been rarely used as SCFs, 

some applications using these SCFs are reported. For example, 

supercritical methanol is used as reactant for biodiesel production.17 

Preparation of titania/carbon nanotube composites using supercritical 

ethanol and metallic copper nanoparticles using supercritical ethane 

have been reported.18,19Among all, the most common SCFs being 

employed as alternative solvents for chemical separations and 

processing are supercritical water and CO2, respectively.  

1.2.4.1 Supercritical water 

Water being abundant and easily available,  supercritical (sc) water 

also gained attention as an alternative solvent and has been used for 

non-catalytic Beckman and Pinacol rearrangements, etc.20,21,22 It has 

been reported that, on varying temperature and pressure, the dielectric 

properties of scH2O can be switched over a wide range to achieve the 

polarities of common solvents in use. Also, scH2O shows enhanced 
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solubility and catalytic efficiency than water. Higher reaction rates, 

low viscosity, low surface tension, lesser extent of hydrogen bonding 

and higher solubility of non-polar organic compounds are some of the 

major features associated with the use of scH2O.20,23-25 By simple 

adjustment of temperature and pressure, the properties of reaction 

medium can be varied over a very wide range of conditions. The 

limitations associated with the use of scH2O are its highly corrosive 

nature and the extreme working conditions.  

1.3 Liquid and supercritical carbon dioxide  

Utilization of liquid and scCO2 as greener alternative platforms has 

received significant attention in the past couple of decades. ScCO2 is 

arguably the greenest among the solvent alternatives discussed in the 

previous sections due to its low cost, non-flammability, non-toxicity, 

recyclability, abundance, moderate critical temperature and pressure 

(31.1 0C and 73.8 bar) and tunable solvent properties.26-29 Phase 

diagram of CO2 is shown in Figure 1.1. 

 

Figure 1.1 Phase diagram of CO2.
28 
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The ease of solvent removal is one of the major advantages associated 

with the use of scCO2 as an alternative solvent and the products 

obtained after CO2 processing are completely dry without any residual 

solvent left behind. CO2 is identified as a “greenhouse” gas and 

accordingly, the atmospheric emission of this gas have to be reduced. 

By recycling CO2 gas (collected as by-products from various industrial 

processes) and utilizing it for various chemical manufacturing and 

processing helps to reduce the level of emissions to the atmosphere. 

Also, reports say that the threshold limit value (TLV) of CO2 is higher 

than conventional solvents such as Acetone, Chloroform, Pentane etc. 
28  

1.3.1 Solvent attributes of CO2 

In order to effectively utilize CO2 as a solvent, one needs to examine 

the solvent attributes of CO2. Generally, scCO2 is considered as a 

feeble solvent for ionic, highly polar and high molecular weight 

compounds because of its low dielectric constant.29  

CO2 is a linear triatomic molecule belonging to the D∞h point group and 

thus considered as a non-polar solvent. The zero dipole moment of 

CO2, arising directly as a consequence of the shape of the molecule, is 

responsible for its very low dielectric constant. The rule of thumb for 

solvation is “like dissolves like”. So, normally one would expect that 

the non-polar hydrocarbons and amphiphilic systems will be soluble in 

the “non-polar CO2”. In fact, the dielectric constant of liquid/scCO2 is 

even lower than that of hydrocarbons and so it was expected that CO2 

could be a good replacement for the hydrocarbon solvents. Contrary to 

these expectations, Consani and Smith showed that, in fact, many of 

the hydrocarbon-based molecular systems are actually insoluble in 
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CO2.
30 This led researchers to examine the microscopic aspects of 

solvation in more detail. 

Despite the net dipole moment of the CO2 molecule being zero, it has a 

significant quadrupole moment associated with it and on that account, 

CO2 was often referred to as a quadrupolar solvent.31,32 Dipole-

quadrupole interactions were used to explain the anomalous solvent 

attributes of CO2. The idea about more site-specific interactions was 

also evoked to explain solvation in scCO2. One important study that 

shed more light into this is the comparison between the solvation of 

CO and CO2 in H2O.33 CO being a smaller molecule than CO2 and also 

a molecule having a non-zero dipole moment, one would expect CO to 

show high solubility in H2O. But contrary to these expectations, CO2 

shows high solubility in H2O. This may be attributed to a profound, 

specific, solute-solvent interaction arising as a result of hydrogen 

bonding between the oxygen atom of CO2 and hydrogen atom of H2O, 

since charge separation in CO2 are on par with H2O molecule. Sato et 

al. has provided evidence for the solute-solvent interaction in the 

solvation of CO2 by H2O with the aid of molecular dynamics study.34 

Such site-specific, solute-solvent interactions are less important 

between CO and H2O molecules. It was concluded that CO2 can be 

considered as a non-polar solvent with polar attributes.33 

1.3.2. Solvation of fluorocarbons in CO2 

By late 1980’s, the usage of scCO2 as an alternative solvent was almost 

dismissed by researchers due to the poor CO2-philicity of most of the 

common molecular systems.35 This made researchers to think of 

identifying CO2-philic molecular systems that can be attached to 

enhance the solubility of otherwise CO2-insoluble molecules. 
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Interestingly, in 1992, for the first time, DeSimone et al. reported the 

solubility of poly(perfluoroalkyl acrylate) (Poly(FOA)) with larger 

number of repeating units in CO2 and accordingly suggested the 

synthesis of polymers and copolymers using fluorinated monomers.36 

It was also demonstrated that the fluorocarbon systems have high 

solubility in CO2 while the corresponding non-fluorous counterparts 

were completely insoluble in CO2. Thereupon, lot of research was 

focussed on explaining the CO2-philic nature of fluoro compounds to 

investigate if there is any site-specific interactions existing between 

CO2 and the fluorinated compounds with the aid of FT-IR, 1H and 19F 

NMR, etc. A research team lead by Yee et al. investigated the CO2-

philic nature of these compounds using FT-IR spectroscopy, but 

couldn’t observe any interactions but rather could conclude that the 

high repulsive nature of fluorocarbon-fluorocarbon interactions is 

responsible for its high solubility.37 Later, Dardin et al. examined the 

solubility of n-hexane (C6H14) and perfluoro-n-hexane (C6F14) in CO2 

with the aid of 1H and 19F NMR technique, although they could not 

observe any specific interaction between C6H14 and CO2,  but could 

observe a small chemical shift in the C6F14 spectra, which they 

attributed to van der Waals interactions between C6F14 and CO2.
38 

Kazarian et al. also investigated the interactions between 

poly(vinylfluoride) and CO2 and could observe a small splitting in CO2 

bending mode of vibration and hence concluded that weak CO2-F 

interactions are responsible for its solubility in CO2.
39 The 

discrepancies in NMR results for different compounds compared were 

reported to be due to structural and electronic differences between 

these molecules.40 Even now, there are conflicting views among the 

researchers regarding the solvation of fluorinated compounds in 

scCO2. It is largely believed that the non-directional, dispersive 
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interactions are largely responsible for the high miscibility of fluoro 

compounds with liquid and scCO2. Since fluorocarbons are miscible 

with liquid and scCO2, researchers considered fluorination and the 

attachment of fluorocarbon moieties to other molecules for the design 

of functional CO2-philes such as surfactants. It was also considered 

that the extent of CO2-philicity is a function of the extent of 

fluorination. Later, Raveendran et al., using computational quantum 

chemistry, studied the effect of step-wise fluorination on the CO2-

philicity of methane and concluded that in partially fluorinated 

molecules, the F atom acts as a weak Lewis Base and interacts with the 

electron deficient carbon atom of CO2, and the hydrogen acquires a 

positive charge and interacts with the electron rich oxygen atoms in 

CO2.
41 The results indicated that there could be a turnover 

concentration of fluorine atoms, beyond which one may expect a 

reduction in the CO2-philicity. 

1.3.3 Polar attributes of scCO2 

Previous studies indicated that one needs to have a detailed, 

microscopic understanding of the solvation phenomena in CO2 for 

enabling the utilization of scCO2 as an alternative solvent. In fact, CO2 

is a charge-separated molecule with a partial negative charge on the 

electronegative oxygen atoms and a partial positive charge on the 

carbon atom. Thus the carbon atom can act as a weak Lewis Acid (LA) 

and the oxygen atoms as weak Lewis Base (LB) making it a solvent 

system wherein LA-LB type interactions can govern the solvation in 

it.32 A comparison of the atomic charges and bond dipoles on 

individual atoms of H2O and CO2 were reported by Raveendran et al.33 

and is shown in Figure 1.2. It reveals that the charge separations in 
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both the molecules resemble very closely. It must be borne in mind 

that charges are only an abstract representation of the electron density 

distribution in the molecule. In fact, one observes significant difference 

in the solvent behaviour of CO2 and water. Water, with its extensive 

networks of cooperative hydrogen bonds can act as an excellent 

solvent for polar units. In fact, these hydrogen bond networks break 

down when water is brought to supercritical conditions leading to a 

low dielectric constant. A faster, intra-chain, proton transfer 

mechanism was suggested in such situations to explain the observed 

reaction selectivity and enhanced reaction rates in such situations.22 

 

Figure 1.2 Illustration of bond dipoles and atomic charges on atoms of 
(I) H2O and (II) CO2.

33 

Based on the ab initio quantum chemical calculations on several 

carbonyl containing prototype molecules, Raveendran et al42 suggested 

that carbonyl containing compounds may be solvated in CO2. 

Interaction between CO2 and sp3 C atom of methanol and dimethyl 

ether were also reported.43,44 For ester groups, both ether oxygen and 

the carbonyl group contribute to the solvation in CO2.
45 The same was 

responsible for the solubility of certain polymers in liquid/scCO2.
46,47 
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Raveendran et al. also demonstrated that for systems such as Methyl 

Acetate, the oxygen atom in CO2 can also form a cooperative C−H···O 

hydrogen bond with electron deficient hydrogen atoms attached to the 

α-carbon atom attached to the carbonyl group (Figure 1.3).42 

 

Figure 1.3 Schematic of LA-LB interactions between the carbonyl 
oxygen atom and carbon atom of CO2 molecule, and also cooperative 
C−H···O hydrogen bonding between oxygen atom of CO2 and the CαH 
bond.33 

 

In support of the theoretical calculations, they also reported a blue-shift 

in the frequency of the C-H stretching mode and a red-shift in the 

frequency of the carbonyl stretching mode, respectively, in the Raman 

spectrum of the Acetaldehyde-CO2 complex.48 Other molecular 

systems such as phenol49 and CH3F
41,50 were also observed to be 

capable of forming both conventional and non-conventional hydrogen 

bonds with CO2. 
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1.3.4 Design of non-fluorous CO2-philes 

The high cost and low environmental acceptability of fluorocarbon-

based compounds were the major limiting factors in further 

development using this class of CO2-philes and the applications were 

restricted to areas were fluoro compounds are used generally . As an 

initial attempt to develop non-fluorous CO2-philes, Sarbu et al. 

investigated the solubility of non-fluorous polymers in scCO2.
51In one 

of the pioneering studies, Kazarian et al. had demonstrated using IR 

spectroscopy that there exists site-specific interactions between CO2 

and carbonyl groups.39. This observation was followed by many works 

in which polymers were incorporated with oxygen containing 

functional groups to enhance its solubility in CO2 for example, Kilic et 

al. studied the phase behaviour of oxygen containing polymers in 

CO2.
52 

Later, guided by theory, Raveendran et al. demonstrated that 

acetylation of naturally occurring poly-hydroxy systems such as 

carbohydrates can be used as a method for the development of an 

inexpensive, environmentally benign and renewable class of CO2-

philes.53 In fact, these compounds are widely used in food, 

pharmaceutical applications, etc. It was shown that peracetylated 

sugars such as D-Glucose pentaacetate (α and β forms), β-D-galactose 

pentaacetate, Sucrose octaacetate, and acetylated cyclodextrins are all 

highly miscible with liquid and scCO2.
53-57 Crystallization of some of 

these carbohydrates was also demonstrated by Raveendran et al.58 

Absorption of CO2 by some of the aforementioned sugar acetates were 

studied using quartz crystal microbalance.59 In 2006, Wallen et al. 
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reported the change in crystallinity of some sugar acetates and 

acetylated cyclodextrins using Sum Frequency Generation (SFG) 

spectroscopy and Differential Scanning Calorimetry (DSC) 

technique.60 Another work of Enick et al. included the study of global 

phase behaviour of β-D-maltose octaacetate, validating the LA-LB and 

cooperative hydrogen bond interactions between carbonyl group of 

sugar acetates and CO2.
61 

Another strategy employed to overcome the poor solvent strength of 

CO2 is to identify surfactants that form thermodynamically stable 

water-in-CO2 reverse microemulsions.62 Initially, it was observed that 

surfactants used in hydrocarbon solvents are not suitable for scCO2; 

instead certain CO2-philes are to be identified.30,63,64 Initially, 

fluorocarbon,65,66 silicone67-69 and fluorinated analogues70,71 of AOT 

surfactants were identified. Later on, researchers were successful in 

identifying non-fluorinated surfactants, capable of stabilizing water-in-

CO2 microemulsions. Also, Eastoe et al.72 synthesized environment 

friendly, CO2-philic O-surfactants by adding oxygen into the 

surfactants, thereby sustaining the stability of water in CO2 emulsions 

and their design was based on acetylated sugars. Based on reports 

regarding various interactions between CO2 and polymers, certain 

polymers were expected to be soluble in scCO2.
39,47,73 

1.4 Applications of liquid and scCO2- A brief summary 

Supercritical CO2 has already made inroads into many areas in 

industry. Historically, extraction of natural products using scCO2 is 

considered as the oldest and the most developed industrial application, 
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with wide applications especially in food industry.78 Among the 

various extractions carried out using scCO2, decaffeination of caffeine 

is the first commercialized one.78 Extraction of hops during the beer 

brewing process is yet another important application using scCO2. 

Other examples for extractions using scCO2 includes, extraction of fats 

and oils, extraction of cholesterol, lipids etc.79-81 Later, scCO2 was also 

applied for extractions in pharmaceutical, forensic and nutraceutical 

industry.82 In addition to extraction, SCF chromatography is another 

SCF technology that has been commonly used as an alternative to 

conventional liquid chromatographic separation and this technique has 

found application in food and pharmaceutical industries.  

ScCO2 has also gained much attention in the area of polymer synthesis 

and processing. As already mentioned, DeSimone et al. has 

synthesised fluoropolymers for the first time, using CO2 as a solvent, 

based on its very high solubility in CO2.
36 Synthesis of CO2-soluble 

surfactants were reported by many groups, since surfactants plays a 

significant role in the synthesis of polymers and other polymer 

processing includes extractions, coatings, drug delivery and so on.83 

Nowadays, scCO2 is regarded as the most viable and promising 

alternative solvent for polymerization and processing.84-88 CO2 is 

known to plasticize a variety of amorphous polymers and is able to 

significantly reduce their glass transition temperatures. Preparation of 

polymer composites and control of their morphology are still major 

challenges in biomaterials processing.89,90 Howdle and co-workers 

have reported that scCO2 can be used to synthesize polymeric 

composites incorporating guest materials without any loss of activity 
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of the polymer.91 Application of scCO2 in the production of polymer 

systems for drug delivery is already well established.92 

SCF technology also presents possibility in the field of 

photolithographic technology wherein no solvent of any kind, whether 

organic/aqueous are used in coating, in any of the developing steps.83,93 

Nanochemistry, a recently emerged and fast growing branch of 

chemistry, is always grateful to supercritical fluid technologies since 

numerous novel works are reported in this area.94-96 Precipitation of 

particles into micro- and nano- particles can be easily achieved using 

supercritical fluid technologies instead of conventional methods such 

as spray-drying, freeze-drying etc.97,98 Many drawbacks associated 

with the conventional methods such as solute degradation, residual 

solvent concentration, poor control on particle size, structural changes 

etc. can be rectified or completely eliminated by replacing them with 

scCO2. Rapid expansion of supercritical solutions (RESS), 

supercritical antisolvent precipitation etc. are some of the SCF 

techniques proposed for the particle formation especially for 

pharmaceutical applications wherein solubility and bioavailability of 

pharmaceutical compounds can be increased by size reduction.99 In 

pharmaceutical industry, SCFs are mainly utilized for the purpose of 

micronization, preparation of solid dispersions and polymorphic 

control.100,101 

By now, dyeing processes using scCO2 as dyeing solvent is a sought 

after process in textile industry.102,103Disadvantages associated with 

conventional dyeing process such as generation of huge amount of 
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waste water, energy-intensive drying process etc. can be eliminated. 

Low viscosity and high diffusion rate of scCO2 facilitates CO2-dye 

mixture to penetrate into the material. Likewise, it is well established 

that liquid/scCO2 can be used for dry-cleaning applications. It is 

considered as the ideal and sustainable alternative to perchloroethylene 

(PER) in dry-cleaning process.104 Supercritical drying of materials, 

particularly in the case of mesoporous/ supermicroporous  materials, is 

another important application of SCFs.105 SCF technology is 

considered as the best alternative to conventional drying processes 

wherein the final product is efficiently dried without the requirement 

for high temperature. Decontamination of soil using scCO2 is yet 

another application which has gained considerable attention and is 

considered as an attractive alternative to conventional method 

involving extraction with liquid solvents.106 

ScCO2 has also found applications in the field of microelectronics as 

cleaning agents and is mainly applied for organic contamination 

removal.107 SCFs have also been explored as reaction media where 

phase-transfer catalysis (PTC) is employed.108 PTC is an important and 

effective method to conduct heterogeneous reactions with the aid of a 

catalyst. In 1996, Dillow and co-workers reported the first example of 

a PTC reaction carried out in scCO2.
109 This was followed by a series 

of PTC reactions carried out in scCO2.
110 In some particular cases, co-

solvent is used in order to ensure complete dissolution in scCO2. 

SCF technology have also found interesting applications in the area of 

synthetic organic chemistry.111 Hydrogenation reactions such as 

homogeneous catalytic, asymmetric and continuous hydrogenation etc. 
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are very common and frequently reported reactions in scCO2
112,113 

Hydroformylation reactions, much similar to hydrogenation reactions, 

which are traditionally carried out in liquid solvent media are 

nowadays replaced with scCO2.
114 Photochemical and radical reactions 

such as free radical halogenation reactions and thermally initiated 

radical reactions, are also performed in scCO2.
115 Diels-Alder 

cycloaddition, Friedal-Crafts alkylation, Heck reactions etc. are some 

common name reactions carried out in scCO2 medium.111,116,117 

Researchers have also identified that scCO2 medium may be used to 

perform oxidation reactions such as catalytic aerobic oxidation and 

oxidation by alkyl peroxide. 118 Palladium mediated coupling reactions 

in scCO2 are also reported.119 

Owing to the interesting features of scCO2, significant interests have 

been developed in the preparation of environmentally friendly 

coatings.120 The use of CO2 as a solvent or co-solvent in the coating 

related applications has gained much more attention due to the 

environmental concerns over the adverse effect of conventional 

solvents. Some processing as well as commercial profits are also 

claimed for the use of CO2 in coating applications. Solvent properties 

of CO2 are much improved at higher liquid densities and at the same 

time viscosities and interfacial tension are observed to be lower than 

conventional solvents; enabling them to easily facilitate the transport 

of solvent to the imperfections on the surface to be covered, which is 

highly beneficial for the coating on etched surfaces.121  
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1.5   Present work 

The present work targets the utilization of liquid/scCO2 as a green 

alternative solvent for various coatings/processing making use of 

inexpensive CO2-philes. It is expected that the integration of these 

CO2-philes with liquid/scCO2 would pave the lane for newer 

applications in the field of textiles, paper, wood, agricultural and 

pharmaceutical industries. In this work, we are investigating the 

possibility of utilizing a combination of liquid/scCO2 and CO2-philes 

for coatings/chemical processing applications. 

In this work, we have employed three CO2-philes, viz., α-D-Glucose 

pentaacetate (AGLU), Sucrose octaacetate (SOA) and Poly(ethylene 

glycol) (PEG; MW 1500). The first two belongs to the class of sugar 

acetates and the last one belongs to the class of oxygenated polymers. 

Factors responsible for their CO2-philic nature have already been 

discussed. 

The five acetate groups attached to the Glucose ring plausibly involves 

in strong intermolecular interactions between the acetate groups and 

thus results in significant lattice energy resulting in high melting point 

for these systems. Lattice energy is observed to be lower for SOA as 

evidenced by its low melting point in spite of its very high molecular 

weight. Interestingly, after treatment with CO2, SOA forms a glass 

while AGLU forms a crystalline material. In fact, it has been reported 

by a team of researchers that the CO2-treated SOA has a glass 

transition at around 25.8 °C.60,122 In the case of PEG, which is 

generally hydrophilic, the CO2-induced deliquescence may be due to 
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the LA−LB interactions between the carbon atom of the CO2 molecule 

and ether oxygen of PEG. Upon CO2 treatment PEG transforms from a 

semi crystalline state to an amorphous state.122 

This thesis is divided into eight chapters:  

 Chapter 2 summaries the specifications of various materials 

used, detailed description of scCO2 facility, methodologies and 

characterization techniques implemented for the present 

research work.  

 Chapter 3 furnishes the results of our investigation on the 

sizing and desizing of cotton and polyester yarns using CO2-

philes as the size material and liquid/scCO2 as alternative 

solvent. Sizing of yarns were also carried out in Acetone and 

Ethyl Acetate medium and compared.  

 Chapter 4 presents the results of sizing of paper using CO2-

philes as the size material and liquid/scCO2 as alternative 

solvent. 

 Chapter 5 deals with the study of the impregnation/coating of 

wood with SOA using scCO2 medium. 

 Chapter 6 discusses the preparation of composites of Urea with 

sugar acetates using scCO2 for sustained release of Urea and the 

kinetics of release of Urea from those composites. The results 

are compared with the release kinetics for composites prepared 

using Ethyl Acetate medium.  
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 Chapter 7 presents the application of scCO2 as solvent for the 

preparation of drug-excipient composites using Atenolol as the 

drug with the model CO2-philic systems as excipients. The 

results are compared with the composites prepared using Ethyl 

Acetate medium.  

 Chapter 8 summarises the highlights of the work and presents 

future scope and perspectives of extending these applications to 

an industrial level.  
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CHAPTER 2                                                                                                                 
                                     MATERIALS AND METHODS 

 

2.1 Introduction 

The appropriate choice of the materials together with the adopted 

experimental conditions plays a vital role in deciding the extent of 

solution to a research problem. In the CO2-based processes, control of 

pressure and temperature are the two important factors which may 

determine the morphology and texture of CO2-processed materials. 

This chapter describes the materials used throughout the work, detailed 

experimental set up of the supercritical CO2 facility, experimental 

procedures and finally a brief description of various characterization 

techniques employed for the present work. 

2.2 Materials 

All the chemicals used are of analytical grade and are used as received 

without any further purification. List of chemicals used for this 

research work are provided in Table 2.1. 
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Table 2.1 List of chemicals used and their purity. 

Material Abbreviation Company Purity 

Carbon dioxide CO2 Chemix gases SCF grade 

Sucrose octaacetate SOA Sigma Aldrich 98% 

Alpha-D-Glucose 
pentaacetate 

AGLU Sigma Aldrich 99% 

Poly(ethylene glycol) 
(M.W.1500) 

PEG Sigma Aldrich 
Bio ultra-

grade 

Urea UR Hi-Media 99% 

Atenolol AT Sigma Aldrich 98% 

Acetone AC Nice chemicals 99% 

Ethyl Acetate EA Nice chemicals 99% 

 

Three different CO2-philes viz., SOA, AGLU and PEG are used in the 

present work in light of their environmentally benign features. SOA 

and AGLU are biocompatible, inexpensive and renewable materials. 

PEG is widely used in food, cosmetic and other various industries due 

to its benign attributes such as low cost, biocompatibility and low 

volatility. Detailed description of these three CO2-philes and their 

structures are provided in Figure 2.1. 

Sucrose octaacetate (SOA), an acetylated derivative of Sucrose, has a 

molecular weight of 678.59 g/mol and melts at 83 0C. It is widely used 

as a bitterant and also as an inert agent in pesticides and herbicides. 

SOA is an excellent CO2-phile which is highly miscible with CO2 and 

at 35 0C, SOA begins to melt at 26 bar and at 50 bar SOA is in a 
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complete melt state. SOA is observed to be completely soluble in 

liquid and scCO2. 

Alpha-D-Glucose pentaacetate (AGLU), an acetylated derivative of 

D(+)-Glucose, where in five hydroxyl groups are replaced by acetate 

groups, has a molecular weight of 390.34 g/mol and melts at 109-111 

0C. Alike SOA, AGLU is also a CO2-phile showing high miscibility 

with CO2, i.e. at 35 0C, AGLU begins to melt at 54 bar and is in a 

complete melt state at 65 bar. Similar to SOA, AGLU is also observed 

to be completely soluble in liquid and scCO2. 

 

Figure 2.1 Structure of the CO2-philes used (I) SOA, (II) AGLU, and 
(III) PEG. 
 

Poly(ethylene glycol)  (PEG) (also known as polyethylene oxide) is a 

polyether compound with numerous applications, depending on its 

molecular weight. In this work, we have used PEG of molecular 
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weight 1500, considering its miscibility with CO2. PEG-1500 melts at 

45-50 0C, whereas in CO2, at 35 0C PEG begins to melt at 78 bar and 

PEG is observed to be in a liquid state at 90 bar. 

In the present work, we are mainly focussing on different coatings/ 

processing applications using liquid and scCO2. Sizing of yarn and 

paper, and impregnation/coating of wood are carried out using 

liquid/scCO2 as alternative solvents. Also, composites of Urea and 

composites of Atenolol are prepared for their controlled release 

studies, which have many applications in agricultural and 

pharmaceutical industry, respectively.  

Yarn 

Cotton and polyester yarns (CY and PY) required for the sizing 

process are provided by Madura Coats Pvt. Ltd.  

Paper 

A 5 cm×1 cm normal uncoated paper is used as reference paper for the 

sizing process. 

Wood 

Match size pieces of white pine wood species with typical dimensions 

are used for the impregnation/coating of wood using CO2. 

Urea (UR) 

Urea, also known as carbamide is the most widely used nitrogenous 

fertilizer (Figure 2.2) and the molecular formula of Urea is CO(NH2)2 

(M.W.= 60.056 g/mol; m.p.=132.7 0C).  
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Figure 2.2 Structures of (I) Urea and (II) Atenolol. 

Atenolol (AT) 

Atenolol is a drug that belongs to a class known as beta-blockers 

(Figure 2.2) and these drugs are used to treat high blood pressure 

(hypertension) and to reduce the chest pain (angina) Molecular formula 

of Atenolol is C14H22N2O3 (M. W.= 266.336 g/mol; m. p. =163  0C).  

2.3 Experimental 

2.3.1 Supercritical CO2 facility 

The CO2 processing of all materials mentioned in this work are carried 

out in supercritical CO2 facility. The major components of this facility 

are a CO2 cylinder, CO2 pump, view cell, back pressure regulator 

(BPR) and a water bath (temperature controller). The main part of the 

cell is a SCF-VCI model high pressure column type view cell with two 

sapphire windows (to facilitate the visual observation of the interior) of 

inner dimension 10 dia × 12.5 mm and an inner volume of 10 cm3. 

Maximum operating pressure and temperature allowed are 25 MPa and 

80 0C. The cell is fitted with three openings, one for introducing CO2 

and other for emptying CO2 via BPR and the third one to introduce 
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temperature controller. Apart from these, the view cell is equipped 

with a magnetic stirrer to ensure uniform mixing and exposure of the 

cell contents with CO2.  Jasco PU-4380 model CO2 pump is used to 

compress and deliver liquid CO2. Jasco BP- 4340 model BPR is used 

to maintain constant pressure inside the view cell and also for venting 

out CO2 either manually or by setting time program. A temperature 

controller (ESCY Enterprises) maintains the desired temperature in the 

view cell. The schematic of the experimental setup and the 

photographic image of scCO2 facility is provided in Figure 2.3.  

 

Figure 2.3 Schematic diagram (I) and photographic image (II) of the 
scCO2 facility. 

(I)

(II)
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The working procedure of scCO2 facility is as follows: Once the valve 

of the CO2 cylinder is open, CO2 gas is pumped to the CO2 pump, 

where it is liquefied in order to prevent cavitation and passes to the 

view cell. The CO2 processing of the material is carried out in the view 

cell and finally CO2 is vented out using the BPR outlet. All the 

experiments in the present work are carried out at a controlled flow 

rate of 2 ml/min. Prior to each experiment, the cell is brought to 

desired temperature and the view cell is closed and purged with CO2. 

In all the experiments performed, CO2 is vented out at a constant rate 

of 1 bar/min.  

2.3.2 Experimental procedure for various applications 

2.3.2.1 Sizing of yarns using liquid/scCO2 

Sizing of cotton and polyester yarns (CY and PY) are carried out with 

three different size compounds namely SOA, AGLU and PEG. The 

sizing procedure is detailed below. 

In a typical experiment, the cell is loaded with 0.5 g of the size 

compound. About 30cm of the yarn is introduced from the top of the 

cell. The cell is brought to the desired temperature (25 0C for SOA and 

AGLU; 35 0C for PEG). Thereafter, CO2 is introduced into the view 

cell followed by raising the pressure of the system to the desired value 

(65 bar for SOA and AGLU; 90 bar for PEG). Yarn is immersed in the 

CO2 solution of the size for 5 minutes followed by venting out CO2 

using the BPR. The sized yarns obtained are removed and 

characterized. 
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2.3.2.2 Desizing of sized yarns in scCO2 

SOA, AGLU and PEG sized yarns are desized by the following 

experimental procedure. 

The cell is loaded with sized yarn from the top and brought to a desired 

temperature of 35 0C. Thereafter, CO2 is introduced into view cell, and 

CO2 pressure inside the cell is raised to 90 bar. The cell is maintained 

at this temperature and pressure for 5 minutes. Finally, CO2 is vented 

out using the BPR. The desized yarn obtained is taken out and 

characterized. 

2.3.2.3 Sizing of yarns using Ethyl Acetate and Acetone 

Sizing of CY and PY with SOA in EA and AC were carried out by the 

following method. 

0.5g of SOA is dissolved in 5ml of EA/AC with stirring to prepare a 

homogeneous solution of the size. 30 cm long yarn is taken and drawn 

out of the prepared size solution. The sized yarn obtained is dried by 

evaporation of solvent at room temperature for two days. The sized 

yarn obtained is analyzed. 

2.3.2.4 Sizing of paper using liquid/scCO2 

Sizing of paper is carried out with three different size compounds 

namely SOA, AGLU and PEG. The sizing procedure is detailed below. 

In a typical experiment, the cell is loaded with 0.5 g of the size 

compound and the paper to be sized is suspended from the top of the 

cell. The cell is brought to the desired temperature (25 0C for SOA and 

AGLU; 35 0C for PEG). Thereafter, CO2 is introduced into the view 
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cell followed by raising the pressure of the system to the desired value 

(65 bar for SOA and AGLU; 90 bar for PEG). Paper is immersed in the 

CO2 solution of the size for 5 minutes followed by venting out CO2 

using the BPR. The sized papers obtained are removed and 

characterized. 

2.3.2.5 Impregnation/coating of wood 

Initially, the cell is loaded with 0.5 g of SOA and the wood pieces, 

followed by pressurizing the cell with CO2. The cell is brought to the 

desired temperature of 35 0C. Thereafter, CO2 is introduced into the 

view cell followed by raising the pressure of the system to the desired 

value of 80 bar. Wood is immersed in the CO2 solution of the 

impregnating material for 30 minutes, followed by venting out CO2 

using the BPR. The samples are taken out for further characterizations. 

2.3.2.6 Preparation of composites of Urea (UR) in scCO2 

Initially the cell is loaded with UR and the coating material 

(SOA/AGLU) in the weight ratio 1:20, followed by bringing the cell to 

a desired temperature of 35 0C. Upon attaining the desired temperature, 

CO2 is introduced into the view cell to attain the desired pressure of 80 

bar. Once the desired pressure is achieved, the components inside the 

cell are stirred for 30 minutes to ensure effective mixing of UR and the 

coating material. Finally, CO2 is vented out using the BPR and the 

samples are collected for further characterizations. 

1:10 and 1:50 composites of UR: SOA/AGLU are also prepared, via 

the same procedure. 
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2.3.2.7 Preparation of composites of Urea in Ethyl Acetate 

UR and the coating material (SOA/AGLU) are mixed in the weight 

ratio 1:20 and placed inside a beaker. To this, 10 ml of EA is added 

and the mixture is homogeneously mixed by continuously stirring for 

30 minutes. Finally, the EA is evaporated off with the help of a rotary 

evaporator and the samples are collected for further studies. 

2.3.2.8 Preparation of composites of Urea with combination of 

coating materials in scCO2 

SOA and AGLU are mixed in the weight ratios 80:20, 60:40, 50:50, 

40:60 and 20:80 and then mixed with UR in the weight ratio 20:1. This 

mixture is introduced into the view cell and the cell is brought to a 

desired temperature of 35 0C. Thereafter, CO2 is introduced into the 

view cell followed by raising the pressure of the system to 80 bar. 

Once the desired pressure is achieved, the components inside the cell 

are stirred for 30 minutes. Finally, CO2 is vented using the BPR and 

the samples are collected for different studies.  

2.3.2.9 Preparation of Atenolol (AT)-excipient composites in scCO2 

Initially the cell is loaded with AT and the excipient 

(SOA/AGLU/PEG) in the weight ratio 1:20, followed by bringing the 

cell to a desired temperature of 35 0C. Thereafter, CO2 is introduced 

into the view cell followed by raising the pressure of the system to the 

desired value (80 bar for SOA and AGLU; 90 bar for PEG). Once the 

set pressure is attained, stirring is carried out for 30 minutes to ensure 

homogeneous mixing of the drug and the excipient. Finally, CO2 is 

vented out using the BPR and the samples are collected for further 

characterizations. 
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1:10 and 1:50 AT-excipient composites are also prepared by following 

the same procedure. 

2.3.2.10 Preparation of Atenolol-excipient composites in Ethyl 

Acetate 

AT and the excipient (SOA/AGLU/PEG) are mixed in the weight ratio 

1:20 and placed inside a beaker. To this, 10 ml of EA is added and the 

mixture is homogeneously mixed by continuously stirring for 30 

minutes. Finally, the EA is evaporated off with the help of a rotary 

evaporator and the samples are collected for further studies. 

2.4 Characterization techniques 

The following are the instruments used for the characterization and 

analysis during the research work. 

SEM Scanning Electron Microscope 

 Stereo Microscope 

UTM Universal Testing Machine 

ATR-FTIR Attenuated Total Reflectance-Fourier 

Transform Infrared Spectrometer 

FT-Raman Fourier Transform Raman Spectrometer 

UV-Vis Ultraviolet-Visible- Spectrophotometer 

AFM Atomic Force Microscope 

Contact angle Goniometer 

XRD X-ray Diffractometer 

TG Thermogravimetric Analyzer 
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2.4.1 Field Emission Scanning Electron Microscopy (FE-SEM) 

SEM is used for producing high resolution images of a sample surface 

and is done by scanning the sample with a focused beam of high 

energy electrons. FE-SEM technique has found wide applications in 

defect analysis, elemental analysis, characterization of size, shape, 

distribution of additives, thickness measurements of coatings etc. 

In the present study, Carl Zeiss Gemini SEM-300 instrument is used 

for the surface scanning of the samples. 

2.4.2 Stereo Microscope 

Stereo microscope is an optical microscope used for low magnification 

applications (up to 100X), wherein the light reflected from the surface 

of an object is used rather than light transmitted through it. Stereo 

microscopes are generally used to carry out close work such as watch 

making, dissection etc. and to study surfaces of solid specimens. 

In this work, optical microscopic images are captured using LEICA M-

80 stereo microscope. 

2.4.3 Universal Testing Machine 

The Universal testing machine (UTM), also known as universal tester 

is used to perform many standard tensile and compression test on 

materials. Tensile test is performed by clamping the specimen on each 

of its ends and is pulled apart until it breaks. This tells us the tensile 

strength, elongation and Young’s modulus for the specimen. The major 
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application of UTM is to test the tensile strength and compressive 

strength of materials. 

In the present study, Shimadzu AG-Xplus 10kN UTM served the 

purpose of testing the mechanical properties of samples. 

2.4.4 Fourier Transform Infrared (FTIR) Spectroscopy123, 124 

FTIR spectroscopy is a vibrational spectroscopic technique applied for 

the identification of the compounds and also has many other 

applications such as identification of the transition phases, widely used 

in the fields of toxicology, molecular genetics etc.   

 ATR-FTIR spectra are recorded using Jasco FTIR-4700 

spectrophotometer equipped with an ATR cell. 

2.4.5 Fourier Transform Raman (FT-Raman) Spectroscopy123,124 

Raman spectroscopy is a vibrational spectroscopic tool complementary 

to IR spectroscopy. It is a simple, non-destructive characterization 

technique that provides complete information about the rotational, 

vibrational and all other low energy modes in a molecule. Raman 

spectroscopy has many applications such as to identify the molecules 

and their chemical bonding, investigating the phase transitions, to 

identify the defects in crystals etc.    

In the present experiments, a Bruker MultiRaM FT-Raman 

spectrophotometer with laser excitation 1064 nm is used for recording 

Raman spectra of the samples in the Retro-Raman (180 scattering) 

mode.   A liquid nitrogen – cooled Ge detector is used as the detector. 
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2.4.5 UV-Visible Spectroscopy (UV-VIS)123, 124 

UV-Vis spectroscopy deals with the study of interaction of UV-Vis 

radiation with the molecules. This technique is based on the absorption 

of light and hence is also referred as absorption spectroscopy. UV-Vis 

spectrophotometer is the instrument used to measure the UV-Vis 

spectra. This spectroscopic technique has found wide applications such 

as to study the reaction kinetics, to determine the concentration of 

unknown sample etc. 

Thermo Scientific Evolution-201 UV-Visible spectrophotometer is 

used for recording the UV-Vis spectra of the samples in the range 200-

800 nm.  

In particular, the method adopted for determining the release profiles 

of UR and AT using UV-Visible spectrophotometer are discussed 

below.  

Urea release studies 

About 3.5 mg of the composite is dispersed in 3.5 ml of distilled water 

in a cuvette and is placed in UV-Visible spectrophotometer. 

Absorbance is measured in the kinetics mode at regular time interval of 

20 minutes at max of 197 nm, till the absorbance value of UR stabilizes 

at maximum absorbance. 

Atenolol In-vitro release studies 

About 3.5 mg of the composite is dispersed in 3.5 ml of distilled water 

in a cuvette and the cuvette is placed in UV-Visible spectrophotometer. 
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Absorbance is measured in the kinetics mode at regular time interval of 

20 minutes at max of 224 nm, till the absorbance value of AT stabilizes 

at maximum absorbance. 

2.4.6 Atomic Force Microscopy (AFM) 

AFM also known as scanning force microscopy, is one among the 

various scanning probe techniques and is used to get detailed and 

distinct three dimensional images of the specimen surfaces with 

resolution ranging from nanoscale to atomic scale. The surface 

roughness, three dimensional topographic maps of the surface, 

morphology of the particles, pore size, surface area, volume 

distribution etc. can be inferred from the AFM data. 

In the present experiment, contact mode AFM images were recorded 

using WITec GmbH Alpha-300RA atomic force microscope. 

2.4.7 Contact angle measurements 

Contact angle is defined as the angle formed between the outline 

tangents of the drop deposited on the substrate and the surface of the 

substrate. Surface contact angle goniometer is the simplest and 

convenient instrument which is used for measuring the contact angle. 

Depending upon the contact angle, the substrates may be labeled as 

hydrophobic (> 900), superhydrophobic (> 150 0), hydrophilic (< 900) 

and superhydrophilic (<300). Information related to wettability, 

adhesion properties etc. are also available from the contact angle 

measurements. 
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Contact angle measurements are carried out using Digidrop contact 

angle goniometer (GBX Digidrop). 

2.4.8 X-Ray Diffraction (XRD) 

X-ray diffraction technique is a non-destructive technique used to 

study the crystal structure and lattice parameters of a molecule. 

Crystallite size, degree of crystallinity, lattice parameters, crystal 

phase, etc. can be determined with the help of X-ray diffractometer. 

In the present study, Rigaku miniflex-600 diffractometer with Cukα 

radiation with λ=1.5404 Ǻ is used to measure the X-ray diffraction 

pattern of the samples and the sample is scanned in the 2θ range of 5-

900. 

2.4.9 Thermogravimetry (TG) 

In thermogravimetric analysis (TGA), the quantity and rate of change 

in weight of the substance is recorded as a function of time or 

temperature in a controlled atmosphere. This simplest thermo 

analytical method is primarily used to determine the thermal stability 

of materials up to 1000 0C and the composition of materials. This 

method can also be employed to calculate the weight loss or weight 

gain that a substance undergoes upon oxidation, decomposition and 

dehydration.  

In the present work, PerkinElmer STA-8000 thermal analyzer is used 

to carry out thermogravimetric analysis and the samples were analyzed 

at a constant heating rate of 10 0C from 30 0C to 500 0C. 
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2.4.10 Cobb60
* measurement 

Cobb60, a measure of the quantity of water absorbed by the paper in a 

specified time of 60 seconds, was determined by a variant of the 

standard method125 (ISO 535:2014) and hence denoted as Cobb60
*.  

Since the inner dimension of the view cell used in the present system is 

smaller, we could not use a paper of cross sectional area of 100 cm2 for 

Cobb60 measurement. According to our experimental procedure, 

amount of water absorbed on a definite area of 3.85×10-3 dm2 was 

measured. Any one side of the paper is exposed to a water pressure of 

1 cm height for 60 s at temperature 31 0C.  

Cobb60
*is calculated as: 

                                                     Cobb60
*=

  �����

�
 

Where, mi= Mass of paper before exposure to water 

             mf= Mass of water after exposure to water 

             S = Cross sectional area of the cylinder  

Arithmetic mean of replicate test results of Cobb60* values are 

calculated.  
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CHAPTER 3 
SIZING AND DESIZING OF COTTON AND  

POLYESTER YARNS  
 

3.1 Introduction 

Textiles industry is one of the oldest industries in our country and its 

main objective is to convert fiber to yarn and then, to fabric. The 

conversion of yarn into a fabric is a tedious, multi-step process. The 

important step in the conversion of yarn into fabric is ‘weaving’ and 

the weaving process requires a loom and also, before the 

commencement of weaving, the yarn is subjected to a sequence of 

processes namely winding, warping, sizing, looming and pirning; 

finally leading to the production of woven yarn. There is a high chance 

for the breakage of warp yarn on the weaving machine126 since the 

yarns will have to withstand huge cyclic strain, friction between the 

yarns, flexing, abrasion etc. These actions can be overcome by the 

sizing of yarn, which is an important and necessary process executed 

in the textiles industry.  

Sizing is defined as the process in which the yarns to be used as a warp 

in weaving process is impregnated with some material to improve its 

strength, elasticity, abrasion resistance, smoothness, reduce friction, 

reducing the hairiness of the yarn and to remove the projecting 

fibres.127 Not all materials can enhance the strength of the yarn. The 

degree of increase in the strength of the yarn and the other factors 

mentioned above, depends upon the adhesive force between the yarn 
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and the size material, penetration of size into the yarn, and the 

encapsulation efficiency of the yarn and all these factors varies from 

one yarn to another. Other major factors which have to be considered 

while selecting the size materials are, they should be cheap, easily 

washable, abundant, environmentally viable and finally, should not 

result in the degradation/ exfoliation of the yarn. Different methods are 

adopted for the sizing process depending on the type of the fabric used, 

thickness of the yarn and the type of weaving machinery used. 

Commonly used natural sizing agents are starch/starch derivatives, 

cellulose derivatives like carboxymethyl cellulose, methylcellulose etc. 

and protein based starches like glue, gelatin etc. whereas synthetic 

sizing agents used in textile industry are polyvinyl alcohol (PVA), 

styrene/ maleic acid copolymers, polyacrylates etc. Among the 

aforementioned sizes, starch and PVA are the most commonly used128 

and PVA is the most appropriate candidate for the spun polyester 

blends whereas both starch and PVA may be used as the size for the 

cotton fabrics. Sizing can be done either with hand or with the help of 

a sizing machine. Conventional method of sizing involves drawing the 

yarn through a concentrated, aqueous (or organic) dispersion of the 

size and then drying it.129 This consumes tremendous amount of water 

and is a highly energy intensive process. This is problematic, 

especially in developing countries like India where the textiles 

industry, and, in particular, the cotton industry is ranked as the second 

largest employment provider.  

Desizing is another important process in the textile industry in which 

the size is removed from the warp yarn after the fabric is woven. 
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Desizing, in general, involves a desizing agent which either degrades 

or solubilizes the size from the fabric. There are different types of 

desizing processes and they may be classified into enzymatic, acid, 

oxidative, fermentative and removal of water soluble size. Generally, 

the size material is removed from the fabric by washing with water, 

generating lots of waste water and the causing contamination of the 

natural water reservoirs down the line. So it may be concluded that the 

sizing and desizing processes carried out in textiles industry generates 

huge amount of waste water which cannot be discharged unless free 

from contamination, resulting in ecological issues and also results in 

massive utilization of energy. The cost of water and the cost to treat 

the waste from it requires tremendous consideration. 

In spite of the immense progress in the textile industry, there exists a 

series of concerns regarding environmental issues which may be 

reformed by replacing such environmentally unfriendly technologies 

with greener alternatives. 

As part of the textile industry efforts to reduce or eliminate the 

consumption of water in all areas of textiles processing such as yarn 

preparation, sizing, desizing, dyeing etc., SCF technology has been 

proven as an alternative for these commercial textile applications. In 

1996, Fulton and coworkers129,130  proposed that the CO2-solvent 

platform can serve as an alternative medium for the sizing and desizing 

of yarn using fluoropolymers as the size compounds. However, this 

wonderful method couldn’t take off as an economically viable method 

in the textile industry, plausibly due to the high cost of the 
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fluoropolymers and other potential environmental issue

with the fluorinated size compounds. 

Herein, we present (Figure 3.1) a top to bottom green route for the 

sizing and desizing of yarns using liquid and supercritical carbon 

dioxide as the process medium and non

size material. 

 

Figure 3.1 Pictorial representation for the sizing and desizing of yarn

 

In this work, we demonstrate a completely green strategy for the sizing 

and desizing of yarns, both cotton and polyester (CY and PY), with 

highly CO2-philic size materials such as SOA, AGLU, and PEG using 

CO2 medium. The sugar acetates such as AGLU and SOA melt under 

moderate pressures of gas phase CO

liquid and scCO2 and the dense CO

be easily used for the sizing of the yarns. On the other hand, the low 

molecular fragments of PEG (MW = 1500) melt at 35 

pressures of CO2 (90 bar) and expands further, although the CO

of PEG is not completely miscible with liquid or scCO

easily develop a CO2-melt strategy for the sizing of yarn by drawing 

the yarn through the CO2-melt of PEG. The ease of solvent removal 
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fluoropolymers and other potential environmental issues associated 

with the fluorinated size compounds.  

Herein, we present (Figure 3.1) a top to bottom green route for the 

sizing and desizing of yarns using liquid and supercritical carbon 

dioxide as the process medium and non- fluorous CO2-philes as the 

 

Pictorial representation for the sizing and desizing of yarn 

In this work, we demonstrate a completely green strategy for the sizing 

and desizing of yarns, both cotton and polyester (CY and PY), with 

ls such as SOA, AGLU, and PEG using 

medium. The sugar acetates such as AGLU and SOA melt under 

moderate pressures of gas phase CO2 and are completely miscible with 

and the dense CO2 solutions of these compounds can 

he sizing of the yarns. On the other hand, the low 

molecular fragments of PEG (MW = 1500) melt at 35 C under 

90 bar) and expands further, although the CO2-melt 

of PEG is not completely miscible with liquid or scCO2. Thus, one can 

melt strategy for the sizing of yarn by drawing 

melt of PEG. The ease of solvent removal 
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makes these strategies inherently dry and green processes, without 

requiring any further drying. It is demonstrated herein that the CO2-

based sizing and desizing has the potential to be developed into an 

ideal zero-pollution technology with wider implications for the textile 

industry. It should also be noted that, all the size materials used are 

inexpensive and environmentally benign and can be completely 

recycled along with the solvent. 

3.2 Results and Discussion 

As discussed in the previous section, the main objective of this work is 

to examine the possibility of sizing of CY and PY using CO2-philes 

such as SOA, AGLU, and PEG. It is relevant to investigate how these 

size compounds binds with two entirely different classes of yarns, CY 

and PY. It is also important to note that these size compounds behaves 

differently after CO2 treatment and is already discussed in Chapter 1. 

Hence, it is also important to investigate how the CO2-induced 

modifications on these CO2-philes are going to manifest on the sizing 

properties.  The method adopted for sizing and desizing process are 

detailed in Chapter 2. The desizing of sized yarns are carried out using 

scCO2. The choice of liquid CO2 for sizing and scCO2 for desizing is 

primarily due to the higher rate of diffusion in the supercritical state 

that can help in faster and improved wash of the size compounds from 

the sized yarn. 

The optical microscopic images of bare CY along with those after 

sizing with SOA (CY-SOA), AGLU (CY-AGLU) and PEG (CY-PEG) 

are shown in Figure 3.2. It is very clear that in CY-SOA, the CY has a 
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very smooth, transparent, reasonably uniform, thick, and a glassy 

coating of SOA is observed. The individual microfibers of CY are 

buried underneath the SOA coating. This may be attributed to the glass 

formation of SOA upon CO2-treatment.60,122 In the case of CY-AGLU, 

the AGLU coating has discontinuous and powdery features with the 

individual microfibers protruding out of the coated yarn. A thick and 

uniform coating was noticed for PEG, however, the PEG coating has a 

viscous liquid-like appearance even after the CO2 removal, plausibly 

due to its low lattice energy. 

 

Figure 3.2 Optical microscopic images of (a) bare CY b) CY-SOA   
c) CY-AGLU and d) CY-PEG 

 

Similar sizing experiments are also carried out for PY. The optical 

microscopic images of bare PY, PY coated with SOA (PY-SOA), 

AGLU (PY-AGLU), and PEG (PY-PEG) are provided in Figure 3.3. It 
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is observed that the size material forms almost similar coatings on PY 

as observed in the case of CY. 

 

Figure 3.3 Optical microscopic images of a) bare PY b) PY-SOA   
c) PY-AGLU and d) PY-PEG. 

 

While SOA forms a smooth, glassy, and transparent coating on PY, 

AGLU forms a white, powdery coating on PY. The SOA sizing 

appears to be of much superior quality as compared to both AGLU and 

PEG. In the case of PEG, the coating is more of a semi-solid type as 

observed in the “starching” using water. While SOA provides a thick 

glassy coating with stronger protection to the yarn, the waxy coating 

formed by PEG might be of some use from a mechanical perspective, 

by reducing friction during the weaving process. In the case of PY, 

both SOA and PEG give smooth, transparent/translucent coatings with 

complete coverage of the individual microfibers of the yarn while the 

AGLU coating is less effective. 



54

In order to evaluate the nature of the coatings more closely, SEM 

images of the unsized and sized yarns are recorded to examine the 

degree of encapsulation and the uniformity of the coating. 

image of bare CY, CY-SOA, CY-AGLU and CY

Figure 3.4. In the case of bare CY, the individual fibers are clearly 

visible. SOA forms a very smooth coating on CY with some pores 

observed, which may be plausibly due to the bubble fo

result of the evolution of CO2 from the CO

other hand, AGLU has successfully penetrated into the yarn structure, 

but appears to be just a filler material without much binding to the 

yarn. In the case of CY-PEG, a thick coating is observed with none of 

the individual fibers protruding out. 

Figure 3.4 FE-SEM images of a) bare CY b) CY
and d) CY-PEG. 
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In order to evaluate the nature of the coatings more closely, SEM 

images of the unsized and sized yarns are recorded to examine the 

degree of encapsulation and the uniformity of the coating. The SEM 

AGLU and CY-PEG are presented in 

Figure 3.4. In the case of bare CY, the individual fibers are clearly 

SOA forms a very smooth coating on CY with some pores 

which may be plausibly due to the bubble formations as a 

from the CO2- melt of SOA. On the 

other hand, AGLU has successfully penetrated into the yarn structure, 

but appears to be just a filler material without much binding to the 

PEG, a thick coating is observed with none of 

truding out.  

 

SEM images of a) bare CY b) CY-SOA c) CY-AGLU 
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SEM of PY, PY-SOA, PY-AGLU and PY-PEG are provided in Figure 

3.5 and a smooth, uniform coating is observed for PY-SOA without 

any of the microfibers being projected outside. SOA appears to 

strongly adhere to the yarn surface and has also penetrated between the 

individual fibers. Coating with AGLU is not very effective, in terms of 

the encapsulation efficiency. In PY-AGLU, individual fibers are 

clearly visible even after the coating. Both SOA and PEG encapsulate 

the PY better than AGLU. Among the trio, SOA was found to be 

superior to its counterparts in terms of coating on PY. 

 

Figure 3.5 FE-SEM images of (a) bare PY (b) PY-SOA (c) PY-AGLU 
and (d) PY-PEG. 

Mechanical properties such as tensile strength, percentage elongation, 

and Young’s modulus before and after abrasion are measured for CY, 

CY-SOA, CY-AGLU, CY-PEG, PY, PY-SOA, PY-AGLU, and PY-

PEG to make an assessment on how sizing has improved the suitability 

of the yarns for the weaving process and the results are summarized in 
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Table 3.1. The abrasion process is carried out by adopting a procedure 

developed by Fulton et al., i.e. by pulling the yarn three times over a 

90° edge with a corner radius of 0.5 mm.130 Sizing with all the three 

size candidates resulted in an increase in the tensile strength, for CYs 

and PYs. Among these, tensile strength is found to be the highest for 

the CY and PY sized with SOA, followed by AGLU and finally, PEG. 

The tensile strength is almost doubled for the CY-SOA while an 

enhancement of 60% is observed for PY-SOA than their corresponding 

bare yarns.  

From the data, it is also evident that the percentage elongation of all 

the sized yarns is higher than that of their corresponding bare yarns. 

The results also reveal that although all the three size compounds 

stiffened the yarns, SOA showed the best response as a size compound, 

for CY and PY. 

Table 3.1 Mechanical properties of bare and sized yarns. 

Yarn Tensile 
strength  
(N/ mm2)  

Percentage 
elongation  

Young’s modulus  
(N/ mm2) before 

abrasion  

Young’s modulus  
(N/ mm2) after 

abrasion  

CY  232.0  10.7  17.8  15.8  

CY-SOA  472.4  15.0  31.7  26.4  

CY- AGLU  362.9  11.7  31.0  17.6  

CY- PEG  271  14  19.3  16.2  

PY  723.6  16.1  45.0  41.6  

PY-SOA  1156.5  16.4  72.1  65.7  

PY-AGLU  1019.2  16.6  61.1  48.4  

PY- PEG  871.9  16.8   54.0  49.3  
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In all the three cases, abrasion process caused a reduction in the 

Young’s modulus, although the abrasion had minimal effects in the 

case of yarns sized with SOA. In the case of CY-AGLU and PY-

AGLU, the stiffness of the yarn has been reduced significantly after 

abrasion. This may be due to the poor surface coverage of the size on 

the surface of the yarn as evidenced from the SEM images. Yarns sized 

with SOA and PEG shows  complete surface coverage and hence, one 

would expect similar stiffness characteristics and abrasion resistances 

in both the cases. However, there are significant differences between 

these two size compounds. In the case of SOA, the stiffness of the yarn 

has increased considerably after sizing, and it also shows high 

resistance to abrasion, plausibly due to the formation of the glassy 

SOA coating and improved binding of the size with the yarns. On the 

other hand, although the surface coverage of the PEG on the yarn is 

observed to be good, the waxy nature of the coating results in low 

stiffness and abrasion resistance as compared to SOA. It can be 

summarized from the UTM measurements that, while all the three 

CO2-philes considered here are suitable size candidates for the textile 

industry in terms of mechanical properties, SOA is the most suitable 

size material in terms of the quality of the coating and mechanical 

properties. The optical microscopy and SEM studies show that the 

hairiness of the yarns has been reduced upon sizing due to improved 

surface coverage of the size materials on the yarns. In this case also, 

SOA provides the best protection to the yarn as observed from optical 

and SEM studies. 
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Likewise, it is interesting to note that while AGLU and SOA are 

equally miscible with liquid and scCO2, SOA forms a much better and 

smooth coating on the yarn. As can be seen from the optical 

microscopic images, the SOA forms a transparent and continuous 

coating on the yarn, removing the hairiness of the yarn. The 

mechanical properties are also much more superior for the SOA-coated 

yarns. One plausible reason is the formation of the SOA glass after 

CO2-treatment, while such glass formation is absent in the case of 

AGLU. Better controls on such coatings can be achieved by superior 

process controls in the engineering designs. In any case, SOA, being 

the cheapest and the most easily available among the sugar acetates, 

provides a strong basis for the transformation of the process into an 

industrial technology. 

Finally, sizing was gravimetrically estimated by measuring the mass of 

the bare yarn prior to and after the sizing process. Finally, the yarn was 

washed with scCO2 to remove the size compound and reweighed. An 

increase in the mass of the yarn upon coating is observed (Table 3.2). 

If the mass of the desized yarns are observed to be same as that of their 

corresponding bare yarn, then one could say that the desizing process 

is complete and effective. Difference between the mass of the bare 

yarn and desized yarn represents the amount of size compound that 

was not completely removed on washing with CO2.  From the mass 

determination studies, it can be noted that the desizing is complete in 

the case of SOA and AGLU-sized yarns whereas, it is incomplete for 

PEG-sized yarns, which may be plausibly due to low miscibility of 

PEG in scCO2 when compared to SOA and AGLU. 
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Table 3.2 Mass determination studies of bare, sized and desized yarns. 

Yarn  Mass of the  
bare yarn  

(g) 

Mass of the  
sized yarn  

(g)  

Mass of the  
desized yarn  

(g)  

CY-SOA  0.0351  0.1143  0.0354  

PY-SOA  0.0115  0.0385  0.0118  

CY-AGLU  0.0338  0.1089  0.0340  

PY-AGLU  0.0102  0.0258  0.0104  

CY-PEG  0.0372  0.1158  0.0401  

PY-PEG  0.0108  0.0356  0.0129  

 

The SEM images of the desized CYs and PYs are shown in Figure 3.6 

which clearly illustrates that the size compound is washed off from the 

SOA and AGLU-sized yarns, although minute traces of SOA and 

AGLU are visible in both CY and PY. The desizing process is 

observed to be very effective for SOA and AGLU-sized yarns and not 

for PEG-sized yarns. Unlike SOA and AGLU, sizing of yarn using 

PEG is achieved by melt processing and hence did not result in the 

complete removal of PEG from PEG-sized yarns upon desizing.  

The FE-SEM results for the desizing of yarns are supporting well with 

the mass determination studies wherein the mass of the unwashed 

substance is observed to be higher for PEG. 
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Figure 3.6 FE-SEM images of the desized yarns

We have also carried out a study to make a comparison between the 

CO2-solvent system and the conventional solvents such as 

(AC) and Ethyl Acetate (EA) for the sizing process with SOA as the 

size material. The optical microscopic and SEM images of CY sized 

with SOA using EA (CY-SOA-

provided in Figure 3.7. Although SOA is highly soluble in both AC 

and EA, SOA does not bind effectively with the yarns

the yarns sized with SOA in CO

irregular coating is observed for CY processed in conventional 

solvents. 
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SEM images of the desized yarns 

a study to make a comparison between the 

solvent system and the conventional solvents such as Acetone 

(EA) for the sizing process with SOA as the 

size material. The optical microscopic and SEM images of CY sized 

-EA) and AC (CY-SOA-AC) are 

provided in Figure 3.7. Although SOA is highly soluble in both AC 

and EA, SOA does not bind effectively with the yarns as observed for 

the yarns sized with SOA in CO2 solvent system. A non-uniform, 

observed for CY processed in conventional 
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Figure 3.7 Sizing using conventional solvents: (a) & (b) Optical 
microscopic images of CY-SOA-EA and CY-SOA-AC; (c) & (d) FE-
SEM images of CY-SOA-EA and CY-SOA-AC. 

 

Likewise, the optical microscopic and SEM images of PY sized with 

SOA using EA (PY-SOA-EA) and AC (PY-SOA-AC) are presented in 

Figure 3.8 and it was observed that the results are similar to those 

observed for sizing of CY with SOA using conventional solvents. 

Sizing was not observed to be effective for PY in conventional 

solvents medium. Also, there is no noticeable decrease in the hairiness 

of CY and PY after sizing with SOA in EA and AC medium.   
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Figure 3.8 Sizing using conventional solvents: (a) & (b) Optical 
microscopic images of PY-SOA-EA and PY
SEM images of PY-SOA-EA and PY

Mechanical properties of CY and PY sized w

solvent media (EA and AC) are measured and shown in Table 3.3. The 

results show that tensile strength, percentage elonga

modulus of the sized yarns are higher than their corresponding bare 

yarns.  

Table 3.3 Mechanical properties of CY and PY sized with SOA in 
conventional solvents (EA and AC)

Yarn 
Tensile strength 

(N/mm2) 

CY  232.01 

CY-SOA-EA  430.83 

CY-SOA-AC  401.46 

PY  723.62 

PY-SOA-EA  1198.45 

PY-SOA-AC  1130.32 
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Sizing using conventional solvents: (a) & (b) Optical 
EA and PY-SOA-AC; (c) & (d) FE-

EA and PY-SOA-AC. 

Mechanical properties of CY and PY sized with SOA in conventional 

are measured and shown in Table 3.3. The 

results show that tensile strength, percentage elongation and Young’ 

modulus of the sized yarns are higher than their corresponding bare 

Mechanical properties of CY and PY sized with SOA in 
conventional solvents (EA and AC). 

Percentage 
elongation 

Young’s modulus 
(N/mm2) 

10.75 17.78 

12.73 31.5 

12.15 29.73 

16.14 45.07 

17.3 69.4 

18.2 62.14 
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Upon comparing the mechanical properties of CY and PY sized with 

SOA in CO2 and conventional solvent medium, one could notice that 

the mechanical properties are more or less similar. In specific, for PY, 

tensile strength and percentage elongation are observed to be slightly 

higher for the one sized in EA medium, whereas for CY, all the 

mechanical properties are observed to be higher for the yarns sized 

using CO2 solvent medium. Hence, conventional solvents can be 

replaced by CO2 since the latter is found to be much superior in terms 

of coating and hairiness, although mechanical properties are observed 

to be improved for yarns sized with SOA in CO2 as well as in 

conventional solvent medium.  

3.3 Summary and Conclusions 

In this work, we have investigated the possibility of utilizing liquid and 

scCO2 as a green alternative medium for the sizing and desizing of CY 

and PY for the textile industry using inexpensive, non-fluorous, CO2-

philes. We have considered three size compounds, viz., AGLU, SOA, 

and PEG, by virtue of their CO2-philicity. The sized yarns are then 

characterized using optical microscopy and SEM techniques to 

investigate how effective the sizing was. The samples are also 

analyzed to evaluate the improvement in mechanical properties of the 

yarn upon sizing. Among the systems studied, SOA is found to be the 

most ideal candidate as the size material for the CO2-based processing. 

Sizing of CY and PY with SOA resulted in a smooth, uniform, and 

glassy coating. It also showed improved mechanical properties.  
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Finally, desizing of the sized yarns using scCO2 were carried out and 

analyzed using mass determination and SEM studies. Finally, as a 

comparative study, sizing of yarn with SOA is performed in 

conventional solvents and analyzed. 

Overall, the results clearly indicate that the combination of SOA (as an 

inexpensive and environmentally benign size material) and 

liquid/scCO2 can be effectively utilized for the sizing process and can 

be developed into a transformational technology for the textiles 

industry with zero pollution since both the size and the solvent can be 

easily and completely recycled. Since SOA is a very inexpensive 

agricultural product, the technology can be made economically viable. 
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CHAPTER 4 

                                                  SIZING OF PAPER 
 

4.1 Introduction 

Paper is a multifaceted material with a layered network structure and is 

made up of a network of cellulose fibers derived from wood.131 Paper 

possess wide applications primarily for writing and printing, and then 

for packaging etc. Surface sizing of paper has been a very common 

practice followed in paper industry to improve the quality of paper. 

With respect to sizing, paper can be classified into three categories 

namely unsized, weak sized and strong sized papers. The first category 

of papers have got lower water resistance (papers used for blotting), 

the second category is somewhat absorbent (newsprint paper) whereas 

the third class of papers have got the highest water resistance (coated 

papers). Apart from these three classes of paper (based on sizing), 

there are two types of sizing i.e. surface sizing and internal sizing. 

Surface sizing is applied only to highest grade paper whereas internal 

sizing can be applied to all papers. Higher mechanical strength, 

smoothness, water resistance, decreased surface porosity and improved 

print quality, can be achieved by sizing of paper.132,133 The compounds 

selected for sizing should result in a low energy coating on the paper, 

at the same time should also meet all the requirements of the sizing of 

paper. Earlier times, alum was used as the size material. Later on many 

works has been carried out and the researchers identified sizing 

materials such as starch, Poly vinyl alcohol and rosin.134 Recently, 
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alkyl ketene dimer (AKD) and alkenyl succinic anhydride (ASA) are 

being widely used to hold hydrophobic molecules on the paper surface. 

The use of water as the medium for sizing generally causes damage to 

the paper surface due to its high surface tension and also generates lots 

of waste water causing environmental concerns. On the other hand, the 

use of volatile organic solvents presents the more serious problem of 

atmospheric contamination. Cost-effectiveness and environmental 

concerns associated with sizing need consideration while designing 

and adopting newer strategies. 

The use of the CO2-solvent system for sizing was originally conceived 

by Fulton and co-workers,130 which is discussed in Chapter 3. 

However, the fluorocarbon-based size materials used in their work are 

rather expensive and are also often associated with potential 

environmental issues, limiting the industrial scale implementation of 

this strategy. When it comes to paper, fluorocarbon coating will also 

make the paper unsuitable for several applications. Generation of super 

hydrophobic surfaces using AKD by rapid expansion of supercritical 

CO2 is reported.135,136 The disadvantage of using fluorocarbons, can 

possibly be overcome by the use of the carbonyl-based CO2-philes 

such as acetylated sugars and polymers such as PEG. 

In this work, we demonstrate that we can easily employ liquid/scCO2 

as a solvent system for the sizing of paper in an industrially viable 

manner by combining the CO2-solvent platform with an inexpensive, 

renewable, and non-toxic but more importantly, highly CO2-philic size 

materials such as SOA, AGLU and PEG (M.W. 1500). Finally we are 
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comparing the efficiency of all the three CO2-philes for the sizing of 

paper. The experimental procedure adopted for the sizing of paper is 

described in Chapter 2. Finally, unsized reference paper (RP) and the 

sized paper (SP) samples are characterized and their sizing 

performances are compared. 

4.2 Results and Discussion 

As a preliminary study to confirm the presence of the size compound 

on the surface of the paper, gravimetric estimation is carried out, i.e. 

measuring the mass of the paper before and after sizing. The mass of 

the paper upon sizing increased from 0.0079 g to 0.0196 g, 0.0089 g to 

0.0235 g and 0.0082 g to 0.0149g for SOA, AGLU and PEG, 

respectively, confirming the presence of the size material on the 

surface of the paper.  

4.2.1 FT-IR-ATR studies 

Vibrational spectroscopic studies can serve as a non-destructive 

method for differentiating the reference and the treated samples by 

virtue of the additional bands corresponding to the size material on the 

treated one.137 The FT-IR-ATR spectra of RP, SOA, AGLU, PEG and 

all the sized papers are provided in Figure 4.1.  The FT-IR-ATR 

spectra of RP shows two strong bands at 1104 cm-1 and 1029 cm-1 

corresponding to glycosidic C-O-C stretching vibration and C-OH 

stretching vibrations of primary alcoholic group of cellulose, 

respectively. The band at 1054 cm-1 can be ascribed to the C–OH 

stretching vibrations of secondary alcoholic groups of cellulose. The 

band at 1160 cm-1 corresponds to C-C stretching (asymmetric ring 
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breathing mode) in cellulose/hemicelluloses constituent of paper.

In the case of pure SOA, two prominent bands are visible at 1748 cm

and 1236 cm-1,corresponding to the C=O stretching and C

stretching, respectively. Apart from the cellulose peaks, the two 

intense bands of SOA are visible in the spectra of SOA

which is an indication of the efficient surface sizing of paper with 

SOA.  

Figure 4.1 FT-IR-ATR spectra of a) size compound, b) RP, and c) SP 
for (I) SOA, (II) AGLU, and (III) PEG.

Intense bands of AGLU are appearing at 1741 cm

corresponding to C=O and C-O stretching, respectively. Apart from the 

cellulose peaks, one also observes the intense bands of AGLU on the 
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ulose/hemicelluloses constituent of paper.138-141 

In the case of pure SOA, two prominent bands are visible at 1748 cm-1 

,corresponding to the C=O stretching and C-O 

stretching, respectively. Apart from the cellulose peaks, the two 

s of SOA are visible in the spectra of SOA-sized paper 

which is an indication of the efficient surface sizing of paper with 

 

ATR spectra of a) size compound, b) RP, and c) SP 
) SOA, (II) AGLU, and (III) PEG. 

AGLU are appearing at 1741 cm-1 and 1236 cm-1, 

O stretching, respectively. Apart from the 

cellulose peaks, one also observes the intense bands of AGLU on the 
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surface of the paper sized with AGLU, revealing that the sizing 

process is complete. 

For PEG, the intense bands are observed at 1112 cm-1, 1343 cm-1 and 

2893 cm-1 corresponding to C-O-H stretching, C-H bending and 

stretching, respectively. These intense bands of PEG are observed on 

the spectra of PEG coated paper indicating the presence of PEG on the 

surface of the paper.  

The FT-IR-ATR spectra results reveal that the size materials have been 

successfully incorporated into the paper surface.  

4.2.2 FT- Raman studies 

Similar to FT-IR-ATR spectroscopy, Raman spectroscopy is also a 

non-destructive technique for differentiating RP and SP, and also to 

confirm the presence of the size compound on the surface of the paper. 

FT-Raman spectra of RP, size materials and the sized papers are 

provided in Figure 4.2. The peaks around 1097 cm-1 and 2898 cm-1 are 

characteristic peaks of cellulose. The presence of a peak at 1464 cm-1 

is typical of cellulose.142,143 The intense bands of SOA are appears at 

1743 cm-1 and 2939 cm-1 corresponding to the acetate carbonyl groups 

and various C-H vibrational modes of acetate groups. In the case of 

SOA-coated paper, one could observe the bands of RP and although 

weak, the notable presence of some of the prominent peaks of SOA, 

confirming the coating of SOA on the paper surface. The absence of 

the intense band 2898 cm-1 of cellulose in the SOA coated paper may 
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be attributed to the merging of the C-H stretching band of SOA with 

the cellulose peak at 2898 cm-1.  

 

Figure 4.2 FT-Raman spectra of a) size compound, b) RP, and c) SP 
for (I) SOA, (II) AGLU, and (III) PEG. 

 

Likewise for AGLU, the highest intense bands are appearing at 898 

cm-1, 1735 cm-1 and 2939 cm-1 corresponding to the β–anomeric link 

(C-1-H) bending vibration, C=O stretching and C-H stretching 

vibrations. The intense bands of AGLU and RP are appearing in the 

FT-Raman spectra of AGLU coated paper confirming the presence of 

AGLU on the surface of the paper.  
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In the case of PEG, the intense bands are appearing at 839 cm-1, 1279 

cm-1, 1481 cm-1 and 2888 cm-1 corresponding to PEG skeletal 

vibrations, CH2 twisting vibration, CH2-CH2 symmetric bending 

vibration and CH2 symmetric stretching vibrations, respectively. Apart 

from the bands corresponding to RP, the prominent bands of PEG are 

also visible on the Raman spectra of PEG sized paper, confirming the 

effective sizing of paper with PEG. The absence of intense band at 

2888 cm-1 in the spectra of PEG coated paper may be due to the 

merging of the intense band at 2888 cm-1of PEG and that at 2898 cm-1 

of the RP. 

Both the vibrational spectroscopic techniques (FT-IR-ATR and FT-

Raman) confirms the presence of the size material on the surface of the 

paper. 

4.2.3 SEM studies 

Scanning electron microscopy can be applied as a technique to 

qualitatively evaluate the uniformity of coating of the size material on 

the paper surface.144 The FE-SEM images of RP and the papers sized 

with three different CO2-philes viz. SOA, AGLU and PEG are 

provided in Figure 4.3. 

Network of cellulose microfibrils are clearly visible in the SEM image 

of the bare paper whereas the FE-SEM images of all the three sized 

papers clearly reveals the permeation of size into the paper. In the case 

of SOA, one could observe a very smooth surface for the sized paper. 

Image also affirms a more closed and a less porous structure to the 

SOA sized paper. The cellulose fiber interspaces are filled by SOA, 
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providing it a smooth and glossy surface. One generally observes a 

macroscopically smooth surface for SOA-coated paper. It was shown 

earlier by Wallen et al.60 that the SOA can in fact form a glass upon 

treatment with CO2. The glassy SOA almost covers the fibrous rough 

surface of the bare paper suggesting possible improvement in the 

smoothness of the paper as a result of the SOA sizing. Since SOA fills 

up most of the void spaces in the paper after sizing, the plasticity of the 

material is also likely to be improved. 

In the case of AGLU sized paper, the cellulose microfibrils are clearly 

visible, indicating poor binding of AGLU with the paper surface. Also, 

crystallites of AGLU are visible on the surface, i.e. AGLU seems to be 

just like a filler material without complete surface coverage.   

 

Figure 4.3 SEM images of (a) RP, (b) SOA-coated paper, (c) AGLU-
coated paper and (d) PEG-coated paper. 

10 µm 10 µm

10 µm 10 µm

(a) (b)

(c) (d)
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Sizing of paper using PEG also results in a very smooth coating due to 

transformation of PEG from a semi crystalline state to a waxy state 

after treatment with CO2.
122 PEG is well entrapped between the 

cellulose microfibrils on the paper surface and none of the cellulose 

fibers are visible. Although a reasonably uniform coating is observed 

in the case of paper sized with PEG. Sizing of paper with SOA is 

found to be superior in terms of uniformity and constancy of coating. 

4.2.4 AFM studies 

AFM can be used as a good tool to study the surface roughness of 

paper. The atomic force microscopy images of RP and the sized papers 

are presented in Figure 4.4. Bundles of microfibrils corresponding to 

the very fine structure of cellulose fibers are clearly visible in the AFM 

image of the bare paper and the 3-D image shows large number of 

projections, which refers to the non-uniform rough surface of the bare 

paper.145, 146 

For SOA coated paper, microfibrils are not visible and also in fact the 

3-D image shows a very smooth coating of SOA on the paper surface 

with projections less than that of the bare paper indicating a smoother 

surface. 

Cellulose fibers are clearly visible in the AFM image of AGLU coated 

paper. Projections along with the cellulose fibers are observed in the 3-

D image indicating a poor coating of AGLU on the paper surface. 

AGLU instead of forming a smoother coating, AGLU particles are as 

such lying on the surface of paper, leading to a rough surface, as 

observed from the SEM image. 
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Cellulose fibers are not that visible for the PEG coated paper, since 

PEG forms a very smooth coating on the paper as already discussed.  

3-D image of PEG coated paper shows large number of projections but 

individual microfibrils are not visible unlike to that observed in the 

case of AGLU. 

 

Figure 4.4 AFM images of (a) and (b) RP; (c) and (d) SOA-coated 
paper; (e) and (f) AGLU-coated paper; and (g) and (h) PEG-coated 
paper. 
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From these results, it may also be concluded that the AFM results are 

in well accordance with the SEM results. 

The surface roughness parameters obtained from AFM analysis is 

provided in Table 4.1. Comparison of the roughness factors SA and SQ 

for RP and SPs affirms that the RP exhibits higher values of roughness 

factors than papers sized with SOA, AGLU and PEG indicating a 

much smoother surface upon coating. 

Table 4. 1 Topographic parameters obtained by AFM. 

Paper  SA  
(nm)  

SQ  
(nm)  

Bare  116.7  150.5 

SOA-coated paper  74.9  105.7  

AGLU-coated paper  113.7  145.3  

PEG-coated paper  46.6  59.5  

 

Higher roughness factor of RP may be due to the unpolished and crude 

surface of unsized paper. The higher values of roughness factors for 

RP may also be attributed to the distinct fibers visible in its 3D image. 

AGLU, in accordance with the SEM results shows higher surface 

roughness factors than SOA and PEG. These surface roughness factor 

results are in concordance with the SEM and AFM results wherein the 

SEM and AFM images shows a very smooth coating for SOA and 

PEG, but a non-uniform coating in the case of AGLU. Also, one could 

observe from the surface roughness factors that the surface roughness 
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of PEG is less than that of SOA, which may be due to the waxy 

coating observed for PEG sized paper. 

4.2.5 Hydrophobicity studies 

By virtue of the acetylation, all the hydroxyl groups of Sucrose and 

Glucose are replaced by the more hydrophobic acetate groups. 

Although one cannot expect the hydrophobicity of systems coated with 

long n-alkyl chains (which will also lead to their self-assembly), it is 

very likely that the coating with the sugar molecules decorated with 

acetate groups can yield the paper surface moderately hydrophobic. 

Such a moderate hydrophobicity will have several implications to the 

characteristics of the paper surface.147 This property can easily be 

verified by measuring the contact angle that a dropping water droplet 

makes on the surface, with the help of a goniometer assembly. 

Spreading contact angle is influenced by surface roughness and in 

addition to the introduction of hydrophobicity to the surface, the 

surface roughness also can direct the degree to which the water droplet 

spreads, upon sizing.147,148 Photographs of the water drop impact on 

reference and sized papers samples are shown in Figure 4.5.  

Also, the contact angles at different time frames for RP, SOA, AGLU 

and PEG-sized papers are shown in Table 4.2. In the case of SOA-

coated paper, static contact angle was found to be 70.80 and it 

remained almost constant even at the 72nd frame.  From this 

observation, it can be summarized that water wetting resistance or 

hydrophobicity of the SOA-coated paper is superior. It can be seen that 

even though the contact angle is well below 90, the surface retains its 
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non-wetting nature. It is also observed that the drop does not stick to 

the surface and easily falls off when the paper is tilted. It may be 

hypothesized that the observed behaviour is arising out of two reasons. 

 

Figure 4.5 Photographs of drop impact on (a) and (b) RP; (c) and (d) 
SOA-coated paper; (e) and (f) AGLU-coated paper and, (g) and (h) 
PEG-coated paper at 0th and 72nd frame. 

 

Firstly, the acetylated sugar has a fundamentally hydrophobic nature 

which predicts that the surface should be hydrophobic. However, the 

carbonyl groups of the acetate groups can form hydrogen bonds with 

the water molecules of the drop causing a reduction in the observed 

surface tension. It may also be plausible that the surface of the paper is 

having a microscopic roughness created by the evolution of CO2 from 

the CO2- melt and thereby resulting in an enhancement in the contact 

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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area between surface and the water drop. It is also likely that there 

could be some pockets of unsized cellulosic regions which in 

comparison with the largely hydrophobic regions will give rise to a 

hydrophobic surface with an apparent contact angle less than 90. 

Although SOA is hydrophobic, contact angle of paper could not be 

increased to a large extent due to the very smooth coating of SOA on 

the paper as it is already reported in literature that smoother surface 

results in lower contact angle.148-150 

Table 4.2 Variation in the contact angles for different frames 
depending on time for RP, SOA, AGLU and PEG-coated papers. 

Frame 
 (ms)  

RP  SOA-coated 
paper  

AGLU-coated 
paper  

PEG-coated 
paper  

0  41.9  70.8  53.5  19.8  

2  39.7  70.8  53.1  19.7  

4  38.2  70.6  49.7  19.6  

6  34.5  70.4  48.3  17.3  

8  28.2  70.4  46.8  16.3  

10  27.6  70.0  45.4  0  

72  0  67.1  29.9  0  

 

For AGLU coated paper, one observes a static contact angle of 53.50 

which is well below the static contact angle observed for SOA and at 

the 72nd frame, contact gets reduced to 29.90 Since both SOA and 

AGLU are hydrophobic, normally one would expect similar water 

wetting properties, but contrary to our presumption, water wetting 

property is poor than that of SOA. This decrease in contact angle may 

be attributed to the non-uniform and inconsistent coating of AGLU on 
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the paper surface. Major portion of the cellulose, even after coating 

with AGLU is still exposed to water since coating with AGLU was 

observed to be not that effective.  

PEG being hydrophilic, one observes a very low static contact angle of 

19.80 and it suddenly reduces to zero at the very 10th frame itself. Apart 

from the hydrophilic nature of PEG, the smoother paper surface 

obtained upon PEG coating, results in the reduction of contact angle 

below that of the reference paper. From the AFM results, one observed 

very low surface roughness factors for PEG, which is in accordance 

with the very low contact angle of PEG-coated paper.  

Also, the water retention capacity of RP and the SPs are studied by the 

Cobb60
* measurement, which is the measure of water absorbed by the 

paper in one minute and the Cobb60
* values of RP and SPs are 

provided in Table 4.3. The detailed experimental procedure for 

Cobb60
* measurement is discussed in Chapter 2 and it is observed that 

the Cobb60
* value of SOA-coated paper is much lower than RP. SOA 

being hydrophobic, it forms a water resistant coating on paper and this 

might be responsible for the lower Cobb60
* value of SOA-coated paper. 

Table 4.3 Cobb60* values for RP, SOA, AGLU, and PEG-coated 
papers. 

    Paper            Cobb60
*(g/m2)  

RP               552  

SOA-coated paper               146  

AGLU-coated paper               456  

PEG-coated paper               583  
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One observes higher Cobb60
* value for AGLU compared to that of 

SOA, which reveals higher water absorbance capacity of AGLU-

coated paper and this may be plausibly due to the poor binding of 

AGLU with the paper resulting in poor surface coverage of the size 

material on the paper surface. In the case of PEG, Cobb60
* value is 

noticed to be higher than RP, indicating that the water absorbance 

capacity of PEG-coated paper is even higher than that of RP. This may 

be attributed to the hydrophilic nature of PEG and also results are in 

support with the contact angle measurement values wherein, water 

wetting resistance is observed to be least for PEG-coated paper. 

4.2.6 Mechanical properties  

Finally, the mechanical properties of the RP and SPs are recorded and 

are shown in Table 4.4. The tensile strength of the paper sized with 

SOA increased from 6.4187 N/mm2 to 10. 2596 N/mm2, i.e. nearly a 

60 percent increase.  Sizing of paper with SOA is found to be superior 

in terms of all the mechanical properties. Generally, from the SEM and 

AFM results, one would expect PEG to have many folds higher value 

of tensile strength than that of AGLU, but contrary to our assumption, 

only a small difference in tensile strength is observed. This may be 

ascertained to the waxy nature of the PEG coating.  
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Table 4.4 Mechanical properties of RP, SOA, AGLU and PEG-coated 
papers. 

Paper  Tensile  
strength 
(N/mm2)  

Percentage elongation  Young’s  
modulus  
(N/mm2)  

RP  6.4  4.8  1.3  

SOA-coated  
paper  

10.2  2.9  3.6  

AGLU-coated  
paper  

7.6  2.5  3.2  

PEG-coated  
paper  

7.9  4.3  1.9  

 

Also, the increase in the tensile strength after coating with all the three 

size compounds may be due to the fact that the microfibrils in the 

cellulose which are highly protected in the sized paper when compared 

to the RP. 

4.3 Summary and Conclusions 

The objective of this work was to validate the enabling of the use of 

liquid CO2 as a green solvent platform for sizing of paper. The use of 

inexpensive and CO2-philic size materials such as SOA, AGLU, and 

PEG in combination with liquid/scCO2 provides an economically 

viable, green, and inherently dry process for the sizing of paper. 

Different characterization techniques such as FT-IR and Raman 

spectroscopic technique, AFM and SEM studies are carried out to 

differentiate and characterize the bare and the sized papers. Sizing 
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efficiency in terms of hydrophobicity is also measured. Mechanical 

properties of the bare and coated papers are measured. 

From the various results, it may be concluded that, among the three 

size compounds utilized for the sizing of paper, SOA is found to be the 

best candidate. SOA is found to be superior to AGLU and PEG in 

terms of uniformity of coating, surface coverage, smoother surface, 

roughness parameters, water wetting resistance property, water 

absorbing property and mechanical properties.  

AGLU, although successfully incorporated into the paper surface as 

observed from the IR and Raman studies, this seems to be just like a 

filler material and is not completely covering the paper surface. Non-

uniform, discontinuous coating is observed for the paper sized with 

AGLU. Water absorbance and water wetting resistance properties did 

not increase significantly. 

In the case of PEG, uniform, smooth coating with complete surface 

coverage is observed. But due to its hydrophilic nature, water wetting 

resistance is noticed to be even lower than that of the bare paper.  
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CHAPTER 5 
                                IMPREGNATION/ 

COATING OF WOOD 

 

5.1 Introduction 

Wood is an “ecofriendly” raw material with innumerous applications 

in different sectors and the term “ecofriendly” can be justified only if 

wood remains non-toxic from the beginning towards the end of each 

application. Wood is primarily composed of cellulose, hemicellulose 

and lignin. Apart from these components, wood consists of many 

hydroxyl groups that absorb water molecules. These hydroxyl groups 

are responsible for the hygroscopic nature of wood. Shrinkage and 

swelling of wood upon absorption and desorption of water is a major 

concern in the wood industry and other branches of industry wherein 

wood is used as the major raw material. As a remedy to this issue, over 

the years, the chemical modification of wood is a common practice 

followed in the wood industry.151 Chemical modification of wood 

improves the properties of wood such as thermal stability and 

resistance to degradation.  One of the most preferred methods for 

chemical modification of wood is acetylation,151 wherein hydroxyl 

groups are replaced by acetyl groups thereby resulting in the decrease 

in absorption and desorption of water.152 This process also in turn 

results in improved dimensional stability of wood and resistance 

against weathering and microbial attacks. Untreated wood undergoes 

degradation very fast and the most common method universally 

followed is the use of Chromated Copper Arsenate (CCA).153 

Conventional methods for the chemical modification of wood have 
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many drawbacks such as poor environmental acceptability and 

difficulty in drying the wood after treatment with liquid and handling 

the treatment liquids. Apart from these, the solvents used are viscous 

suspensions, incapable of smoothly flowing through this semi-porous 

solid resulting in depthless penetration. Taking into consideration, all 

the negative impacts of conventional wood impregnation methods, 

researchers are making attempts to find an alternative method for the 

modification of wood. 

For the past few decades, the use of scCO2 as a green alternative 

solvent is gaining interest due to its environmentally benign solvent 

properties and is replacing the conventional solvents in majority of the 

chemical processes as discussed in the introductory chapter. Likewise, 

scCO2 has achieved considerable attention in the field of wood 

processing.154-156As mentioned in Chapter 1, scCO2 exhibits both 

liquid and gas like properties. It has very high density like that of a 

liquid and hence results in easier dissolution of the impregnating 

substance into the wood matrix and has very low surface tension and 

exhibits gas like viscosity which enables it to easily penetrate into the 

fine microcapillary network in the wood.156 Recently, acetylation of 

wood using scCO2 has been reported.157,158 Another added advantage 

of using scCO2 based impregnating techniques is that the entire 

process is dry and the wood does not remain wet all through the 

process. Superior ability of scCO2 to penetrate the wood has already 

been reported and numerous works has been reported regarding the 

impregnation of wood with various biocides and pesticides using 

scCO2 as the carrier.159,160 

Besides the aim to improve the properties of wood through chemical 

modification, the other major objective that we have focused is the 
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protection of wood from the wood destroying animals such as termites, 

wood boring beetles, carpenter ant etc. However, wood is very much 

susceptible to attacks from these organisms and hence wood has to be 

impregnated with protective materials that prevent the destruction of 

wood from these species. The search for environmentally friendly and 

economically viable wood protecting agents are in progress and the 

research efforts to emerge together the environmentally benign, CO2-

philic wood protecting substances with scCO2 is the current research 

interest. Herein this work we have chosen SOA as the coating material. 

SOA, has been commercially used as an inert agent in insecticides and 

pesticides. SOA is also popularly used as a bitterant and is considered 

as an aversive agent, used in several coating applications to prevent 

children from consuming it.161 Apart from the environmentally  benign 

features of SOA ( discussed in Chapter 1),  studies also reveals that 

SOA can also be used in agriculture sector in plant protection since it 

is observed to possess antifungal activity.162 SOA, due to its very high 

miscibility with CO2, together with the above mentioned features, is an 

excellent impregnating substance for the modification of wood. SOA 

deliver bitterant taste to the wood and hence protect it from ‘wood 

destroying insects’. Also, SOA-modified wood find applications in 

preparation of toys so that children can be prevented from biting the 

toys.   

The primary aim of this work is to check the viability of 

impregnation/coating of wood with SOA using scCO2 as a green 

alternative solvent. Detailed experimental procedure adopted for the 

impregnation/coating of wood is discussed in Chapter 2. Further, the 

modified wood is examined to investigate the homogeneity and nature 
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of coating of SOA on the wood and the effect of impregnation on 

thermal and dimensional stability of wood. 

5.2 Results and Discussion 

The electron microscopic and optical microscopic images of untreated 

and treated wood samples are provided in Figure 5.1.  Pits, empty 

voids and distinct cavities are clearly visible in the electron and optical 

microscopic image of untreated wood.163 Likewise, untreated wood 

wall is observed to have a very rough surface. In the case of SOA-

impregnated wood, one would observe a very smooth and 

comparatively uniform coating of SOA, filling up all the void spaces 

and pits of the wood vessel walls.  

 

Figure 5.1 FE-SEM images of a) untreated wood b) treated wood, and 
optical microscopic images of c) untreated wood d) treated wood. 
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Upon impregnation, the waxy wood surface has been replaced with a 

smoother surface.  It may be concluded from the morphological studies 

that the impregnation of wood with SOA in CO2 medium resulted in a 

uniform coating with good surface coverage. Hence, SOA based 

impregnation/coating can be applied for coating applications on wood 

especially for protection against wood destroying species and in the 

manufacturing of toys and other items, thereby preventing children 

from biting it.  

Further, the treated and the untreated wood samples are analyzed using 

FT-IR-ATR and FT-Raman spectral techniques to confirm the 

presence of SOA on the wood surface after the coating process. 

The FT-IR-ATR spectra of SOA, untreated and treated wood are 

shown in Figure 5.2. For SOA sample, the peaks at 1743, 1216 and 

1032 cm-1 corresponds to C=O, C-O and C-O (six membered ring) 

stretching bands, respectively. The untreated wood sample shows a 

prominent band in the region 3000 to 3600 cm-1, corresponding to OH 

stretching vibration. The band in the region 2800-3000 cm-1 can be 

assigned to C-H stretching vibrations. Another strong band at 1732 cm-

1 corresponds to C=O stretching, the band at 1238 cm-1 may be 

ascribed to C-O stretching, the bands at 1507 and 1593 cm-1, may be 

assigned to aromatic skeletal vibrations (C=C) of lignin, a major 

component of wood.  The less intense bands observed at 1030, 1372 

and 1458 cm-1 may be assigned to cellulose, lignin and 

hemicellulose.164,165 
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Figure 5.2 The FT-IR-ATR spectra of a) SOA, b) untreated wood, and 
c) treated wood.  

 

For treated wood, the two most prominent bands appears at 1739 and 

1212 cm-1 corresponding to C=O and C-O stretching vibrations in 

SOA and wood as well. The C=O stretching vibrational bands 

corresponding to untreated wood and SOA, merged and appeared at 

1739 cm-1 for the treated wood sample. The band at 1030 cm-1 may be 

assigned to vibrations in wood. Apart from the intense bands of wood, 

the treated wood sample showed the intense bands of SOA, revealing 

the presence of SOA or successful coating of SOA on the wood 

surface. 

The FT-Raman spectra of SOA, untreated and treated woods samples 

are presented in Figure 5.3. For SOA, the two strong bands at 2940 and 

1743 cm-1 may be ascribed to C-H and C=O stretching vibrations of 

the acetate moiety.  
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Figure 5.3 FT-Raman spectra of a) SOA, b) untreated wood, and c) 
treated wood. 

 

The untreated wood shows two prominent bands at 1602 cm-1 arising 

from the phenyl groups in lignin, a major component of wood and a 

very strong peak at 2896 cm-1 with a shoulder peak at 2939 cm-1 

corresponding to C-H vibrations in cellulose, lignin and 

hemicellulose.166 The treated wood sample showed a prominent peak 

at 2941 cm-1 and this may be due to the overlapping of the C-H 

stretching band of untreated wood and SOA samples in this region. 

Since the treated wood sample showed the prominent stretching bands 

of wood as well as SOA, we could infer the presence of SOA on the 

surface of the wood. The FT-Raman results are in good correlation 

with the FT-IR-ATR results, both the results reveals the successful 

impregnation/coating of wood with SOA. 

The diffractions patterns for untreated and treated wood samples are 

presented in Figure 5.4. The untreated wood sample, a semi crystalline 
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material, shows two diffractions rays at 2θ of 220 and 160, that can be 

assigned to cellulose crystal planes I002 and I101, respectively.165 These 

two diffraction rays are typical of cellulose.  

 

Figure 5.4 X-ray diffractograms of untreated and treated wood 
samples. 

 

Normally, one would expect the presence of diffraction peaks of SOA 

on the XRD diffractogram of treated wood and there by expects an 

increase in the crystallinity of wood. But contrary to our assumption, 

no noticeable change in the crystallinity of wood is observed. This may 

be due to the fact that, SOA after treatment with CO2 and on rapid 

depressurization, transforms to an amorphous state.60, 122 

The thermogravimetric analysis of untreated and treated wood samples 

were carried out and the corresponding thermogravimetric curves and 

their derivative thermogravimetric (DTG) curves are shown in Figure 

5.5. Untreated wood showed first degradation in the temperature range 

50-115 0C and this is may be due to the loss of water and moisture 
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from the wood.  In the same temperature range, no weight loss is 

observed for treated wood which clearly indicates that the water and 

moisture uptake is reduced upon impregnation with SOA. 

Hydrophobic nature of SOA may be responsible for the lower uptake 

of water by the SOA-coated wood. 

 

Figure 5.5 TGA and DTA curves of untreated and SOA-treated wood 
samples. 

 

The untreated wood began to degrade at a temperature of 269 0C 

(Tonset) with a major decomposition peak at 335 0C (Tmax) as observed 

from the DTG curve. Likewise, the treated wood started degradation at 

298 0C with a major decomposition peak at 367 0C. On comparing the 

Tmax and Tonset values of both the samples, it is very well evident that 

the thermal stability of the treated wood is enhanced. Also, the residual 

weight of untreated wood is approximately 5.17 % and that of treated 
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wood is 1.6 % at 577 0C. Since the residual mass left over is observed 

to be lower for the treated wood, we can reduce the wastage into the 

environment to a larger extent. Since the treated wood shows lower 

weight loss (lower water uptake on impregnation) with higher 

degradation temperature, it is thermally stable than the untreated wood 

sample. 

5.3 Summary and Conclusions 

Summarizing, we have investigated the viability of using SOA and 

scCO2 for the impregnation of wood. SEM and microscopic images 

clearly revealed that the impregnation was successful since, the pores 

and pits present on the wood surface was completely covered by a 

smooth, hydrophobic, glassy SOA coating. The FT-IR-ATR and FT-

Raman spectra confirms the presence of SOA on the surface of the 

wood, since the treated wood sample showed the vibrational stretching 

bands of SOA and wood.  XRD results suggests no noticeable changes 

in the crystallinity after coating with SOA in scCO2. Thermal studies 

shows a significant increase in the thermal stability of the wood after 

coating with SOA. Overall, the properties of wood improved after 

impregnating with SOA in scCO2 medium. The impregnation/coating 

of wood carried out in scCO2 medium is a complete dry process and 

the solvent and SOA can be recycled and reused. As already discussed, 

SOA being a bitterant, SOA impregnated wood finds many 

applications in various fields.  
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CHAPTER 6  
COMPOSITES OF UREA WITH CONTROLLED RELEASE 

PROFILES 
 

6.1 Introduction 

The use of fertilizers is a very common practice followed in 

agricultural sector since soil does not provide all the essential nutrients 

required for the plants for its optimal growth and productiveness. 

Cultivable land available has diminished due to urbanization, 

industrialization, land degradation from heavy flooding etc. These 

factors are responsible for lower agricultural production. Over the 

years, a tremendous increase in the use of fertilizers was noticed, in 

order to meet the world food demand through increased agricultural 

production. Some efficient measures are to be implemented to meet the 

challenge of global food security. So we need to look forward for such 

systems that enhance production with little or minimal environmental 

burden. 

6.1.1 Controlled and Slow Release Fertilizers 

Controlled and slow release fertilizers (CRFs and SRFs) releases the 

nutrient in a controlled, slow manner and releases the nutrient as and 

when required by the plants.167-169 These fertilizers ensures efficient 

nutrient uptake by reducing the loss of nutrients via leaching, runoff, 

volatilization etc. thereby improving the crop yield. The basic 

difference between CRFs and SRFs is that the rate, pattern and the 

duration of release of CRFs are well controlled and for SRFs the rate, 
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pattern and duration of release are not controlled and these varies with 

the change in the climatic and soil conditions. According to the 

Association of American Plant Food Control Officials (AAPFCO), 

controlled and slow release fertilizers contains a plant nutrient that are 

of the two forms : (a) the one that delays the availability and uptake for 

the plant as well as its utilization after application, (b) the one which is 

available to the plant for a period longer than the ‘rapidly available 

nutrient fertilizer’.168 Likewise, CRFs are also described as fertilizers 

coated with a natural, or semi-natural, and environmentally benign 

macromolecule material such that the nutrient is released in a slow 

pace such that a single uptake could meet the essential nutrient 

requirement for model plant growth.167,169 

6.1.2 Classification of CRFs 

CRFs are broadly classified into three categories.167,168,170 

1.  The first category (organic compounds) can further be sub-

divided into naturally occurring organic compounds and 

synthetically produced organic compounds. The latter consists 

of the condensation products from Urea and aldehyde. This can 

be further divided into biologically decomposing compounds 

such as Urea-acetaldehyde and chemically decomposing 

compounds such as isobutyledene-diUrea.  

2.  The second category consists of water soluble fertilizers in 

which certain physical barriers control the nutrient release. 

Fertilizers coming under this class appears as granules coated 

with a hydrophobic polymer or as matrices in which the active 
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water soluble nutrient are dispersed in a continuum via 

hydrophobic polymers that leads to controlled nutrient 

dissolution and the latter is less common compared to the 

former one. The former one, i.e., coated CRFs are further 

classified into those coated with organic materials and those 

coated with inorganic materials. Likewise, the materials used 

for the preparation of matrices can be sub categorised into 

hydrophobic materials and gel-forming polymers which are 

hydrophilic in nature.  

3.  The third category includes inorganic low solubility 

compounds such as metal ammonium phosphates and partially 

acidulated phosphate rock.  

6.1.3 Advantages and disadvantages of CRFs 

The use of CRFs are considered advantageous in many aspects, 

especially, their use reduces toxicity due to high ionic concentrations 

associated with the fast dissolution of the fertilizer. Due to reduced 

toxicity and salt content of fertilizers, they can be utilized for a 

prolonged time; thereby reducing the frequency of usage. Also, use of 

CRFs meets the complete nutrient requirement of the plant. They also 

reduce the loss of nutrients which occur either by evaporation, loss of 

ammonia, loss of nitrate nitrogen etc. CRFs also lead to the reduction 

in gas emissions.  

Use of CRFs are also known to have some drawbacks. Lack of a 

standardized method for the determination of controlled release of 

fertilizer is a major disadvantage. Consequently, the laboratory results 
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and actual results upon field applications shows large differences. 

Various coatings such as urea-formaldehyde, urea-sulfur, urea-polymer 

coatings etc. possess one or the other drawbacks, say, in the case of 

urea–formaldehyde, it was noticed that some portion of nitrogen was 

getting released very slowly or sometimes not at all. Likewise, use of 

urea-sulfur fertilizers resulted in increased acidity of the soil and also 

they released the nutrient very fast at its initial stages, causing damage 

to the plant itself. Polymer-based coatings resulted in the deposition of 

undesired residues of synthetic substituents into the soil. Besides all 

these, the cost requirements are too high for the manufacture of CRFs. 

6.1.4 Controlled release Urea fertilizers 

Urea is probably the most vital and widely used fertilizer due to its 

high nitrogen content (46%), ease of application, and low cost of 

production.171 The major drawback associated with the application of 

urea is the fast and premature decomposition, disabling the efficient 

absorption of nitrogen by the plant. Before the plant absorbs the 

nutrient, evolution of ammonia occurs via the action of water, 

volatilization, urease enzyme etc.172 Urea undergoes various physico-

chemical and biological transformations when applied to soil and 

produces various plant available nutrients.167 Plants require very small 

amount of nutrient in its initial stages and higher amounts for its 

upcoming stages of growth. Also, higher chances for leaching, surface 

run off and vaporization of Urea need to be considered. Consequently, 

major amounts of the nutrient will be absorbed by the plant at its initial 

stage of growth. Approximately, 40 to 70% of nitrogen escapes to the 

environment and only remaining nitrogen uptake takes place.171 
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Globally, the current scenario is to go in tune with the raising 

agricultural production and over the years, research efforts were 

focused in this direction and their paramount aim was to develop 

highly efficient, biodegradable and low cost-fertilizers. This issue is 

addressed by the development of CRFs and SRFs.  

The first and the foremost method adopted for controlled release of 

Urea was sulphur-coating. In one of the adopted procedures, Urea was 

initially coated using wax which acts as a sub-coating, followed by 

spraying with sulfur and finally, plasticizers (such as polyethylene) 

were adhered to the sulfur surface to prevent cracking of the coated 

surface.173 In another procedure, Urea was coated with molten sulfur 

using spouted fluidized bed under temperature pressure conditions.174 

Urea was also coated using an outer polymer coating and an inner 

sulfur coating.175 This double coating provided more resistance to 

abrasion and cracks while handling it. A three layer method of Urea 

coating using sulfur is also reported.176 All these sulfur coated Urea 

showed significantly good results with respect to controlled release. 

However, the major disadvantage associated with the use of sulfur is 

that it is much prone to brittleness and formation of microscopic pores 

due to the crystalline nature of sulfur. Also, it takes much time for the 

disintegration of sulfur into the soil and may end up in the acidification 

of soil. On account of these, researchers began to investigate the 

viability of using polymer-based coatings for Urea. The use of solvents 

for spray-coating of polymer on Urea was too hazardous and this was 

replaced with aqueous polymer solutions.177 Also, Urea was coated 

with polyurethane. Although expensive, the coating was observed to be 
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very thin, and these thin coatings are reported to be superior and the 

entire Urea was released in forty to fifty days.178 

Certain polymers with excellent swelling capacity and the ability to 

withstand high osmotic pressure were also used as coating materials 

for Urea. Han et al. developed three different coatings for Urea namely 

Ca-Mg Phosphate, polyolefin, polyolefin plus dicyanamide.179 All 

three were observed to act as good CRFs. The feasibility in using 

Poly(lactic acid-co-ethylene terephthalate) as a coating material for 

Urea was investigated and the research group concluded that 

morphology played a vital role in deciding extent of controlled 

release.180 Coating of Urea granules using Polyhydroxy butyrate and 

ethyl cellulose combination shows fast release of Urea, in 

approximately five minutes, which is too low for its application in 

agricultural sector.181 

Polymer-based coatings, in spite of their ability to supply nutrients 

with respect to the plant needs and being inert against microorganisms, 

their usage has been reduced due to continuous use of solvents and the 

complications in the coating methods. Super-absorbent polymer 

materials, known for their ability to absorb water, was used for the 

preparation of controlled release Urea.182 Double coated Urea183  such 

as inner coating of starch and outer coating of Acrylic acid and 

Acrylamide, inner coating of urea-formaldehyde and outer coating of 

cross-linked poly(acrylic acid)/organo-attapulgite composite, inner 

layer of polystyrene and outer layer of cross-linked poly(acrylic acid), 

all these were identified to act as moderately good controlled release 

Urea fertilizers. Triple layer polymer coatings of Urea using 
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Polyethylene, Poly(acrylic acid-co-acrylamide) and Poly (butyl 

methacrylate) was also studied and good results were observed.184 

However, upon realizing the importance of environment conservation 

together with stringent environmental protection rules, the use of all 

the above mentioned CRFs reduced tremendously since most of them 

were observed to be non-biodegradable, toxic and highly expensive.  

This was followed by the discovery of a large number of 

environmentally friendly coatings.185-189 Even today, some of the 

commercially available fertilizers have coatings made from 

polyurethane, alkyl resin etc, which are highly non-biodegradable and 

may adversely affect the soil properties.  Therefore, utmost attention 

must be kept while choosing coating materials for fertilizers and must 

assure that the coating material applied is environmentally benign in 

all aspects.  

Starch being inexpensive, abundant and biodegradable, is an 

alternative choice for the design of CRFs. The hydrophilic nature of 

starch limits its application, but upon pertinently modifying starch with 

various materials, it may be used for this purpose. Different starch-

based coatings discussed are dual coating using starch and 

Isobutylidendiurea,190coating using a solution of starch, polyethylene 

glycol and acrylic acid etc.191 These starch-based coatings couldn’t 

gain much attention in this sector since it was not found to be 

compatible with the plant needs.  Controlled release of Urea using 

lignin was also investigated.192 Neem and neem oil based controlled 

Urea fertilizer167 has gained considerable interest in recent years since 

it was scientifically proven that neem is an effective nitrification 
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inhibitor. Neem coated Urea is one among the widely used commercial 

Urea fertilizer. Likewise, still researchers are in search for suitable 

green coatings for Urea.  

In this study, we present a novel and benign procedure for the 

preparation of composites for the controlled release of Urea (UR) 

wherein the UR is coated with CO2-philes such as SOA and AGLU, 

using scCO2 as the green solvent platform. Similar composites were 

also prepared using Ethyl Acetate (EA) medium. Specifically, four 

systems are studied in this chapter viz. AGLU-UR-EA, AGLU-UR-

CO2, SOA-UR-EA, and SOA-UR-CO2. The abbreviations mentioned 

are described in the following order: coating material-Urea-solvent 

used, and represents the encapsulation of Urea in a particular coating 

material using a particular solvent.  

In general, we have used a weight ratio of 1:20 for the preparation of 

composites of UR and the coating material. Apart from this, weight 

ratios of 1:10 and 1:50 were also prepared to study the effect of 

concentration of UR in the release kinetics of UR from the composites 

prepared. Detailed experimental procedures for the preparation of the 

composites of UR in CO2 and EA medium are detailed in Chapter 2.  

6.2 Results and Discussion 

Initially, we are studying the change in crystallinity of the coating 

material and UR upon composite formation and also the extent of 

dispersion of UR in the coating material. It is pertinent to study these 

changes in order get a clear idea of the UR release kinetics from 

different matrices.  
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6.2.1 XRD studies 

The X-ray diffraction patterns of UR, AGLU, SOA, and the four 

composites namely AGLU-UR-EA, AGLU-UR-CO2, SOA-UR-EA, 

and SOA-UR-CO2 are shown in Figure 6.1.  

One expects that the XRD peaks of UR will vanish if UR is dispersed 

completely at a molecular level. On the other hand, if the crystals of 

UR are coated with the coating materials, the XRD pattern for UR 

crystals will survive in the XRD.  

 

Figure 6.1 XRD pattern for UR, AGLU, SOA, and the different 
composites prepared using EA and CO2: (I) (a) UR (b) AGLU (c) 
AGLU-UR-EA, and (d) AGLU-UR-CO2;  (II) (a) UR (b) SOA (c) 
SOA-UR-EA, and (d) SOA-UR-CO2. 

 
In the case of AGLU–UR composites prepared using EA and CO2, 

none of the peaks of UR are present, indicating that UR is completely 

dispersed in the AGLU matrices. It has already been reported by our 

(I) (II)
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group that upon CO2 treatment the crystallinity of AGLU is reduced to 

a microcrystalline level.122A small decrease in the lattice order is also 

observed for the AGLU-UR composites prepared in EA, when 

comparing with that of the XRD data of pure AGLU. To conclude, 

although both the composites prepared are observed to be still 

crystalline, a decrease in the order of crystallinity is observed when 

compared to that of pure AGLU.  

Similar studies were carried out for SOA-UR composites prepared in 

CO2 and EA medium. Interestingly, the UR peaks are completely 

absent in both the SOA-UR composites, revealing that UR is 

molecularly dispersed in their matrices. Again, our results remains 

concordant with the earlier reports that SOA upon CO2 treatment 

transforms to an amorphous glassy state.60,122 In this case, the XRD 

data shows an amorphous state for SOA-UR composites prepared in 

CO2 medium. No noticeable changes are observed in the degree of 

crystallinity of SOA in the SOA-UR composite prepared using EA, 

except that the UR is molecularly dispersed in SOA.  

On comparing the XRD data, one would expect a faster release of UR 

from composites prepared using AGLU, as the composites remains 

almost crystalline with only a slight decrease in the long range order. 

The composite of SOA prepared in CO2 medium is expected to show a 

slow release, since the UR is encapsulated in a glassy and hydrophobic 

matrix.  

6.2.2 Raman spectroscopic studies 

Vibrational spectroscopy is one of the most useful methods for probing 

the molecular environments using the characteristic peak positions as 
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well as the line widths. While the peak positions and the shifts 

observed provides information regarding the nature of binding, the line 

widths provides information about the local disorder in the lattice. IR 

and Raman spectroscopic methods provide complementary 

information in this regard. FT-Raman serves as a non-destructive 

vibrational spectroscopic tool that provides information from this 

perspective. It is pertinent to know how such physicochemical factors 

affect the release kinetics of UR from the composite.  

From a structural perspective, the XRD results have already shown that 

the SOA remains crystalline after treatment with conventional solvents 

such as Acetone and Ethyl Acetate while the sample turns into a glassy 

state after treatment with CO2.
122 The investigation particularly focuses 

on the changes for the two spectral bands, viz., the carbonyl peak 

around 1740 cm-1 and the C-H stretching peak around 2940 cm-1. The 

FT-Raman spectra of AGLU and AGLU-UR-CO2 in the carbonyl and 

C-H stretching regions are provided in Figure 6.2. 

 

Figure 6.2 FT-Raman spectra of AGLU and AGLU-UR-CO2 in 
different regions: (I) 1720-1770 cm-1 and (II) 2900-3050 cm-1. 

(I) (II)
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No significant changes are observed, neither in the Raman spectral 

band positions or their line widths indicating that there are no 

significant changes in the physicochemical states of AGLU. In fact, the 

results reveal that the crystallinity of AGLU in the composite remains 

the same even after CO2 processing. A detailed study of the UR peaks 

is also carried out to investigate to probe any plausible interaction 

between UR and AGLU, in AGLU-UR-CO2 composite. No noticeable 

shifts in the UR peaks are observed.  

Similar studies are also carried out on SOA and SOA-UR-CO2 

composite. The FT-Raman spectra of pure SOA and the SOA-UR-CO2 

composite, in the two important regions are provided in Figure 6.3.  

 

Figure 6.3 FT-Raman spectra of SOA and SOA- UR-CO2 in different 
regions: (I) 1720-1780 cm-1 and (II) 2900-3000 cm-1. 
 

It is clearly evident that notable peak shifts took place at both carbonyl 

and C-H stretching frequencies. Line width of both the bands are 

increased indicating a decrease in the short range order, as shown by 

the XRD results, showing an amorphous state for the CO2-treated 

sample. A correlation between the line width and the order is directly 

(I) (II)
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related to the Heisenberg’s uncertainty relationship between energy 

and excited state life time. In a disordered lattice, the vibrational 

relaxation is faster and thus one would expect broader lines.  

Apart from the lattice expansion, notable shifts in peak positions are 

also observed. The carbonyl stretching band has been blue shifted by 3 

cm-1 from 1743 to 1746 cm-1. Similarly, the C-H stretching mode is 

blue shifted by 2 cm-1 from 2939 to 2941 cm-1. Both these may be 

attributed to the higher degree of disorder wherein the average 

intermolecular distances are rendered longer. Also, the solvent CO2 

molecules are not retained in the system. 

Finally, we are investigating whether any of the UR bands have 

undergone any physical or chemical changes on composite formation. 

The FT-Raman spectra of UR and SOA-UR-CO2 composite in the 

vibrational frequency region of 900 to 1030 cm-1 is provided in Figure 

6.4. The most intense band of UR, at 1011 cm-1 corresponding to 

symmetrical CN stretching, is observed to be red-shifted by 2 cm-1. 

 

Figure 6.4 FT-Raman spectra of UR and SOA-UR-CO2:  990 to 1030 
cm-1 vibrational frequency region. 
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This red shift signifies stronger binding between UR and SOA in the 

composite prepared. 

6.2.3 Optical microscopic studies 

Optical microscopic images give a clear idea regarding the visible 

changes in morphology that took place after composite preparation. 

Optical microscopic images of AGLU-UR and SOA-UR composites 

prepared in CO2 medium are provided in Figure 6.5. The optical 

microscopic image of AGLU-UR-CO2 composite shows a white 

crystalline powder and SOA-UR-CO2 shows a transparent, glassy 

substance.   

 

Figure 6.5 Optical microscopic images of (a) AGLU-UR-CO2 and (b) 
SOA-UR-CO2. 
 

The bubbly appearance may be due to the rapid evolution of the 

encapsulated CO2 from the surface, when the system is brought to the 

ambient conditions.  

6.2.4 SEM Studies 

Scanning electron microscopic studies provides more understanding of 

the variations in physical state and morphology of the different 

systems under study. Herein, since both the CO2-philes, AGLU and 

SOA, are hydrophobic, the surface morphology of the systems also 

will have a significant effect on the surface area of the materials and 
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thereby affects the access of water molecules to the UR. This will 

directly influence the kinetics of UR release. The FE-SEM images of 

AGLU, SOA, UR, AGLU-UR-EA, AGLU-UR-CO2, SOA-UR-EA and 

SOA-UR-CO2 are presented in Figure 6.6. 

From the SEM image of UR, we could infer that UR is existing in the 

form of granules of different sizes (Figure 6.6 (a)). Pure AGLU is 

observed as aggregates of crystals of different particle size and shape 

(Figure 6.6 (b)). AGLU-UR composite prepared in EA shows an 

agglomerated morphology with network of particles (Figure 6.6 (c)) 

and AGLU-UR prepared in CO2 also shows similar networked 

structure (Figure 6.6 (d)). The SEM image of pure SOA shows 

crystallites of different shape and size (Figure 6.6 (e)). It is interesting 

to observe that the SOA-UR-EA morphology (Figure 6.6 (f)) is slightly 

different from that of pure SOA, with a more aggregated structure. 

 

Figure 6.6 FE-SEM images of a) UR, b) AGLU, c) AGLU-UR-EA, d) 
AGLU-UR-CO2, e) SOA, f) SOA-UR-EA, and g) SOA-UR-CO2. 
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The SEM image of SOA-UR-CO2 (Figure 6.6 (g)) shows a very 

smooth surface. The hole observed on the surface is due to the 

evolution of the entrapped CO2. This smooth surface observed is 

consistent with the glassy nature of the composite observed from the 

optical microscopic image. 

6.2.5 Urea release kinetics 

The structural modifications, change in lattice order, site-specific 

binding between UR and the coating material, and the 

microenvironments are expected to affect the kinetics of release of 

Urea. As we have seen earlier, AGLU retains its crystallininty and 

lattice order after CO2-treatment while SOA transforms into a glass. In 

the next sections, we will investigate how this is going to reflect on the 

results of our studies on the UR-release kinetics from these composites 

when dispersed in aqueous medium, as in the case of a natural 

environment. 

The release kinetics of UR from AGLU-UR-EA and AGLU-UR-CO2 

are presented in Figure 6.7. It can be seen that UR release from both 

the composites appears to be very similar, the complete release taking 

place within an approximate time span of 20 hours. About 80 % of UR 

gets released within a span of 10 hours. 
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Figure 6.7 The release kinetics of UR from AGLU-UR composites 
prepared in EA and CO2.  

 

We have also seen that for both the composites AGLU-UR-EA and 

AGLU-UR-CO2, the AGLU is in the crystalline state, although the 

crystallite sizes vary slightly. In such cases, one would expect that the 

Urea molecules will be pushed out to the exterior of the AGLU crystal 

surface, making it easier to be accessed by the surrounding water 

molecules. 

The kinetics of release of UR from SOA-UR composites prepared in 

EA and CO2 are presented in Figure 6.8.  
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Figure 6.8 The release kinetics of UR from SOA-UR composites 
prepared in EA and CO2. 

The SOA-UR composites prepared in CO2, show a very slow release 

of UR. It is observed that it takes nearly 93 hours for complete, 

spontaneous, release of UR, when dispersed in aqueous medium. 

Unlike in the case of AGLU, the SOA-UR-EA has a completely 

different release profile when compared to SOA-UR-CO2. In the 

former, the release is significantly faster, where most of UR is getting 

released within about 20 hours. The observed differences may be 

attributed to the structural differences between the two systems; the 

most important being that SOA-UR-CO2 is a glass while SOA-UR-EA 

is a crystalline material. It is likely that the UR molecules are 

entrapped and immobilized in the SOA glass matrix, making it difficult 

to diffuse out into water, which is made still more difficult by the 

hydrophobic nature of SOA. Additionally, SOA-UR-CO2 has a 

smoother surface and plausibly lesser surface area, making the solvent 

accessible area even lesser. On the other hand, in the case of SOA-UR-

EA, SOA is crystalline and therefore the UR molecules are tethered to 

the surface of the SOA crystal, making it easier to be diffused into the 
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aqueous medium. This explains the observed differences between the 

release kinetics of the two systems.   

6.2.6 Effect of concentration of Urea 

The change in concentration of UR may have a significant role in 

deciding the release kinetics. In a system containing UR and the 

coating material, three types of interactions need consideration. These 

are UR-UR interactions, host-host interactions and UR-host 

interactions, respectively. When the amount of UR increases, UR-UR 

interactions may become more notable, making the UR-host 

interaction cross-section smaller, leading to a faster release of UR.  

Conversely, when the amount of UR is lesser, UR-host interactions 

predominate, resulting in sustained slow release of UR. Also, when the 

amount of UR is lesser, UR can be more efficiently encapsulated 

within the matrix, leading to slower release kinetics.  

In order to investigate the effect of concentration on the UR release, 

we employ UR-coating material composites (processed using CO2) of 

three different weight ratios viz., 1:10, 1:20 and 1:50, respectively. The 

release kinetics of UR from AGLU matrix with three different UR-

AGLU weight ratios is provided in Figure 6.9. It is observed that three 

weight ratios show slight variations in the release kinetics. One 

observes a faster release in the order 1:10 >1:20 > 1:50 weight ratio. 

This trend observed may be due to the fact that, as the concentration of 

UR decreases, UR can be more efficiently encapsulated in the matrix, 

leading to slower release profile. 
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Figure 6.9 Release kinetics of UR from AGLU matrix with different 
UR-AGLU ratios. 

The release kinetics of UR from SOA matrix with three different UR-

SOA weight ratios is provided in Figure 6.10. One observes only less 

significant changes in the release kinetics.  

 

Figure 6.10 Release kinetics of UR from SOA matrix with different 
UR-SOA weight ratios. 
 

Almost similar UR release kinetics from three different UR:SOA ratios 

can be attributed to the glass formation observed in SOA composites. 

UR is encapsulated within the glassy SOA matrix, and hence it is very 

difficult for UR to come out, resulting in slower release. Also, SOA 

being hydrophobic, it not only forms a glass, but a hydrophobic glass 
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is formed. Due to this hydrophobic coating, solvent access to UR is 

very less, making the release slower.  

6.2.7 Combinatorial approach for tailoring the UR release 

So far, we have chosen AGLU and SOA separately as the coating 

materials for Urea. Composites of AGLU-UR and SOA-UR were 

prepared in EA and CO2. Initially, changes in crystallinity were studied 

using XRD data, UR-coating material interactions were studied using 

FT-Raman spectroscopic techniques. Morphological changes of the 

composites were compared using optical microscopic and SEM 

studies. Finally, the release kinetics of these composites were 

determined using UV-spectroscopic technique. We also discussed the 

different factors affecting the release kinetics of UR.  

Different release kinetics were observed for AGLU-UR and SOA-UR 

composites depending on different physico-chemical characteristics of 

the composites. UR release from AGLU matrix took place in 20 hours 

whereas UR release from SOA took place in 93 hours. As discussed in 

the introduction part, plants require nutrient at its different stages of 

growth, and this varies from plant to plant depending on its life span. 

This led to the idea of tailoring the UR release kinetics by taking 

different compositions of AGLU and SOA composites. Likewise, we 

decided to combine AGLU and SOA in 5 different weight ratios, viz., 

80:20, 60:40, 50:50, 40:60 and 20:80, in the CO2-solvent system. The 

composite of UR are prepared with these five different AGLU-SOA 

compositions in the weight ratio 1:20 in CO2 medium. The detailed 

experimental procedure for the preparation of composites is provided 

in Chapter 2. Both AGLU and SOA are hydrophobic, but AGLU-UR 

composite is observed to be crystalline whereas SOA-UR composite is 
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noticed to be an amorphous glassy solid, so one would expect that the 

combination of AGLU and SOA would be a hybrid of these two 

coating materials.  

6.2.7.1 XRD studies 

Previous studies from our research group122 had demonstrated that 

AGLU retains its crystalline nature after CO2-treatment whereas the 

SOA forms a glass after CO2-treatment. Similar observations were 

recorded by us with reference to AGLU-UR-CO2 and SOA-UR-CO2 

composites, it is expected that the XRD patterns would vary 

significantly for the composites with varying ratios of AGLU and 

SOA. The XRD patterns corresponding to the composites with 

different combinations of AGLU and SOA are exhibited in Figure 

6.11. 

 

Figure 6.11 XRD patterns for the different composites of UR with 
varying compositions of AGLU and SOA (a) 100% SOA (b) 
SOA:AGLU 80:20 (c) SOA:AGLU 60:40 (d) SOA:AGLU 50:50 (e) 
SOA:AGLU 40:60 (f) SOA: AGLU 20:80 (g) AGLU 100 %. 
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As one systematically moves from 100 % AGLU to 100 % SOA, XRD 

pattern shows a clear sequence from highly crystalline to highly 

amorphous nature. The composite with 100% AGLU, as already 

observed is crystalline in nature. When 20% SOA is introduced to it, a 

fall in crystallinity is observed and this keeps continuing. For the 

composite of UR prepared with AGLU:SOA (50:50), the intensity of 

the peaks of AGLU is decreased and a broad band, which is a 

characteristic of the amorphous SOA forms the background. 

Eventually, one observes a broad band characteristic for 100 % glassy 

SOA.  

6.2.7.2 SEM studies  

SEM studies provide insights into various morphological changes; 

specifically the crystallinity, homogeneity, surface 

roughness/smoothness etc. of the coating materials. These are the 

factors which determine the extent of UR encapsulation in the matrix, 

which directly affects the release kinetics. Information regarding the 

solvent access to UR by the solid composites may also be indicated by 

the SEM studies. The SEM images of the composites of UR prepared 

with different combinations of AGLU and SOA are shown in Figure 

6.12. 
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Figure 6.12 SEM images of the composites of UR with various 
combinations of AGLU and SOA. (a) 100% AGLU (b) AGLU:SOA 
80:20 (c) AGLU:SOA 60:40 (d) AGLU:SOA 50:50 (e) AGLU:SOA 
40:60 (f) AGLU:SOA 20:80 (g) 100% SOA. 

 

As already discussed in the previous section, AGLU-UR composite 

shows a networked structure with crystalline particles of different 

shape and size. A much more agglomerated structure is observed for 

AGLU:SOA (80:20) composite with a small increase in surface 

smoothness. In AGLU:SOA (60:40), a tremendous increase in surface 

smoothness is observed, although it possess an agglomerated structure. 

In the next three combinations of AGLU:SOA, the surface smoothness 

kept increasing and a glassy state began to appear. We could infer that, 

as SOA concentration kept increasing, the surface smoothness 

improved. Finally, as already discussed, 100 % SOA showed a 

complete smooth glassy surface. In none of the SEM images of the 
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composites, UR granules were observed, attributing to complete 

miscibility of UR in the composites. 

6.2.7.3 Urea release kinetics  

Release kinetics depends on various factors which we have already 

discussed in the previous sections. Individually, we have studied the 

UR release kinetics from AGLU and SOA matrices upon CO2 and EA 

processing and the factors which decided the release kinetics. Herein, 

we are investigating the UR release kinetics from different 

combinations of AGLU-SOA composites and relating it with the XRD 

and SEM studies. The release kinetics of UR from the various 

composites of AGLU and SOA are presented in Figure 6.13. 

Just by looking at the figure, one could observe a particular trend in the 

UR release kinetics. AGLU-UR composite took 20 hours for the 

complete release of Urea from its matrix whereas SOA-UR composite 

took 93 hours for the complete UR release. It is well evident that in 

composites with higher SOA concentration, UR is very slowly released 

from the matrix. Likewise, the composites with higher AGLU 

concentratios, showed release behaviour much like that of AGLU-UR 

composites, i.e., a fast release kinetics. From this observation one 

could infer that the release kinetics depends on the concentration of the 

individual coating materials. 100 % AGLU shows a faster release, and 

as one gradually adds SOA to this, release rate is slowed down.  
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Figure 6.13 Release kinetics of UR from composites prepared using 
varying amounts of AGLU and SOA.  

 

As the concentration of AGLU increases, the UR release is observed to 

be faster, plausibly due to the rupture of the glass formed by SOA. 

From this particular trend observed in the release kinetics, one could 

easily tune the UR release kinetics according to our needs. In fact, one 

observes a very good correlation between the extent of glass formation 

and the UR release kinetics. The higher the degree of glass formation, 

the slower would be the release, with the UR being completely 

immobilized inside.  

6.3 Summary and Conclusions 

In the present chapter, we have investigated the possibility of utilizing 

CO2 and two non-fluorous CO2-philes, viz., SOA and AGLU, for the 

preparation of Urea composites for controlled release of Urea, one of 

the prominent issues in agriculture. The XRD and FT-Raman studies 

of UR, CO2-philes and composites were recorded, followed by the 
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study of release kinetics. We investigated the kinetics of release of UR 

in relation to the physicochemical and structural changes of the sugar 

acetates used. It is observed that SOA forms a glass upon processing 

with CO2 with significant impact on the release kinetics. For the 

composite SOA-UR-CO2, the UR is completely encapsulated and 

immobilized in the hydrophobic SOA glass, making its release rather 

slow, within a span of 93 hours.  On the other hand, in all other 

composites where the sugar acetates retained their crystallinity, the UR 

release is very fast. This must be due to the fact that in the crystalline 

excipient systems, the UR molecules are pushed out to the exterior of 

the acetate crystallites allowing the solvent molecules to access them 

easily. Effect of concentration on the Urea release profile is also 

investigated. Finally, we tried to tune the release kinetics by combining 

two coating materials and preparing their composites with different 

weight ratios. XRD, release kinetics and SEM results of the new 

composites prepared are discussed. 

The coating materials and the solvent used in this work are 

environmentally benign in all aspects. SOA, AGLU and CO2 are of 

low cost and readily available. This CO2-based glassification strategy 

has the potential to be commercialized for the preparation of UR 

composites with tunable release kinetics, with immense applications in 

the field of agriculture.  
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CHAPTER 7                                                                                                                  
PREPARATION OF DRUG-EXCIPIENT COMPOSITES FOR 
CONTROLLED DRUG RELEASE: THE CASE OF ATENOLOL 

 

7.1 Introduction 

Supercritical Fluid (SCF) technology has emerged as a promising 

technology in the field of pharmaceutics during the last few decades. 

In this chapter, we report the results of our investigations on how 

supercritical CO2 can be used as a solvent for the homogeneous mixing 

of drug and excipient to prepare drug-excipient composites. 

Essentially, the drug and a CO2-philic excipient are mixed together and 

then the CO2 is vented out to obtain drug-excipient composites with 

little residual solvent in it. Before proceeding further, it is worth 

understanding the basics of drug formulation, beginning from the 

various components of a drug. 

7.1.1 Components of medication 

The drug is essentially composed of two components namely the 

excipient and the Active Pharmaceutical Ingredient (API). According 

to World Health Organization (WHO), API is “a substance used in a 

finished pharmaceutical product (FPP), intended to furnish 

pharmacological activity or to otherwise have direct effect in the 

diagnosis, cure, mitigation, treatment or prevention of disease, or to 

have direct effect in restoring, correcting or modifying physiological 

functions in human beings".193 There are also cases like multiple 

therapies, wherein more than one API is present, to treat different 
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symptoms and act in different ways.  The excipient is defined as a 

“substance(s) other than the API which has been appropriately 

evaluated for safety and is included in a drug delivery system to either 

aid processing of the system during manufacturing or protect, support 

or enhance stability, bioavailability or patients compliances or assist in 

product identification and enhance any other attributes of overall safety 

and effectiveness of drug product during storage or use”, by the 

International Pharmaceutical Excipients Council.194,195 Rarely, the 

excipients also possess pharmacological activity. Excipients are also 

classified as binders, fillers, lubricants, glidants, compression aids, 

colors, sweeteners etc., based on their functions.196 

7.1.2 Amorphous Solid Dispersions 

Oral drug delivery is regarded as the most easy, simple and widely 

accepted method for drug administration. However, in many cases, this 

method is found to be inefficient for a number of reasons, such as poor 

bioavailability of drugs. In fact, the most important problem in a drug 

formulation is the poor bioavailability and dissolution rate of poorly 

water soluble drugs. Several approaches have been employed to 

overcome these issues, such as the preparation of solid dispersions, 

crystallization, nanosuspensions, lipid-based drug delivery systems etc. 

Among these, solid dispersions have gained considerable interest as 

the most effective approach for improving the bioavailability and the 

dissolution rate. Sekiguchi and Obi were the first ones to describe solid 

dispersion in the year 1961.197 In general solid dispersions can be 

defined as the dispersion of one or more pharmaceutical ingredients in 

a carrier or matrix at solid state.198 The matrix can be amorphous or 
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crystalline. Based on the arrangement, solid dispersions can be broadly 

classified into three categories viz. eutectics, amorphous precipitations 

in crystalline matrix and solid solutions.198,199 Eutectic mixtures are 

composed of two components that are completely miscible in the 

liquid state and also, often, to a less extent,  in the solid state. They are 

generally prepared by melt fusion method.  The second category, is 

similar to eutectic mixture and the only difference is that the drug is 

precipitated in the amorphous state. In solid solutions, both the 

components crystallize together in a single phase system and are 

generally prepared by solvent evaporation or co-precipitation 

methodologies.  

With reference to Biopharmaceutical Classification System (BCS), 

drugs are classified into four categories.198 Solid dispersion strategy is 

the most promising technology being employed for BCS class II drugs, 

i.e. drugs with high permeability and low aqueous solubility. Drug 

delivery involves many important aspects such as delivery to a specific 

target size, fast release of low solubility drugs, and sustained release of 

drugs that are soluble in aqueous solutions. According to the 

fundamental principle of general oral drug formulation, an ideal drug 

delivery system should deliver the API to the required site in a 

controlled manner, which in turn, reduces the frequency of dosage. 

7.1.2.1 Importance of amorphous state in pharmaceutical systems 

The basic difference between crystalline and amorphous state is that 

the former is characterized by a higher degree of order of molecular 

arrangement.200 Amorphous state is the highest energy form of a solid 
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substance.201 When a crystalline material is heated, it melts at its 

melting temperature. If this molten material is cooled slowly, the 

molecules are packed in an orderly arrangement (crystalline state), 

since it gets enough time to move from their current position to 

thermodynamically stable position in the crystal lattice. Likewise, if 

the molten material is cooled rapidly, it doesn’t have enough time to 

orderly arrange the molecules and it goes to an amorphous state, and 

sometimes a super-cooled state or glassy state, characterized by a glass 

transition temperature (Tg).
202,203 Often, the glassy state is described as 

a solid with liquid-like order. 

In the case of a crystalline drug, the lattice energy barrier is a major 

limitation in the dissolution, although it has several advantages such as 

high purity and physical, chemical stability. On the other hand, 

amorphous state is characterized by higher entropy, free energy and 

volume, and a higher molecular mobility, leading to a faster 

dissolution and oral availability of the drug.204 

7.1.3 Different methods for the preparation of solid dispersions 

Melting and solvent evaporation methods are the most commonly used 

methods for the preparation of solid dispersions. 

7.1.3.1 Melting method205,206 

Melting method also known as fusion method was first proposed by 

Sekiguchi and Obi.197 In this method, the physical mixture of drug and 

the excipient is directly heated until melting occurs. The mixture is 

then rapidly cooled in ice bath with vigorous stirring and solidified. 
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The final product obtained is then crushed, pulverized and finally 

sieved. Although this technique is easier and simple, still there exist 

serious concerns associated with this technique. Firstly, there are 

chances for the drug or the carrier to decompose or evaporate at the 

higher temperature employed. Secondly, the drug and the carrier may 

be immiscible, resulting in inhomogeneity or separation between the 

drug and the excipient. These limitations were overcome to a great 

extent by modified melt methods such as hot melt extrusion method, 

melt agglomeration method etc. 

Hot Melt Extrusion (HME) method is having high similarity with the 

melting method except that the mixing of the components is carried out 

with the aid of an extruder. Herein, the drug-carrier powder blend is 

introduced into a heated barrel provided with a rotating screw via a 

hopper. Inside this barrel, the components are mixed in the liquid state 

and moved towards a die, which shapes the blend according to our 

requirement as pellets, tablets, films etc. In this case too, miscibility of 

drug and the carrier is a matter of serious concern. Also, the amount of 

heat and the high shear forces applied is an issue for heat sensitive 

substances. Unlike melting method, this method suggests the 

opportunity of continuous production. Again, this method is 

disadvantageous for thermally labile materials, which cannot withstand 

high temperature and works have been carried out in this line wherein 

a reduction in processing temperature was achieved with the use of 

CO2.  

MeltrexTM is a patented method for the preparation of solid dispersion 

and is also considered as a modified melting method, just as HME.207 
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The major aids included in MeltrexTM manufacturing set up is the use 

of twin screw extruder and two independent hoppers to provide a broad 

temperature range. In this set up, the residence time of the components 

in the extruder are lowered, ensuring continuous mass flow, thereby 

reducing thermal stress experienced by drug and the carrier. 

Melt agglomeration is yet another modified melting method, wherein 

the solid dispersions are prepared in conventional high shear mixers. In 

this method, the mixture containing the drug, carrier and the excipient 

is heated to a temperature within or above the melting point of the 

carrier. This method offers stable solid dispersions, when prepared in a 

rotary processor. The binder type, manufacturing method and particle 

size are the major parameters which decide the final nature of solid 

dispersions prepared via melt agglomeration method. 

7.1.3.2 Solvent method205,206 

This technique is the most commonly used one for the preparation of 

solid dispersions. In this method, the physical mixture of the drug and 

the carrier is dissolved in a common solvent and later evaporated. As 

already mentioned, one of the major limitation faced by the melting 

method is the degradation of the drug or the carrier. This can be 

prevented by adopting the solvent technique, since only low 

temperatures are required for the evaporation of organic solvents. One 

of the major drawbacks of this technique, however,  is the difficulty 

associated with the complete removal of the solvent, negatively 

affecting the chemical stability of the drug. The use of organic solvents 

and higher cost of preparation are also known to be its demerits. Based 
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on the method adopted for evaporation of solvent, this technique can 

be classified into different classes such as vacuum drying, slow 

evaporation of the solvent at low temperatures, use of rotary 

evaporators, a stream of nitrogen, freeze-drying, spray-drying, heating 

of the mixture on a hot plate etc. Among those listed, spray-drying and 

freeze-drying are the most common ones and herein spray-drying, the 

physical mixture of drug and the carrier dissolved in the solvent is 

sprayed into a stream of heated air flow.  In freeze-drying method, the 

physical mixture of the drug and carrier solubilized in the solvent is 

immersed in liquid nitrogen until completely frozen and later this 

solution is lyophilized. 

7.1.4 Supercritical fluid methods 

As mentioned in the introduction, SCFs exhibit both liquid-like and 

gas-like properties. This has enabled the SCF technology with notable 

applications in pharmaceutical industry such as micronization to 

enhance the bioavailability of poorly water soluble drugs.208 In this 

process, the average particle size of API are reduced to micrometer or 

sub-micron range. Conventional methods that are being employed for 

this purpose are milling, bashing and grinding.209 All these methods are 

working on the phenomenon of friction and thence are energy and time 

consuming ones. SCF technology has emerged as a promising one, 

which could overcome the curbs of conventional processing 

methodologies. Additionally, this technique ensures a clean or a 

‘solvent free’ process. Among the various supercritical fluids available 

in industry, SCF technology is the most commonly applied with scCO2 

taking into consideration its environmentally benign features and 



128 

economically promising aspects. SCF methods are primarily classified 

into two broad categories based on the role played by scCO2. 

(I)  scCO2 as solvent  

(II) scCO2 as antisolvent 

7.1.4.1 SCF used as solvent 

In this SCF method, SCF is utilized as a solvent for both API and 

excipient. A typical example is the Rapid Expansion of a Supercritical 

Solution (RESS), demonstrated first by Hannay and Hogarth.210 This is 

a two-step process. First, the solid is dissolved in SCF under pressure. 

The SCF solution thus obtained is then expanded and finally suddenly 

depressurized. This rapid depressurization leads to supersaturation and 

super fluid nucleation and hence results in the generation of sub-

micron or nano-sized sized particles. Although RESS is regarded as a 

simple and efficient technique, the major drawbacks that are limiting 

its application is the high cost of production, poor control on the 

particle size and also the poor solubility of many pharmaceutical 

products in SCF. Several modified RESS methods are industrially 

available in order to overcome its limitations and they are RESOLV 

(Rapid Expansion of a Supercritical Solution into a Liquid Solvent) 

and RESS-SC (Rapid Expansion of Supercritical Solution with Solid 

Co-solvent).211,212 

7.1.4.2 SCF used as antisolvent213 

Bleich and coworkers were the first to demonstrate the use of SCF as 

antisolvent and the related SCF techniques.214,101 The low solubility of 
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most of the pharmaceutical ingredients in SCF, limited the production 

of micro or nanosized particles using RESS and modified RESS 

methods. Here, SCF is regarded as an antisolvent and this must be 

completely miscible with the liquid solvent used. Also, the solute must 

be insoluble in the antisolvent. If one considers the microscopic 

solvation structures, one can perceive this as a case of preferential 

solvation. In general, this technique is considered as an alternative to 

recrystallization in order to process insoluble solute in SCF. This 

technique exploits the ability of the gas to sufficiently expand the 

liquid, wherein a large number of solute-solvent interactions will be 

replaced by solvent – SCF (or gas) interactions thereby limiting the 

solvation of the solute molecules, leading to precipitation of solutes.  

Based on the modes of mixing between SCF and the antisolvent, 

antisolvent processes are classified into different categories which are 

briefly described in the coming sessions.  

1. Gas Anti Solvent (GAS)215 

Here, the solute is dissolved in the solvent and the gas is flowed 

through this in a closed chamber. Upon increasing the pressure, the 

concentration of gas increases, which in turn reduces the solvation 

power of the solvent for the solute particles, thus leading to the 

precipitation of the solute particles.  

2. Precipitation with Compressed Antisolvent (PCA)215 

This method involves the spraying of the drug/polymer solution 

through a nozzle into a chamber containing SCF as the antisolvent. 
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SAS process shows higher drug loading capacity over GAS, since very 

smaller particles could be achieved in this method. This may be 

attributed to immediate contact between solute and SCF achieved via 

this method, which further leads to faster nucleation. 

(a) Supercritical Antisolvent (SAS) Recrystallization 216,217 

SAS method is similar to PCA. The basic difference between PCA and 

SAS is that PCA utilizes liquid or supercritical antisolvent whereas 

SAS makes use of SCF as antisolvent. Recently, many advancements 

have been reported for SAS process such as Supercritical-Assisted 

Injection in a Liquid Anti-solvent (SAILA) and Expanded Liquid anti-

Solvent (ELS) methods. 

(b) Aerosol Solvent Extraction System (ASES)216,217 

ASES method was patented by Müller and Fischer in 1989. The 

working principle is based on the extraction properties of supercritical 

gases. In this method, the drug/polymer mixture and the organic 

solvent (soluble in scCO2) is sprayed into a chamber containing SCF. 

Thereafter, the organic solvent is extracted, leading to the formation of 

particles of smaller size. The major limitation noticed for this 

particular method is its inability to load higher drug amount since it is 

having high affinity for organic solvent, which in turn reduces the 

loading amount in the polymer matrix.  

3. Solution Enhanced Dispersion by SCFs (SEDS)216,217 

SEDS is considered as a modified SAS technique with the only 

difference observed in the design of the nozzle. In SEDS coaxial 
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nozzle is used and it aids the dispersion of the drug solution by SCF, 

thereby leading to enhanced mass transfer and formation of particles 

with small size and fast nucleation rate. 

4. Particles from Gas Saturated Solutions (PGSS) 

In PGSS method, SCF is playing the role of a co-solute. SCF is 

initially dissolved in a drug-solvent suspension and finally 

depressurized through a nozzle. This results in the formation of 

particles of smaller size. This method have found wide application for 

micronization of formulation for BCS class II drugs.  

7.1.5 Applications of SCF technologies 

SCF strategy provides a promising technology platform for the design, 

manufacture and modification of pharmaceutical substances. SCF-

based methods have been widely explored for controlling the 

morphology, crystallinity etc. of the pharmaceutical ingredients, 

thereby controlling the drug-release kinetics of the preparations. 

Several works have been reported in this line of study and some 

selected works are summarized in the upcoming section. 

Toropainen et al., studied the variation in morphology of a commonly 

used excipient γ-cyclodextrin (γ-CD) using SEDS process and 

observed that upon increasing the processing temperature, crystallinity 

of γ-CD was completely lost and got transformed into an amorphous 

state.218 Nanosizing of Ibuprofen and Naproxen drugs via RESOLV 

method is already reported. Micronization of Cyclosporine carried out 

via RESS and PGSS techniques was carried out by Tandya et al.219 
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This processes resulted in the formation of micron sized cyclosporine. 

Generally this drug exists as a liquid crystal and this was evidenced 

from DSC results too. But upon scCO2 processing, solid to liquid 

crystal transition peak vanished. Tsivintzelis et al. studied the effect of 

pressure, temperature and rate of depressurization on the structure of 

Polystyrene and Poly(D,L-lactic acid).220 

Mishima et al. made use of a modified RESS method with a non-

solvent for the encapsulation of proteins such as lipase, lysozyme with 

polymers (such as Poly(ethylene glycol), Poly(methyl methacrylate) 

etc.).221 Works related to the preparation of inclusion complexes are 

also being carried out. One such notable work reported was the scCO2 

processing of Ibuprofen and cyclodextrins to create inclusion 

complexes of both.222 Also, Lee et al. reported the preparation of 

inclusion complexes of Itraconazole with hydroxypropyl-β-

cyclodextrin.223 

The primary objective of the work presented in this chapter is to 

investigate the viability of using scCO2 as an alternative solvent and 

certain inexpensive and FDA approved CO2-philes namely, SOA, 

AGLU and PEG as excipients for the preparation of drug-excipient 

composites for the controlled release of Atenolol (AT). We specifically 

wanted to mix the drug and the excipient homogeneously in the CO2-

solution and were motivated by some of the previous works from our 

group demonstrating that SOA forms a glass when treated with CO2.
122 

For comparison, drug-excipient composites were also prepared using 

EA as solvent. AT is a relatively hydrophilic drug and hence its 

controlled release has always been an important problem in 
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pharmaceutical chemistry, which makes it possible to reduce the drug 

dosage. Specifically, we have prepared six systems to study in this 

chapter namely, AGLU-AT-CO2, AGLU-AT-EA, SOA-AT-CO2, 

SOA-AT-EA, PEG-AT-CO2 and PEG-AT-EA, respectively. The 

abbreviations mentioned are in the order: excipient-drug-solvent and 

represents the encapsulation of drug in the excipient matrix using the 

particular solvent.  

In general, we have used a weight ratio of 1:20 for the preparation of 

composites of drug and the excipient. Also, weight ratios of 1:10 and 

1:50 were also investigated to examine the effect of concentration in 

the release kinetics of AT from the matrix. Detailed experimental 

procedure for the preparation of the drug-excipient composites using 

CO2 and EA as media are provided in Chapter 2.  

7.2 Results and Discussion 

First of all, we examine whether the drug is completely dispersed in 

the drug-excipient composites prepared using XRD. We also 

investigate the changes in morphology of the composites. 

7.2.1 XRD studies 

The X-ray diffraction patterns of AT, AGLU, AGLU-AT-EA and 

AGLU-AT-CO2 are provided in Figure 7.1. As observed from the 

XRD pattern, all the diffraction peaks of AT are absent in the 

composites processed in both EA and CO2, indicating that the drug is 

molecularly dispersed in AGLU matrices.  
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Figure 7.1 XRD pattern for AT, AGLU, and the different composites 
prepared using EA and CO2: (a) AT (b) AGLU, (c) AGLU-AT-EA, 
and (d) AGLU-AT-CO2. 

 

Upon examination of the XRD peaks of AGLU, in the composites 

prepared in EA and CO2, one could easily say that there is a slight 

broadening of the peaks indicating a small decrease in the degree the 

crystallite sizes.  

Similar studies were also carried out for SOA composites prepared in 

both EA and CO2. The XRD patterns of AT, SOA, SOA-AT-EA, and 

SOA-AT-CO2 are shown in Figure 7.2. The XRD data reveals that all 

the peaks corresponding to AT have disappeared in the SOA 

composites prepared in EA and CO2, confirming that the drug is 

molecularly dispersed in the SOA matrix. 
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Figure 7.2 XRD pattern for AT, SOA, and the different composites 
prepared using EA and CO2: (a) AT (b) SOA, (c) SOA-AT-EA, and 
(d) SOA-AT-CO2. 

 

In this case, the XRD data shows an amorphous state for SOA-AT 

composites prepared in CO2 medium. On the other hand, for the SOA-

AT-EA composite, SOA remains in the crystalline state.  

The XRD patterns of AT, PEG, PEG-AT-EA and PEG-AT-CO2 are 

presented in Figure 7.3. 
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Figure 7.3 XRD patterns for AT, PEG, and the different composites 
prepared using EA and CO2: (a) AT (b) PEG, (c) PEG-AT-EA, and (d) 
PEG-AT-CO2. 

 

It is clear that there is significant difference in the degree of 

crystallinity of PEG between PEG-AT-EA and PEG-AT-CO2, with an 

increased degree of disorder in the latter. The broad peak centred 

around 12 may be either due to the presence of amorphous AT in the 

system, indicating that the drug is not fully dispersed in the system, 

plausibly due to the hydrophilic nature of both AT and PEG as against 

the solvent CO2.  
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7.2.2 Raman spectroscopic studies 

The FT-Raman spectra of AGLU and AGLU-AT-CO2 corresponding 

to the C=O stretch region and the C-H stretch region, respectively, are 

provided in Figure 7.4 

 

Figure 7.4 FT-Raman spectra of AGLU and AGLU composites at two 
different regions: (I) 1700-1800 cm-1 and (II) 2900-3050 cm-1. 

 

No significant change in either the peak positions or the line-widths are 

observed for the carbonyl stretching band or in the C-H stretch region 

indicating that there are no significant changes in the physicochemical 

states of AGLU. In fact, the results reveal that the crystallinity of 

AGLU in the composite remains almost the same even after CO2 

processing. One also doesn’t observe any change in the vibrational 

band positions corresponding to the drug after it is dispersed in CO2. 

Along similar lines, the FT-Raman spectra of SOA and SOA 

composite at two different regions are provided in Figure 7.5, in the 

C=O stretch and C-H stretch regions. As observed in the previous 

(I) (II)
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chapter, one observed both an increase in the line widths as well as a 

slight blue-shift in the bands corresponding to both these vibrational 

modes for SOA-AT-CO2.  

 

Figure 7.5 FT-Raman spectra of SOA and SOA composites at two 
different regions: (I) 1700-1800 cm-1 and (II) 2900-3000 cm-1. 

 

In fact, the carbonyl stretching band is blue shifted by 2 cm-1 from 

1743 to 1745 cm-1 and the C-H stretching band by 2 cm-1 from 2939 to 

2941 cm-1. Both these indicate an increased disorder in SOA-AT-CO2 

as compared to pure SOA.  The FT-Raman spectra of pure AT and the 

SOA-AT-CO2 composite in the 1550 -1650 cm-1 region is provided in 

Figure 7.6 to investigate the binding between the drug and SOA. 

(I) (II)
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Figure 7.6 FT-Raman spectra of AT and SOA-AT-CO2: 1550 to 1650 
cm-1 vibrational frequency region. 

 

It is observed that the peak at 1584 cm-1 (corresponding to the C-C ring 

vibration) is red shifted by 5 cm-1 to 1579 cm-1, indicating a strong 

interaction between the drug and the excipient.  

Finally, we also investigate the FT-Raman spectra of PEG and PEG-

AT-CO2 (Figure 7.7). All the bands represented in figure clearly shows 

a line broadening indicating a decrease in the lattice order upon 

composite formation using CO2.  
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Figure 7.7 FT-Raman spectra of PEG and PEG composites at three 
different regions. 

 

In fact, the bands at 363 cm-1, 1142 cm-1 and 1480 cm-1, corresponding 

to C-C-O bending, C-C stretching and CH2-CH2 symmetric bending, 

respectively, clearly show line broadening, demonstrating a decrease in 

the lattice order in the PEG composite. 

For the PEG-AT-CO2, we also observe that the peak at  

1585 cm-1 corresponding to the C-C ring vibration of AT is blue-

shifted to 1587 cm-1 (Figure 7.8), which may be attributed to an 

increased degree of disorder in the PEG-AT-CO2 composite.  
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Figure 7.8 FT-Raman spectra of AT and PEG-AT-CO2 in the 1550-
1650 cm-1 region. 

 

7.2.4 SEM studies 

Scanning electron microscopic studies provides structural and 

morphological information on different systems. As we had earlier 

seen in the case of the UR composites in the previous chapter, surface 

morphology and structure will have significant implications on the 

drug release kinetics. The rate of release of a guest molecule from a 

host matrix will depend on the environment in which the molecule is 

encapsulated inside the matrix as well as the access of the solvent 

molecules to the drug molecule. On similar lines with the UR 

composites (Chapter 6), we investigate the surface morphology of the 

various composites prepared using CO2 and EA.  The FESEM images 

of AT, AGLU, AGLU-AT-CO2, AGLU-AT-EA, SOA, SOA-AT-CO2, 

SOA-AT-EA, PEG, PEG-AT-CO2, and PEG-AT-EA are provided in 

Figure 7.9.  
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In general, the results are very similar to what we had observed in the 

case of the UR composites. A few general characteristics observed 

may be summarized as below: 

SEM images show that the AGLU-AT-EA and AGLU-AT-CO2 

composites appear crystalline with slight morphological variations. On 

the contrary, the SOA-AT composites prepared using EA and CO2 

have completely different morphologies. The SOA-AT-EA presents 

closely networked aggregates, while the SOA-AT-CO2 composite has 

a very smooth surface, as observed in the case of the SOA-UR-CO2 

composite.  

 

Figure 7.9 FE-SEM images of a) AT, b) AGLU, c) AGLU-AT-EA, d) 
AGLU-AT-CO2, e) SOA, f) SOA-AT-EA, g) SOA-AT-CO2, h) PEG, 
i) PEG-AT-EA, and j) PEG-AT-CO2, respectively. 
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PEG has a waxy flake like morphology as evidenced from the SEM 

image. PEG-AT-EA also shows a similar surface texture. But, PEG-

AT-CO2 presents a smooth surface, much like that of SOA. However, 

it must be remembered that while SOA is hydrophobic, PEG is 

hydrophilic.  

7.2.3 Drug release studies 

In the previous sections, we have discussed the various structural, 

morphological and drug-excipient micro environment changes in 

various composites under study. In this section, we investigate how 

and to what extent these changes affect the kinetics of drug release 

from these composites. From the results shown in the earlier Chapter 

on the Urea composites, one would expect significant changes in the 

drug release kinetics in these systems. Even though both AGLU and 

SOA are hydrophobic, it was shown that the CO2-induced SOA glass 

does immobilize the guest molecules inside, making the drug release 

much slower as compared to the AGLU composites. PEG is 

hydrophilic with a decreased order, after CO2 treatment.  

The drug release kinetics from AGLU composites processed using EA 

and CO2 is shown in Figure 7.10. One observes a similar drug release 

pattern for both the composites. For both these, about 80% of the drug 

is released within 2 hours and complete release in about 40 hours, 

indicating that the drug molecules are located on the crystallite 

surfaces 
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Figure 7.10 Drug release profile of AT from AGLU-AT-EA and 
AGLU-AT-CO2. 

 

The drug release kinetics from SOA-AT-EA and SOA-AT-CO2 are 

shown in Figure 7.11.  Similar to the observations in the case of release 

studies of the Urea composites, the drug release from SOA-AT-EA is 

observed to be much faster in comparison with that from the SOA-AT-

CO2. While 80 percent of AT gets released within about 10 hours in 

the case of SOA-AT-EA, it takes nearly 70 hours for the drug to get 

completely released from SOA-AT-CO2.  
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Figure 7.11 Drug release profile of AT from SOA-AT-EA and SOA-
AT-CO2. 

 

This enormous difference in the release kinetics between SOA-AT-EA 

and SOA-AT-CO2 may be correlated with XRD and FT-Raman 

studies. It is plausible that the drug molecules are thrown to the 

exterior of the small crystallites of SOA in the SOA-AT-EA 

composite, causing their faster release. On the other hand, in the case 

of SOA-AT-CO2, the drug molecules appear to be immobilized inside 

the glassy and hydrophobic SOA, making solvent access more difficult 

to the vicinity of these molecules; making their release much slower.  

PEG is one among the most commonly used excipients in 

pharmaceutical industry due to its benign attributes such as non-

toxicity, biocompatibility, low cost and low volatility. As discussed in 

the introductory chapter, PEG (M.W 1500) is a highly CO2-philic 

compound (also hydrophilic) and hence can be utilized as an excipient 

in supercritical drug processing. The drug release kinetics from PEG 
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composites processed using EA and CO2 are shown in Figure 7.12. 

Interestingly, one observes similar drug release profile for the PEG 

composites processed in EA and CO2; taking about 18 hours for the 

entire drug release. 

 

Figure 7.12 Drug release profile of AT from PEG-AT-EA and PEG-
AT-CO2. 

 

It is interesting to note that the drug release profile for these two 

composites are quite similar in spite of the differences in their structure 

and morphology as evidenced by the XRD and SEM results. Since 

PEG is hydrophilic, one would expect that the solvent penetration into 

the excipient matrix happens spontaneously and one would also expect 

a fast release of the drug.  However, it takes nearly 18 hours for the 

complete drug release in spite of the structural or morphological 

differences as evidenced by the XRD and SEM, even though the drug 

used is highly water-soluble. This suggests that the drug release 

kinetics in the case of the PEG-AT-EA and PEG-AT-CO2 is governed 
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by a different criterion. It appears that the hydrophilic drug molecules 

are encapsulated well in the polymer chains and are bound to the PEG 

molecule.  

7.2.5 Effect of concentration of drug  

Effect of concentration of drug on the drug-release is another 

important matter that needs consideration. Generally, the drug release 

kinetics is governed by a set of interactions, viz., drug-drug interaction, 

excipient-excipient interaction and drug-excipient interaction. If the 

concentration of drug is very low, the drug-drug interaction may be 

ruled out and also there will be better encapsulation of the drug 

molecules; leading to slow drug release. Also, when the concentration 

of the drug in the system is higher, the drug-drug interactions will be 

significant. Accordingly, one would expect a faster drug release. In 

order to investigate the effect of concentration on the drug release, we 

employ drug-excipient composites (processed using CO2) of three 

different weight ratios viz., 1:10, 1:20 and 1:50, respectively.  

The kinetics of release of AT from AGLU matrix with three different 

weight ratios of AT: AGLU is provided in Figure 7.13. One could 

clearly observe a small variation in the drug release profile as the 

concentration changes. As the concentration of drug increases, release 

is noticed to be faster i.e. 1:10> 1:20>1:50.  
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Figure 7.13 Drug release kinetics of AT from AGLU matrix with 
different AT/AGLU ratios.  

 

The results indicate that, the lower the drug concentration, the better it 

is encapsulated in the excipient matrix. 

The drug release kinetics in the case of the SOA-AT-CO2 composites 

with three different AT/SOA weight ratios is presented in Figure 7.14. 

Interestingly, in this case, one doesn’t observe any difference for the 

compositions 1:20 and 1:50. However, a drastic difference is observed 

in the case of the 1:10 composite, where the drug release is fast, 

indicating that the drug is not encapsulated inside the SOA or the drug 

has disrupted the glassy structure of SOA, as was reported in the case 

of PEG/SOA composites.122  
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Figure 7.14 Drug release kinetics of AT from SOA matrix with 
different AT/SOA ratios.  

 

The kinetics of release of AT from PEG matrix with three different 

weight ratios of AT/PEG is shown in Figure 7.15. No regular trend is 

observed in the kinetics profile as a function of concentration.  

 

Figure 7.15 Drug release kinetics of AT from PEG matrix with 
different AT/PEG ratios. 
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This may be due to the better encapsulation of the drug inside the 

hydrophilic matrix and also due to higher drug-excipient interactions 

observed. The hydrophilic nature of the excipient outweighs the effect 

of concentration. This is why, all the composite ratios are showing 

similar release kinetics. 

7.3 Summary and Conclusions 

In this work, we have studied the variations in the kinetics of the drug 

(AT) release from CO2-philic matrices such as AGLU, SOA and PEG 

and its correlations to the structural and morphological variations of 

the excipient matrices brought about by the effects of solvent and 

composition. There are several factors which can influence the drug-

release kinetics such as the solubility of the drug in water, 

hydrophobicity/hydrophilicity of the excipient, crystallinity of the 

excipient, and how well the drug is encapsulated inside the excipient 

matrix. Crystallinity of the excipient matrix ensures that drug is pushed 

out to the peripheral regions of the crystal, providing easy access to the 

water molecules. We observed significant differences for the drug-

excipient composites prepared using CO2 vs. conventional solvents 

(EA). While EA does not affect the crystallinity of the excipients, CO2 

does. As we had discussed in the earlier chapters, SOA is a unique 

matrix by virtue of the CO2-induced glass formation and the 

consequent immobilization of the drug inside the drug. Thus the CO2-

processed SOA composites of the drug provided very slow release, 

while EA-processed samples provide fast release of the excipients.  For 

the AGLU matrix, both EA and CO2 yield crystalline composites and 

consequently provide fast release. In the case of PEG, both EA and 
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CO2-processed composites provide similar drug-release kinetics.  The 

results are of significance not only from the perspective of the 

utilization of a safe and environmentally benign CO2-solvent platform 

in the pharmaceutical industry, but also in its unique capability in the 

design of drug-excipient composites for sustained drug release.  
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CHAPTER 8 
CONCLUSIONS AND OUTLOOK 

 

Chemical industry has been identified as the single largest industry that 

is responsible for the large scale degradation in the quality of our 

environment. About 30–40 million tons of VOCs are being used as 

solvents for various chemical industries around the world and a major 

part of this escapes into the atmosphere, causing a serious threat to our 

sphere of life. This has generated much interest in the search for more 

environmentally responsible alternative solvents and is one of the key 

issues in the emerging green chemistry research. Among the various 

alternative solvents proposed, liquid and supercritical CO2 has been 

widely regarded as potential green solvent alternative for future. In the 

last three decades, this solvent system has made inroads into many 

industrial applications. The synthesis of fluoropolymers such as Teflon 

(where CO2 replaces CFCs as solvent), CO2-based dry cleaning, 

synthetic organic chemistry, extraction of natural products, 

microelectronic cleaning, food and pharmaceutical chemistry, 

industrial coatings, etc. are some of the areas where the CO2-solvent 

system has already made a mark.  In fact, the DuPont company has 

already set up an industrial facility for the synthesis and processing of 

fluoropolymers in the state of North Carolina, USA.  

One of the major limitations for the expansion of this green solvent 

system was the lack of understanding on the solvent attributes of CO2. 

The rule of thumb regarding solvation is that “the like dissolves like”. 

CO2 is a linear, triatomic molecule with zero dipole moment and liquid 
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and supercritical CO2 possess dielectric constants even lesser than that 

of hexane, leading many to believe that CO2 represents the solvent 

extreme of water. This view was discarded by Kazarian et al.39 and 

later by Raveendran et al.33,42 and it has now been accepted that one 

needs to consider CO2 as a charge-separated molecule capable of 

participating in both Lewis acid- Lewis base interactions with solute 

functionalities and that this needs to be borne in mind while 

investigating the microscopic solvation of compounds in CO2. This 

view, supported by rigorous quantum chemical calculations suggested 

that acetylation of polyhydroxy systems such as carbohydrates can 

indeed be an important method for the synthesis of renewable and 

inexpensive CO2-philes53 with newer possibilities for implementation 

of newer techniques in chemistry. It may be remembered that, much 

earlier, it was identified that fluorocarbons have high miscibility with 

CO2 (mainly supported by dispersive interactions), but the utilization 

of these systems as CO2-philes was limited by the high cost and the 

associated environmental issues. Theories on the solvation of these 

molecules in CO2 are still inconclusive and are still active areas of 

engagement in theoretical and experimental chemistry. 

The work presented in this thesis is an attempt to bring together the 

CO2-solvent platform and the inexpensive CO2-philes together for 

industrial applications by virtue of the high solubility of these 

compounds. In fact, sugar acetates are the most CO2-philic compounds 

identified so far. Compounds such as SOA and AGLU undergo 

deliquescence in gas phase CO2 at room temperature and are miscible 

with liquid and supercritical CO2 for any concentration. PEG 



155 

(M.W.1500) is another compound we have investigated in this work. 

This system also exhibits similar solvation behaviour in CO2, plausibly 

aided by the Lewis acid-Lewis base interaction between the carbon 

atom of CO2 and the ether oxygen of PEG. The flexibility of the 

polymer chain may support the solvation of molecules entropically. 

PEG also has an important feature that it is hydrophilic. 

Three CO2-philes, viz., SOA, AGLU, and PEG are used in this study. 

The applications in which we have employed these are sizing and 

desizing of yarn in the textiles industry, sizing of paper, wood 

processing, preparation of composites for the sustained release of 

drugs (AT) and sustained release of fertilizers (UR). Earlier work from 

our own research group has shown that among the CO2-philes used, 

SOA forms a glass, AGLU remains crystalline, and PEG transforms 

into an amorphous phase after CO2-treatment.122 Interestingly, SOA, 

when treated with conventional solvents such as Ethyl Acetate and 

Acetone does not transform into a glass and retains its crystalline 

behaviour. Thus, SOA is a classic example for a system where the 

lattice energy and solvation energy has struck a subtle balance. 

The thesis is divided into eight chapters. The first Chapter gives a 

historical introduction into the development of green chemistry and 

alternative solvents, with a particular focus on the solvent attributes of 

CO2. The second chapter deals with the materials and experimental 

methods applied in this study. The third Chapter discuss the results on 

the investigations carried on the sizing of textile yarn with these CO2-

philes and its desizing, using scCO2 vs. conventional solvents. The 

fourth Chapter describes the results of our studies on sizing of paper 
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using liquid/scCO2 as the medium with the different CO2-philes as size 

materials. Wood processing is another industrially important area. 

Conventional wood processing involves the peracetylation of cellulose 

by heating the wood in boiling acetic anhydride, an environmentally 

harmful irritant. In Chapter 5, we present a strategy of impregnating 

and coating wood with sensorially active compounds like SOA using 

scCO2 as the medium. It is worthy of mention that SOA is one of the 

bittermost compounds identified so far. Chapter 6 and Chapter 7 deals 

with two different applications, viz., preparations of composites of 

these CO2-philes with Urea and a hydrophilic drug (AT), respectively, 

to investigate the possibility of sustained release composites for Urea 

(relevant for agriculture) and AT (pharmaceutical industry), 

respectively. 

Some important features need to be emphasized with respect to these 

applications. The most important one is the CO2-induced glassification 

of SOA which has significant consequences on the binding of SOA 

with yarn, paper and wood, as well as the immobilization of guest 

molecular systems in the glassy SOA. SOA coatings are also 

characterized by a smooth surface. One must note that among the 

systems studied, SOA and AGLU are hydrophobic, but the former is 

glassy, and the latter crystalline, after CO2-treatment. PEG forms a 

waxy and smooth coating upon CO2-treatment and it is hydrophilic. 

It can be seen that both for the sizing of yarn (both cotton and 

polyester) and paper, SOA provides much superior sizing in terms of 

its strength, binding, and surface smoothness as compared to the other 

systems.  



157 

The UR composites prepared too are unique as compared to the others. 

The glassy composite of SOA and UR prepared using CO2 results in a 

very slow release of UR, taking about 93 hours for the complete 

release of UR when dispersed in water. In all other cases, the release of 

UR is much faster. In fact, the similar composite with AGLU, releases 

most of UR in about 20 hours. We also prepared composites of UR 

with different SOA/AGLU compositions and we observe that one can 

in fact tune the UR release by tailoring the composite structure and 

morphology. These are observations with important bearing on 

enabling these applications.  

Kinetics of release of the hydrophilic drug AT (Chapter 7) from 

different excipients such as SOA, AGLU, and PEG also provide 

significant insights into how structural and morphological variations as 

well as the hydrophobicity/hydrophilicity of the excipient systems can 

affect the drug release. As expected, we observe that the SOA 

composite provide the slowest release (70 hours). This may be 

attributed to its smooth, hydrophobic surface (that reduces the solvent 

access) and the glassy state of the CO2-processed SOA (that 

immobilizes the drug molecule inside). 

In summary, the results presented in this work with regard to the 

various applications presented in this thesis have important 

consequences with regard to enabling these strategies as greener 

technological innovations for a sustainable future.  
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