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Abstract 

 

An Exploratory Analysis of Textile Fabric Soil Content through Ozone 

Reaction 

 

Shamini Rajaganesh MSTAT 

The University of Texas at Austin, 2013 

 

Supervisor:  Mourad Krifa 

 

Cleanliness is one of the most essential virtues needed for a healthy lifestyle.  

While there have been several attempts made to characterize the cleanness of food, water 

and air by quality monitoring, there has been very little attention given to the cleanness 

characterization of clothing. Clothing worn next to the skin is easily contaminated by 

solid particles and fluid substances picked up from the surrounding environment and the 

skin surface. The fluid contamination could be either aqueous or oily in nature. Human 

sweat and sebum are one of the major constituents of oily organic soils found in worn 

clothing. Studies show that oily organic contaminations tend to remain in the clothing 

even after laundering, thereby creating malodors. While there are several industry 

established standards to evaluate visible solid contamination such as dust, dirt and 

colored stains, measuring the amount of invisible oily contaminations has been difficult.  

Moreover, many of the cleanness evaluation methods are subjective. This exploratory 

research aimed at measuring the level of sweat and sebum soiling in textile fabrics. Due 

to the affinity of ozone towards the unsaturated components of sebum, the feasibility of 



 vii 

using the reaction rates of ozone as a metric to quantify the level of organic soiling in 

clothing was tested. The fabrics selected for this study were representative of the 

commonly used fiber composition in activewear and innerwear. The sweat and sebum 

used for fabric soiling were synthetic in nature. The fabric swatches were soiled with 

synthetic sebum at two extreme levels of soiling (0.3% and 1% of the fabric weight). A 

lab built four-chamber ozonation equipment was used for the experimentation with 

ozone.  The reactivity of ozone with the soiled fabrics was measured using the reduction 

of ozone concentrations (in ppb) as a function of time. The results showed significant 

differences in ozone decay rates indicating that ozone reactivity increased with the level 

of soiling, particularly in the cotton samples. There was also a marked difference in the 

reaction rates between the cotton and polyester fabrics at the same level of soiling. The 

results obtained from this study support our hypothesis and are promising as to the 

feasibility of developing an objective method of measuring cleanness of clothing.  

Moreover, an adjunct qualitative study was conducted to assess the sensitivity of 

the human nose to the difference in the level of soiling through sensory analysis. The 

results from the study substantiated the need for an objective method of cleanness 

measurement. 
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Chapter 1 Introduction 

1.1 PURPOSE AND SCOPE 

Cleanliness is one of the most essential human virtues needed for a healthy lifestyle. To 

ensure health and hygiene, man needs clean food to eat, clean water to drink, a clean 

environment to live in and clean clothes to wear. While cleanness determination of the first three 

aspects has been receiving a lot of attention over the years, very little thought has been given to 

the cleanness of clothing and apparel. Traditionally, garments have been cleaned by means of 

wet and dry laundry methods. However, the effectiveness of the cleaning process has been 

assumed to be positive. The recent outcries in terms of energy efficient laundry systems have 

brought about a change in the laundry habits of people across the world. Energy labeling of 

washing machines have brought about a reduction in the wash temperatures and duration. New 

fabric friendly detergents have been introduced into the market. Due to the lack of measuring 

scales for clothing cleanness, it has been hard to evaluate the cleanness efficacy of the new 

laundry practices. In the recent years, there has been a lot of research and innovation in the area 

of soil release and anti-microbial finishes for keeping clothing visually clean and free of 

infectious microbes. But cleanness of clothing does not pertain only to visible stains, soils and 

microbes. Several studies have indicated the role of human skin in clothing contamination. 

During wear, clothing picks up the oily organic secretions from the skin surface which are 

remain on the clothing producing malodor. Since these contaminations are invisible, it is 

impossible to assess them on a visual scale. Hence there is a pressing need for a simple and 

objective method for estimating the amount of invisible organic soils present in a garment. This 

measurement is necessary in order to wholesomely characterize a garment’s cleanness quotient. 

The scope of this research lies in exploring the feasibility of a new technique to objectively 
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measure the oily organic contaminations in clothing due to human skin soils.  Ultimately, our 

aim is to develop a cleanness index for clothing that takes into consideration all of the cleanness 

parameters. 

1.2 BACKGROUND 

In general, cleanliness is an abstract concept that is hard to define in both literal and 

operational sense. As per dictionary definition, cleanliness is the state of being clean due to the 

absence of unwanted, noxious substances. But, according to Sirianni and Borak (2010), the 

above definition might vary, given the different occupational settings. For example, in a hospital 

setting, equipment used for surgical purposes has to be unused and free of dirt and 

contamination.  Also, under practical conditions, it is important to know ‘how clean is clean’, or 

in other words, the level of dirt that is acceptable for a given purpose. With this in mind, several 

federal agencies and advisory bodies such as FDA, OSHA, and ASTM etc. have defined the term 

“cleanness” with respect to different workplace settings  (Sirianni & Borak, 2010). From their 

review Sirianni and Borak (2010) noticed that, though there was a plethora of terms describing 

cleanness, the process of achieving cleanness was often unclear. Also, there was a lack of criteria 

to determine whether the required amount of cleanness/sterility was achieved or not (Sirianni & 

Borak, 2010). The existing terminology defining cleanness is only concerned with worker 

clothing and other personal protective equipment. Table 1 describes agency specific regulations 

and guidelines for defining cleanness of protective equipment (Sirianni & Borak, 2010).   
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Table 1.1 Agency Specific Regulations and Guidelines for Cleanliness of Protective Equipment  

 

Note. From Sirianni and Borak (2010)  

 Though there are no standard methods listed by regulatory agencies for determination of 

the effectiveness in decontamination, the manual prepared by the joint effort of some of the 

agencies suggest visual inspection and wipe sampling to determine cleanness. There are no 

further instructions on testing the wipe samples for contamination. 

Unlike protective clothing, the cleanness of everyday clothing has not been given a lot of 

attention as laundered clothes are assumed to be clean. According to M. J. Terpstra (2001) the 

spread of infectious diseases may occur due to contact with contaminated textiles in a household. 

However, assessment of the potential health risks from inadequate laundry hygiene is difficult to 
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carry out (Terpstra, 2001). Thus, the general lack of methods and standards to measure the level 

of dirt/contamination in a piece of clothing paves the way for research in the area of garment 

cleanness. 

1.2.1 Changing Laundering Practices 

The most common method used for garment cleaning is laundering. The primary purpose 

of laundering is to restore the aesthetics of an item and its fitness for use (Terpstra, 2001). 

Laundering practices of people all around the world are constantly changing due to the influence 

of social, cultural and moral norms (Laitala, Boks, & Klepp, 2011). The selection of wash 

temperature, wash frequency, washer and dryer type, detergent type and the system of cloth 

sorting vary from culture to culture and location to location. Different laundry habits have been 

observed in different countries (Laitala et al., 2011). Spanish, Japanese and Korean consumers 

carry out cold washes while most of the European, Asian, American and Australian consumers 

prefer hot washes as they perceive it produces a higher cleaning effect (Laitala et al., 2011; 

Pakula & Stamminger, 2010). Consumer laundry habits are also dependent on the available 

technology in terms of machine and detergent and also the laundry information available to them 

(Laitala et al., 2011). Moreover several of these laundry habits have become mundane with 

consumers paying minimum attention to the laundry variables (Laitala et al., 2011). Regardless 

of consumer habits, the cleanness of clothing after laundering has so far been assessed by the 

user only in view of one’s own perception of cleanness.  

Recently, there has been a growing interest in life cycle assessment (LCA) studies of 

household laundry practices and clothing. LCA studies on clothes, detergents and washing 

machines show that the use period of a clothing item is usually the most energy demanding 

phase, and depending on the energy source, it can also be the most polluting  phase (Laitala et 
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al., 2011). Life cycle analyses estimate that for a typical clothing item such as a T-shirt, 

approximately 60% of the carbon associated with the life cycle of the product will be emitted 

after the clothing is purchased by consumers (Allwood, 2006). Mainly, the environmental impact 

of  laundry on energy consumption has led researchers to take a look at the sustainability of  

laundry processes (Hustvedt, 2011). There has been a keen focus on developing newer and 

advanced technologies in washer and dryer designs for efficient water consumption (Hustvedt, 

2011; Tim Richter, 2005). Detergents are also being made environment friendly with the 

inclusion of enzymes in their formulation to enable them to work at lower wash temperatures 

with reduced water requirement (Laitala et al., 2011). Over the past few years, there has been a 

constant effort to communicate the message of efficient laundry practices in several parts of the 

world through care labeling, product branding, machine presets and detergent dosages (Laitala et 

al., 2011; Laitala, Klepp, & Boks, 2012; Lin & Iyer, 2007). In developing countries like China, 

several types of laundry systems co-exist along with traditional laundering habits (Lin & Iyer, 

2007). With increasing competition in the consumer electronics industry, newer and advanced 

washing machines are being pushed into the market (Lin & Iyer, 2007). However, the 

performance of  machines in terms of the cleaning efficiency is debatable (Lin & Iyer, 2007).  

While the focus on reducing the energy consumption in laundering is very important, the 

assessment of its primary purpose of cleaning the garment has been left to the consumer’s 

perception. The US Department of Energy (DOE) has been conducting  research in the areas of 

energy efficient laundry practices, sustainable methods for improving laundering efficiency and 

consumer laundry habits for the last sixty years (Hustvedt, 2011). The DOE analyzed new 

washer and dryer designs that potentially lower the energy consumption. The designs were 

evaluated under the criteria of manufacturing costs vs. energy efficiency and workability 
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(Hustvedt, 2011). Many of these washer and dryer designs were tested for consumer satisfaction 

in terms of cleaning times, detergent amounts and wash temperature. The DOE then validated the 

cleaning effect and load dampness after drying observed in the garments by rating the 

consumer’s satisfaction on the same after washing and drying (Hustvedt, 2011).   

As mentioned before, a large portion of clothing is washed purely habitually with no 

attention to the level of soiling. For instance, consumers believe that skin-touching garments 

have to be washed after every use while outer wear can be cleaned on an infrequent basis 

(Laitala et al., 2011). There are also product- dependent variations in cleaning due to the 

inheritance of cultural habits  such as washing cotton garments more frequently than woolen 

ones; shirts more often than pants (Laitala et al., 2011). Over the years, cleaning processes have 

been altered in different ways to lessen the effect on the environment (Terpstra, 2001). However, 

a good cleaning performance needs a minimum amount of energy input, which comprises of 

mechanical work, thermal energy, chemicals and time. Therefore, to maintain a good cleaning 

performance, the reduction of one of these four components (for example lowering temperature 

to reduce energy cost) must be compensated for by an increase in one of the others (Pakula & 

Stamminger, 2010). Since laundry is a mundane activity, it is possible that a consumer fails to 

comply with these rules given the absence of objective means of measuring cleaning 

effectiveness and the reliance on consumer’s perception. Thus, there remains a question as to 

whether these altered laundry processes aiming at reducing the garment’s and, more generally, 

the household’s environmental footprint still deliver a clean garment. In addition, some of the 

measures often cited are potentially detrimental to garment cleanliness. For instance, eco-

friendly detergents could serve as a nutrient medium for microorganisms (Terpstra, 2003). 

Furthermore, reduction in wash temperature reduces thermal and chemical disinfection while 
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increase in processing time at low temperature could aid the growth of microorganisms 

(Terpstra, 2003). In order to answer the question about the effectiveness of environment-friendly 

garment cleaning processes, an objective measure of cleanness is essential. 

1.2.2 Measuring the cleanness of textile products 

With respect to textile products, cleanness of fibers, specifically natural fibers is 

characterized by the absence of non-fibrous substances in them. There are specific standards to 

measure the non-fibrous content present in natural fibers such as cotton, wool and silk (ASTM, 

2009a, 2010, 2012a, 2012b). Cleanness characterization of fibers is mainly carried out to 

determine the quality, thereby the cost of fibers (Bel, Simpson, Columbus, & Vinyard, 1991; 

Hollies, 1989; Huber, 1938; Mogahzy, Broughton, & Lynch, 1990).  

During wear, the garment gets contaminated with bodily secretions and substances from 

the surrounding environment which includes visible and invisible contaminants (Chi & 

Obendorf, 1998a; Terpstra, 2001). The nature of the soil in clothing differs from person to 

person, and depends on the occupation and the environment of the wearer (Chi & Obendorf, 

1998a). The visible contaminants include stains and solid particulate matter (loose and fixed). 

The invisible contaminants mainly consist of microbes and fluid-like oily organic soils (Chi & 

Obendorf, 1998a). The oily organic soils consist of grease and oil from the environment and 

human body secretions such as sweat, skin shedding and sebum. Human sebum, a sebaceous 

secretion of the skin, is a major source of organic soil in clothing (Chi & Obendorf, 1998a). 

These oily contaminations serve as a nourishing medium for microorganisms to thrive, leading to 

the development of malodor in clothing (Chung & Seok, 2012; McQueen, Laing, Brooks, & 

Niven, 2007).  
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So far, cleanness assessment of clothing has been carried out by consumers evaluating the 

degree of  visible stains and odor, both before and after washing (ASTM, 2005; Laitala et al., 

2011). The cleaning effect with respect to visible soiling can be evaluated by using the standard 

test for measuring washing machines’ performance for energy labeling purposes (EN 60456, 

2005). Here, pre-soiled standardized textile swatches are washed in household washers under 

specified laboratory conditions and the cleaning effect was measured as a reflection percentage 

of the soiled swatches with a spectrophotometer. The cleaner the swatches get, the higher the 

reflection value (Laitala et al., 2011). Recent research led to the development of novel methods 

for objective measurement of stain release. For instance, Gururajan et al (2008). (Gururajan, 

Hequet, & Sari-Sarraf, 2008) used image analysis techniques to measure stains on fabric. Their 

machine vision system was later further developed to simultaneously measure dimensional 

changes and stain release in a fabric (Hill, Kamalakannan, Gururajan, Sari-Sarraf, & Hequet, 

2011). 

Beyond visible stains, assessment of microbial contamination is also commonly 

conducted to measure the effectiveness of antimicrobial treatments. There are several standard 

test methods to evaluate the efficacy of antimicrobial treatments (AATCC 100, AATCC 147, 

ISO 20743:2007). Anti-microbial treatments are imparted to fabrics to help killing of microbes 

and prevent their future occurrence and spread. The type of anti-microbial treatments vary with 

the level of protection needed as some treatments kill bacteria and fungi while some inhibit their 

growth (Simoncic & Tomsic, 2010). Such anti-microbial textiles have gained wide popularity in 

the sports and active wear market (Gao & Cranston, 2008).  

Thus, although measurement methods exist to assess garment cleanness with respect to 

stains and to microbial populations, there are no objective test methods available to measure the 
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amount of and effectiveness of removal of the other invisible contaminants, specifically, oily 

organic soils due to the presence of human sebum and sweat.  

1.3 RESEARCH PROBLEM 

Practically, one way of measuring cleanness would be by knowing the percentage of 

unwanted and undesirable substances present or absent in a material. In order to measure the 

cleanness of clothing, it is important to take into consideration all the soil accumulations during 

wear. In a layman’s sense, cleanness of an everyday clothing item is evaluated in terms of 

absence of visible stains, soils and malodor (Laitala et al., 2011). While there has been both 

objective and subjective studies carried out in the removal of visible contaminants and microbes 

from clothing, (Dillan, Goddard, & Mckenzie, 1980; Stewart & Whewell, 1960) , there is no 

depth in the study of apparel contamination due to the presence of human sebum and sweat. 

Malodor that originates in textiles is secondary in nature as it is a resultant product of bacterial 

action on axillary sweat and human skin secretions (McQueen et al., 2007). Certain type of 

bacteria that live on the human skin, can produce high-molecular weight, low volatility, and low-

water solubility odorous compounds that accumulate on clothing fabric and can persist even after 

several wash/wear cycles, thus reducing the hygienic value of the clothing (Obendorf, Kim, & 

Koniz, 2007). The oily organic soils when exposed to oxygen and ozone, age rapidly causing the 

yellowing of fabric due to oxidation of the unsaturated compounds present in the skin oils (Chi & 

Obendorf, 1998a, 1998b). Thus, there is a need for objective methods to measure the amount of 

soiling in a garment due to the presence of human sebum and sweat to characterize its cleanness.  
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1.3.1 Research Objective 

This exploratory research is the first step in the area of measuring and characterizing 

cleanness of a garment. Since the unsaturated lipids in organic soils rapidly reacts with ozone, it 

may be possible to use ozone gas as a metric to measuring the amount of organic soiling that is 

present in a garment on an ordinal scale. Our main objective through this research is to test the 

hypothesis that reactivity of ozone changes with the amount of human sebum and sweat present 

in a garment. If this hypothesis was tested to be true, ozone gas can be used as a metric to 

objectively measure the amount of organic soil contamination in a garment. 

1.3.2 Limitations 

For convenience, only human sweat and sebum were taken into consideration as organic 

soils in our tests. We did not take the environmental influence in soiling into account. Also, the 

human sweat and sebum used in this study were artificially prepared under laboratory conditions 

using the appropriate standards. 
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Chapter 2 Literature Review 

2.1 ROLE OF HUMAN SKIN IN APPAREL SOILING 

Human skin is one of the major sources of laundry soils (Laughlin & Gold, 1990). 

Biologically speaking, the human skin is the largest organ in the human body that performs a 

variety of functions.  Sweating is one of the key tasks performed by the skin to regulate the body 

core temperature (Wilke, Martin, Terstegen, & Biel, 2007). Sweating does not always happen 

due to a thermoregulatory response initiated by the body. Stress, anxiety can also cause 

perspiration, known as emotional sweating (Wilke et al., 2007). Spicy food can also induce 

sweating, known as gustatory sweating (Wilke et al., 2007). 

2.1.1 Sweat gland biology 

The human body contains three types of sweat glands; eccrine, apocrine and apoeccrine, 

although the existence of the latter is sometimes the subject of disagreement (Wilke et al., 2007). 

The eccrine glands are distributed over the whole body surface with an average density of 200 

sweat glands per square centimeter. Sweat from the eccrine glands is mostly odorless. The 

apocrine glands get active only after puberty though they are already present at birth (Wilke et 

al., 2007). They are present in the hairy regions in the body. The apocrine secretion consists of 

an oily and odorless substance that contains proteins, lipids, steroids and also some amount of 

sebum. Both the apocrine and sebaceous glands open into the hair follicle (Wilke et al., 2007). 

Recently, two apocrine proteins, referred to as apocrine secretion odor-binding proteins 1 and 2, 

function have been found to function as carriers for volatile odor molecules such as (E)-3-

methyl-2-hexenoic acid. Apocrine glands are also responsive to emotional changes in the body 

such as stress and anxiety (Wilke, Martin, Terstegen, & Biel, 2007). The third type of sweat 
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glands reported in some literature (Sato, Kang, Saga, & Sato, 1989; Wilke et al., 2007; Wilke, 

Martin, Terstegen, & Biel, 2009), the apoeccrine glands, are presumed to develop during puberty 

from eccrine glands as the proportion of eccrine glands decreases with age. Their secretions are 

eccrine-like, but like the apocrine glands, they may also be restricted to hairy body regions 

(Wilke et al., 2007). Also, it has been difficult to differentiate between apocrine and apoeccrine 

sweat as the composition of the latter is still not known (Wilke et al., 2007). As mentioned 

above, there is disagreement on the existence of this type of glands and several recent 

histological studies failed to show evidence of apoeccrine glands (Bovell, Corbett, Holmes, 

MacDonald, & Harker, 2007; Bovell et al., 2011; Wilke, Terstegen, Martin, & Biel, 2008). 

2.1.2 Sweat and sebum chemistry  

When clothing comes into contact with human skin during wear, it picks up sebum and 

sweat (Munk, Münch, Stahnke, Adler-Nissen, & Schieberle, 2000). This has been proved by 

microscopical analysis of unwashed clothing where large amounts of skin lipids were found in 

the inter-fiber capillaries of yarns (Obendorf & Webb, 1987; Obendorf & Klemash, 1982). 

Human sebum and sweat are, consequently, important organic soil constituents in laundry.  

Human Sebum 

Sebum is secreted by the sebaceous gland. It is a mixture of wax esters, cholesteryl esters, 

cholesterol and other sterols, squalene, hydrocarbons, and triglycerides which gives mono- and 

diglycerides and free fatty acids as resultant products of hydrolysis from bacterial action (Chi & 

Obendorf, 1998a; Stefaniak, Harvey, & Wertz, 2010) The composition of sebum is given in 

Table 2.1 (Venkatesh, Dweltz, Madan, & Alurkar, 1974. Sebum is present in both solid and 

liquid phases on the skin at the normal skin temperature. It has a specific gravity of 0.91-0.93 
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and is found on the skin as an unevenly spread thin sheet of thickness ranges from <0.05µm in 

drier areas of the body to >4µm in more oil prone areas of the body such as the face and neck. 

The amount of sebum secreted in a body varies with the topographical regions of the body. 

Sebum secretion is also influenced by climatic changes. It is interesting to note that the 

composition of sebum remains more or less the same for each person universally but varies 

remarkably between persons (Stefaniak & Harvey, 2006). Table 2.2 gives the origin and 

quantities of skin lipids present on a human skin surface. 

Table 2.1 Composition of sebum 

Component % Content 

Free fatty acids 22-27 

Wax and stero ester 20-22 

Triglyceride 25-35 

Diglyceride 6-10 

Squalene 10-15 

Sterol 2-5 

Paraffin 0.5-1.5 

 

Note. From Venkatesh, Dweltz, Madan, & Alurkar, 1974. 

Table 2.2 Origin and quantities of skin lipids on a human skin surface 

 

Note. From the work of Stefaniak and Harvey (2006)  
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Human Sweat  

The eccrine gland is the primary source of sweat in the human body (Munk et al., 2000). 

Eccrine sweat contains proteins, enzymes, glycoproteins, lactic acid, glucose, amino acids, and 

inorganic salts that are usually non-odorous. However, eccrine sweat may result in an overall 

body odor as it is a chemical reflection of the blood plasma which is heavily influenced by one’s 

dietary habits.(Munk et al., 2000).  Apocrine sweat secreted by the apocrine glands contains 

steroids, sulfates, lipids and some amount of proteins (Munk et al., 2000; Zeng et al., 1991). In 

its pure state, the apocrine sweat is odorless. Upon action by the microorganisms on the skin, the 

characteristic axillary odor is produced. The skin microorganisms thrive on the moisture 

provided by the eccrine glands and feed on lipids and long chain fatty acids provided by 

sebum(Munk et al., 2000). Previously it was assumed that sweaty odor was a result of two 

odiferous steroids in the axillae namely, androstenol and androstenone. However recent studies 

identified C6 -C11 organic acids as the main contributors to odor in human axillary sweat(Munk et 

al., 2000). These acids are straight-chained, branched, saturated and unsaturated. One acid in 

notable amounts in axillary sweat is (E)-3-methyl-2-hexenoic acid (Zeng et al., 1991). A variety 

of microorganisms are present on every part of the skin surface. Grice et al (2009) classified the 

species based on the topography of the body. Cornynebacteria and staphylococci were found in 

moist areas, b-proteobacteria and flavobacteria in dry areas, and propionibacteria and 

staphylococci in oil-prone areas (Grice et al., 2009). Leyden et al (1981) found that the nature of 

axillary odor produced in the body varied with the composition of microorganisms (Leyden, 

McGinley, Holzle, Labows, & Kligman, 1981). 

 Therefore, clothing exposed to the complex mixture of eccrine and apocrine secretions 

along with cutaneous sebum and microflora will not only absorb those organic soils, potentially 
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resulting in visible stains and discoloration, but also the odors associated to them, which as 

indicated above, can vary depending on factors such as the bacterial populations and the wearer’s 

personal and dietary habits. 

2.2 SOILING CHARACTERISTICS OF TEXTILE PRODUCTS 

2.2.1 Mechanism of soiling 

Soiling takes place when the soil components get attached to the fabric surface by the 

action of impingement and retention forces (Venkatesh et al., 1974).  Particulate materials settle 

down on the oily soil substrate due to the action of gravity. Finer particles may even get diffused 

into the fabric structure. These soil particles are retained by oil bonding (Venkatesh et al., 1974). 

Kissa (1981) explains that the adhesion of soil on a fiber surface is due to the presence of Van 

der Waals forces. It also depends on the contact area between the soil and the fiber (Kissa, 1981). 

In the case of oily soils, the phenomenon of wettability or relative surface energy is taken into 

consideration to explain the soiling mechanism (Laughlin & Gold, 1990). Chi and Obendorf 

(1998) studied the nature of bonding between the oily soils and the fiber surface. Squalene, a 

highly unsaturated component of human sebum and a major constituent of oily soils in clothing 

was allowed to age in cotton, polyester and nylon fabrics. From the extraction results obtained, it 

was found that squalene formed chemical bonds with the cotton and nylon due to the presence of 

reactive amide linkages. They also concluded that the bonding of squalene with polyester was 

more physical in nature as most of the squalene applied was extracted. (Chi & Obendorf, 1998b) 

2.2.2 Factors influencing soil retention 

The soil retentive characteristics of a fabric depends on the nature, particle size, and 

distribution of soil, yarn and fabric construction, fiber morphology and its chemical nature 
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(Laughlin & Gold, 1990). The phenomenon of oily soil removal is affected by the viscosity of 

the soil, the type of textile, the detergent and the solubility of detergents at wash temperature and 

the polarity of the soil (Laughlin & Gold, 1990). According to Smith and Sherman (1969), the 

response of an water-insoluble fluid stain to laundering is also influenced by intrinsic surface 

energies of the detergent solution, the soiling fluid and the fibers (Smith & Sherman, 1969). In 

the same study, they also indicated that soil retention was higher in fiber crossover points of 

tight, high twist, staple spun yarns. Oily soils penetrate the fine capillaries slowly due to their 

high viscosity in typical conditions; but the longer the oil remains, the deeper the penetration 

(Bowers & Chantrey, 1969). In agreement with the same idea, Obendorf & Klemash, (1982) 

observed that the oily soils readily penetrate the fiber surface due to their low surface tension.  

Influence of fiber type on soil retention 

Obendorf and Klemash (1982) studied the oily soil penetration into cotton and polyester 

fibers. Triolein, the major constituent of sebum was applied to cotton and polyester fabrics. They 

found that the residual triolein was found accumulated in the inter-fiber capillaries of cotton in 

large quantities due to the bean shaped cross-section. Also, triolein residues were observed in the 

lumen, which thereby suggested the relationship between the maturity of the fibers and oily soil 

retention. There was no accumulation of triolein within the polyester fiber although large 

quantities were observed on the fiber surface( Obendorf & Klemash, 1982). Also, it was 

observed that cotton fibers absorbed more triolein than polyester. This was again verified in the 

second phase of the study by Obendorf et al (1983), in which cotton was found to absorb seven 

to ten times more oil during wear than synthetics in general and retained three to four times more 

after laundering than synthetics. In another study by Chi and Obendorf (1998), chromatograms 

of squalene and artificial sebum oxidation depicted the removal of low molecular weight 
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products of aging with washing than the high molecular weight products. The higher molecular 

weight compounds tended to remain in the fabric even after laundering (Chi & Obendorf, 

1998b).  

Influence of detergent and wash temperatures 

 For effective soil removal during laundering, the detergent has to percolate the fibrous 

capillary structure of the fabric. In the case of cotton fabrics soiled with oily soils, the removal 

efficiency is higher at higher wash temperatures (Bubl, 1970). Bubl (1970) further suggested 

that, with respect to cotton, the wash temperatures are of greater importance in removing oily 

soils than the detergent type. In another study, polyester was found to release the non-polar 

fraction of sebum such as tristearin and triolein at lower wash temperatures (Morris & Prato, 

1982). In general, oily soils are effectively removed at higher wash temperatures (Morris & 

Prato, 1982). 

Polarity of the soil 

The polarity of the soil affected the surface adhesion of the soil on fibers and detergent 

interaction (Chi & Obendorf, 1998a). The polar components, such as free fatty acids, were 

readily removable due to their water solubility. Triglycerides such as tristearin and triolein are 

difficult to remove with laundering and remain on fabrics (Chi & Obendorf, 1998b; Laughlin & 

Gold, 1990). The non-polar soil residues were observed more in polyester than in cotton fabrics 

(Chi & Obendorf, 1998a; Morris & Prato, 1982). Studies done by Bowers & Chantrey (1969) 

showed the absorption percentages of various components of synthetic human sebum as given in 

Table 2.3. 
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Table 2.3 Absorption and Retention of Synthetic Sebum Components  

  Oil Absorbed % Oil retained after wash % 

After agitating in 

aqueous suspension of 

airborne soil 

  
Soiled 

(BW)% 

Soiled 

(AW)% 

Palmitic acid 15.9 8.3 47.9 13.6 

Stearic acid 17.1 2.6 61.7 25.8 

Coconut oil 14.4 12.4 40.4 14.3 

Paraffin wax 13 3.3 61.7 22.8 

Olive oil 14.9 6.7 76.8 57.9 

Squalene 14.9 11 82.9 61 

Cholesterol 15.7 6.6 48.8 32.6 

Oleic acid 15.6 15.2 52.2 40.3 

Linoleic acid 15.2 13.6 56.9 43.5 

Control (no oils) --- --- 41.8 23.9 

 

Note. From Bowers and Chantrey (1969) 

From the results, it was found that olive oil, squalene and linoleic acid contributed the 

most to soiling and soil retention (Bowers & Chantrey, 1969) 

From the previous studies, it can be concluded that the mechanism of soiling and soil 

release is a complex process that relies on several factors such as the fiber morphology, fiber 

structure, fabric composition, wash temperature, etc. For the purpose of our study, we have 

identified the highly dependent relationship of the fiber type and oily soils as a major factor in 

the selection of fabrics for testing. 

2.3 ODORS IN TEXTILES 

As mentioned before, sebum is one of the most important soils to be removed during 

laundering. During wear, the sebum picked up by the clothing is acted upon by lipases secreted 

by the skin bacteria and begins breaking down into short chain volatile compounds that 

eventually produce malodors in clothing (Chung & Seok, 2012). Clothing malodor is a concern 
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for health and personal hygiene. The mechanism of odor formation in clothing is a complex 

process involving many factors (Chung & Seok, 2012). Very little work has been done on odor 

formation and removal in textiles. Munk et al (2000) identified important odorants remaining in 

laundry soiled with human axillary sweat and sebum after mild washing procedures. These 

odorants were primarily ketones, esters and aldehydes which have high-molecular weight, low 

volatility and low water solubility in nature. A minor amount of organic acids (primary odorants 

in axillary sweat) were also found.  Furthermore, the influence of lipase activity on the odor 

profile was investigated. Aroma Extract Dilution Analysis was applied to the odor analysis of 

textiles. The presence of lipase from the detergent caused an increase in odor of the swatches due 

to a higher concentration of aldehydes which were believed to be formed through oxidative 

degradation of triglycerides present in human sebum. However, based on sensory panel results 

and extract dilution analysis, the contribution of lipase as such to odor in the garment was found 

insignificant (Munk et al, 2000).  

Obendorf et al (2007) devised a laboratory method for measuring the odor development 

on antimicrobial PET fabrics by the action of bacteria. They also evaluated the effectiveness of 

antimicrobial treatments for textiles to reduce malodor on garments used for active sportswear. 

Odorous androstene compounds, which were few of the remainder compounds on soiled PET 

clothing, were assumed to be the key contributors to malodors. In particular, odorous compound 

5α-androst-2-en-17-one was assumed to be the product formed by the action of skin bacteria on 

androsteronesulphate and hence was measured to quantify odor in PET samples.  The odorous 

androstene compounds and human skin bacteria were purchased commercially. The skin bacteria 

were cultivated on a nutritive medium. Standard solutions of the odorous compounds were 

prepared in laboratory and were sent to GC-MS analyses. Also, artificial sebum was prepared 
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according to ASTM D 4265. The fabric samples were prepared, the bacterial/steroid precursor 

was prepared and the samples were incubated to provide the necessary material for the 

experiment (Obendorf, Kim, & Koniz, 2007). The antimicrobial agent reduced odor formation 

significantly. In this research, the A-17-one odorous compound was quantified using GC-MS 

analysis after solution extraction and derivatization of the residues.  The amount of A-17-one 

was found to increase in fabric samples soiled with sebum indicating the role of human sebum in 

malodor formation in PET fabrics (Obendorf et al., 2007). 

 McQueen et al (2007), studied odor retention on three apparel fabrics (cotton, wool and 

polyester) with three different knit structures (interlock, 1x1 rib and single jersey) (McQueen, 

Laing, Wilson, Niven, & Delahunty, 2007). The measurement of odor intensity was done using 

two scaling methods with the help of human assessors. The fabric samples were attached to the 

armpit area of a tee shirt to facilitate collection of axillary sweat from 18 to 23 participants. Odor 

assessment was carried out by Quad Analysis and Line Scale methods in accordance to ISO 

8589. With the help of a human assessor panel, sensory detection of odor was carried out and the 

samples were ranked based on odor intensity by rating with reference to a control sample. Since 

this study focused only on the development of test methods for sensory detection, it was found 

that the line scale method was less laborious and time consuming than quad analysis (McQueen 

et al., 2007). In the second phase of study, tests were carried out to determine if the intensity of 

odor retained on the fabrics varied with fiber type and fabric structure. The link between fabric 

type and bacterial populations were also investigated (McQueen et al., 2007). The samples were 

stored air-tight and the bacterial growth of aerobic and coryneform bacteria (extracted from the 

fabric) was counted on the 1st, 7
th
 and 28

th
 day.  It was found that there was a definite correlation 

between odor intensity and fiber type as polyester fabrics were ranked as the most odorous and 
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wool, the least. From the results, the influence of fabric structure was apparent for polyester 

fabrics, as the least heavy structure was less odorous and vice versa (McQueen et al., 2007).With 

respect to the bacterial populations, the number of bacteria on each of the samples was not 

significantly different among samples, but there was a rapid decline of bacterial populations on 

polyester fabrics. The bacterial count on wool fabrics remained unchanged up to 28 days 

(McQueen et al., 2007).  

Further investigation was conducted using headspace analysis with an online monitoring 

instrument, proton transfer reaction-mass spectrometry (PTR-MS), to detect the volatile 

compounds emitted from fabrics (cotton, polyester, wool interlock fabrics) after 1 and 7 days of 

wear(McQueen, Laing, Delahunty, Brooks, & Niven, 2008). PTR-MS is based on the ionizing 

reactions of H3O+ with volatile organic compounds detected by non-dissociative proton 

transfer(McQueen et al., 2008). This extremely sensitive system can measure volatile organic 

compounds with ease as there is no need for pre-treatment of the samples. Also, tedious 

extraction and separation processes for identification and quantification of volatiles is 

unnecessary as most of the compounds can be identified by their molecular weights (McQueen et 

al., 2008). Through the detection of volatiles using PTR-MS, compounds likely to be associated 

with axillary malodor were found to increase over 7 days in polyester fabrics. This result was not 

observed for wool and cotton fabrics (McQueen et al., 2008). It was also found that the intensity 

of axillary odor is inversely proportional to the fiber hygroscopicity. Differences in the odor 

retention of fabrics may be influenced by differences in physical and chemical structures of the 

fibers, as the number of reactive sites for absorption of volatile compounds varies.  Due to the 

presence of hydroxyl groups in cotton and wool, reactive amino acid sites in wool, volatile 

compounds get bound within the fiber.  The lack of reactive groups in polyester and its 
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oleophilic tendency attracts the oily soils present in human apocrine and sebaceous secretions 

(McQueen et al., 2008). 

 Chung and Seok (2012) investigated the reactions of skin flora, specifically 

Staphylococcus Epidermidis, with triolein on cotton fabric (Chung & Seok, 2012). From FT-IR 

analysis, it was observed that the bacterial growth was higher on the triolein soiled swatch than 

the control swatch. Also, an increase in aldehydes was observed by the use of GC-MS. A bleach-

based detergent was effective in the removal of odorous VOCs, though the removal of 

microorganisms was less effective. The residual soils in the fabrics nourished the 

microorganisms therefore causing malodors.  

2.3.1 Odor Measurement 

Odor measurements have been carried out in other industries for a long time. The food 

and beverage industry, cosmetic companies, air and water purification industries have had the 

need for odor measurements and combat technologies(Bockreis & Jager, 1999; Hobbs, 

Misselbrook, & Pain, 1995; Mackay, Lang, & Berdick, 1961; Schilling, Kaiser, Natsch, & 

Gautschi, 2009). Measurement of odors, otherwise known as olfactometry, is most commonly 

done through sensory analysis with the help of the human nose. The available methods are used 

to measure three variables: odor concentration, odor intensity and odor annoyance (Gouronnec & 

Tomasso, 2000). The first two variables are measured by a panel of pre-selected experts and the 

third relies on a local population panel (Gouronnec & Tomasso, 2000). The selection of panelists 

is done based on their previous reputation and skills in odor ranking. Generally a Sniffin’s Stick 

Test is performed to assess if the panelists are normosmic (have normal smell perception). 

Furthermore, a ranking test is also performed to test if panelists could rank 1-butanol samples 
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(standard odor reference sample) according to their odor intensities (Reinbach, Allesen-Holm, 

Kristoffersson, & Bredie, 2011). 

Gygax and Koch (2001) define odor parameters in the following terms:  

- The property of a fragrance to be perceivable on skin after several hours of its 

application is expressed as 'long-lastingness'.  

- The ability to smell a fragrance on laundry even after the drying process is 

referred as 'substantivity'.  

- The capacity of being perceived at a farther distance from its source during a 

reasonably long time period is often described by 'diffusivity'. (Gygax & 

Koch, 2001, p. 401).  

The above definitions can also be used for malodor description parameters.  Odor 

sampling done through contact and non-contact sampling methods was evaluated by Prada et al 

(Prada, Curran, & Furton, 2011). For forensic evidence purposes, human body odors from six 

volunteers were sampled by contact sampling methods with the help of absorbent textiles and 

non-contact sampling methods through air flow systems while the odor components were 

transferred to a Scent Transfer Unit- 100 for odor collection. The odor was then analyzed with 

the combination of gas chromatography and mass spectrometry (Prada et al., 2011). 

Recently, advanced electronic sensor devices were developed to function as an 

‘electronic nose’ in place of a human nose. An electronic nose (EN) is an instrument that 

employs different chemical sensors to identify simple and complex odors. The sensors are built 

with partial specificity and an appropriate pattern-recognition system (Hudon, Guy, & Hermia, 

2000). In this study, odor intensity measurements were compared on two commercially available 

ENs and one lab-developed EN. The measurements were later compared with sensory analysis 
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for perceived odor intensity by a panel of human assessors (Hudon et al., 2000).From the study, 

it was found that the sensitivity of the EN towards odorous compounds was significant and that 

the response of the EN to a mixture of odorous compounds depends on its sensitivity to detect 

the potential substances present in it. The main advantage of an EN is that once calibrated, it can 

be used to perform odor assessment on a continuous basis at a minimal cost (Hudon et al., 2000).  

Di Natale et al (2000) developed an electronic nose and evaluated the sensor’s sensitivity 

to an important compound of human sweat, namely, pheromone 5a-androst-16-en-3-one. The 

authors showed satisfactory results. The odor evaluation results were studied in a self-organizing 

map
1
 (Di Natale et al., 2000). Chang et al (2009) used the commercially available Taguchi 

sensors to identify bacteria by sensing their odor. The fluctuations of the electrical resistance 

during exposure to different bacterial odors, Escherichia coli and anthrax-surrogate 

Bacillussubtilis, were measured and analyzed (Chang, Kish, King, & Kwan, 2009) 

In summary, odor measurements have been carried out in other industries for a long time. 

The food and beverage industry, cosmetic companies, air and water purification industries have 

had the need for odor measurements and combat of the same. Despite this rich body of work and 

the role of odor as one prominent aspect of textile cleanness, there was very little work, if any, 

focusing on odor in the context of an objective measurement of garment cleanness. 

2.4 OZONE AND ODORS 

Recently, new methods of combating organic odors have emerged with the use of ozone 

as an oxidative agent, especially in the food industry (Khadre, Yousef, & Kim, 2001). Ozone is 

being used as a sanitizing agent for removing foul odors in meat processing plants without 

                                                
1
 Kohonen, T. (1990). The self-organizing map. Proceedings of the IEEE, 78(9), 1464–1480.  

doi:10.1109/5.58325 
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leaving residues in the food (Öztekin, Zorlugenç, & Zorlugenç, 2006). Chemically, ozone is a 

gas consisting of three oxygen atoms having the molecular formula O3. It finds uses in the 

removal of odors from air and water to improve the quality in terms of freshness and taste 

respectively (Omer & Walker, 2011). ). Omer and Walker (2011) used commercial ozone 

treatment systems to reduce odors in a swine slurry plant under production scale conditions and 

found it successful (Omer & Walker, 2011). Ozone purification systems are used in water 

treatment plants to remove organic pollutants and improve taste while optimizing energy 

conservation (“Ozone System Helps SWTP Tackle Taste, Odor Problems,” 2008 

In the UK, ozone systems have been used in the laundry industry as an energy efficient 

additive to detergents. Cardis et al (2007) have studied in depth the ozone laundering system, its 

benefits and shortcomings. They suggest this system of laundry for hospitals where combatting 

microbes is essential in preventing the spread of diseases. The advantages of ozone laundry 

systems include the reduction in energy, water and chemical use. Ozone supplies additional 

oxygen which improves the efficiency of the detergent, thus reducing the need for the same. 

Also, ozone purifies and disinfects, killing many of the bacteria. Ozone also reduces the 

biochemical and chemical oxygen demand
2
 (BOD and COD) values of the used laundry water, 

thus making it environmentally safer. An observed effect in ozone laundry was that the ozone 

also acted as a substitute for chlorine, meaning,  a bleaching agent which can be both 

advantageous and disadvantageous for apparel (Cardis, Tapp, DeBrum, & Rice, 2007; Rice, 

DeBrum, Cardis, & Tapp, 2009; Rice, DeBrum, Hook, Cardis, & Tapp, 2009) 

                                                
2 Biochemical oxygen demand (BOD) is a measure of the amount of oxygen that bacteria will consume while 

decomposing organic matter under aerobic conditions. Chemical oxygen demand (COD) does not differentiate 

between biologically available and inert organic matter, and it is a measure of the total quantity of oxygen required 

to oxidize all organic material into carbon dioxide and water (Watershed Protection Plan Development Guidebook, 

Northeast Georgia Regional Development Center). 
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2.4.1 Ozone and oily soils 

As mentioned previously, oily soils in a fabric are subject to oxidation due to availability 

of atmospheric oxygen, heat from the body and UV irradiation. This oxidation process is aided 

by ozone which is present in the atmosphere (Chi & Obendorf, 1998a). Ozone gas feeds on 

unsaturated organic compounds (Pandrangi & Morrison, 2008; Wells, Morrison, Coleman, 

Spicer, & Dean, 2008). About 50% of the compounds present in human sebum are unsaturated 

and contain C=C double bonds that react rapidly with ozone (Wisthaler & Weschler, 2009). Of 

all the compounds in sebum, squalene has the highest amount of unsaturation (Wisthaler & 

Weschler, 2009). Wisthaler and Weschler (2009) also indicate the reactivity of ozone towards 

other compounds on the skin surface such as Vitamin C, Vitamin E, cholesterol and other 

antioxidants though they are observed in lesser quantities than squalene. Squalene and 

unsaturated acyl groups in the skin lipids defend the body against oxidizing agents such as ozone 

present in the air (Wisthaler & Weschler, 2009). Thus, squalene is a major scavenger of ozone. 

On a different context, Coleman et al (2008) measured the consumption and reactions of 

ozone with common materials found inside an aircraft cabin and analyzed the byproduct 

formation from the reactions. Textile materials in the cabin such as seat fabric, carpets etc., and 

human clothing material (cotton, polyester and wool) in both laundered and worn conditions 

were used as samples (Coleman, Destaillats, Hodgson, & Nazaroff, 2008). The ozone uptake and 

VOC emissions were measured. It was found that the reaction products were mainly saturated 

aldehydes and squalene (skin oil) reaction products from the human sebum, which were mostly 

contributed by worn clothing articles. Also, the soiled clothing had a higher emission rate than 

the laundered clothing. The seat fabrics stood second in VOC emissions. The byproducts were 

quantified in terms of per mole consumption of ozone (Coleman et al., 2008). A similar 
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experiment was done by Tamás et al (2006) with humans, seat fabrics and soiled T-shirts in a 

simulated aircraft cabin. In this study, the ozone removal rates by humans were about 60% of the 

entire ozone present; ozone removal by seat fabrics was 25% and soiled T-shirts removed about 

70% of the ozone that the humans removed. It was also found that the fresh T-shirts did not 

remove as much ozone as the soiled T-shirts (Tamás, Weschler, Bakó-Biró, Wyon, & Strøm-

Tejsen, 2006). This was attributed again to the presence of skin oil in the soiled clothing which is 

a constituent of human skin sebum. It was also mentioned that some fabrics might scavenge 

more ozone than the rest (Tamás et al., 2006).  

Corsi et al (2007) introduced a new concept of ‘personal reactive clouds’ where they 

hypothesized a presence of a cloud of chemical compounds produced near the head due to the 

reaction between atmospheric ozone and terpenes and terpenoids emitted from personal care 

products such as cosmetics, fragrances, etc. (Corsi, Siegel, Karamalegos, Simon, & Morrison, 

2007). To validate the existence of this personal reactive cloud, the reaction rates of ozone were 

studied in the headspace of a human subject with a help of a chamber and an ozone monitor.  

 Enough studies have validated the affinity of ozone towards oily organic compounds such 

as sebum which contains a high level of unsaturated, ozone-reactive compounds. As already 

mentioned before, squalene, oleic acid and triolein are the highest contributors to soiling and soil 

retention in clothing. Out of the three, squalene is the single most causal agent for yellowing in 

fabrics due to the formation of conjugated C=O groups (Park & Obendorf, 1994). Therefore, this 

affinity between ozone and oily organic soils in clothing could possibly be used to quantify the 

level of soiling by studying the reaction rates of ozone with the soil components.  
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Chapter 3 Research Objectives and Approach 

3.1 OBJECTIVES 

This exploratory research is the first step in the area of measuring and characterizing 

cleanness of a garment. Since the unsaturated lipids in organic soils rapidly reacts with ozone, it 

may be possible to use ozone gas as a metric to measuring the amount of organic soiling that is 

present in a garment on an ordinal scale.  Our main objective through this research is to test the 

hypothesis that reactivity of ozone changes with the amount of human sebum and sweat present 

in a garment. If this hypothesis was tested to be true, ozone gas can be used as a metric to 

objectively measure the amount of organic soil contamination in a garment. 

Therefore, the specific purpose of this research is to test the changes in ozone 

concentrations when the system contains fabrics soiled with different amounts of sweat and 

sebum. In other words, we will investigate the feasibility of using ozone depletion rates in 

presence of sweat- and sebum-loaded fabric to measure the degree of soil. While considering the 

selection of garment category for this study, it was only appropriate to choose everyday active 

wear as it is the most commonly worn clothing. Also, an active wear garment is the closest 

garment to the skin’s surface when performing physical, aerobic activities that cause significant 

sweating. 

3.2 MATERIALS AND METHODS 

3.2.1 Fabric characteristics 

The experimental fabrics chosen for this study were typical of the fabrication commonly 

used in clothing that is worn close to the skin such as activewear and underwear. 100% cotton 
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and 100% polyester single jersey knits were sourced online in PFD (Prepared for Dyeing) state. 

The fabric specifications are given in Table 3.1. All the fabrics were conditioned according to 

ASTM 1776 (ASTM, 2008) for 48 hours before textile testing. For experiments with ozone, the 

fabrics were cut into swatches of size 5x5 inches and sterilized in an autoclave at 120˚C for 25 

minutes. The sterilized samples were then stored in air tight bags until the experiment. 

Table 3.1 Fabric Specifications 

Parameter 100% Cotton 100% Polyester 

Mass per unit area (g/cm2)
1 0.0469 0.0537 

Thickness (inch)
2 0.022 0.016 

Wales/inch
3 56 84 

Courses/inch
3 38 82 

Fabric Structure Single Jersey  Single Jersey 

 

Note. [1] ASTM D3776/3776M (ASTM, 2009b); [2] ASTM D1777(ASTM, 2011); [3] BS 5441:1988 

(British Standards Institution, 1998) 

3.2.2 Soiling materials 

For research convenience and standardization, all the soiling materials used for this study 

were prepared under laboratory conditions using the appropriate standards. 

Artificial sweat  

An artificial eccrine sweat solution was purchased from Pickering Labs, CA. It contained 

19 amino acids, 7 minerals and 4 metabolites at a pH of 4.5. The artificial sweat solution is said 

to have been prepared by closely matching the concentration values of human eccrine 

perspiration. The sweat was odorless and stabilized with bactericides.  The constituents of the 

artificial sweat solution are given Table 3.2.  
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Table 3.2 Constituents of Artificial Sweat Solution  

Metabolites Minerals Amino Acids 

Uric Acid Sodium Glycine L-Lysine 

Lactic Acid Calcium L-Alanine L-Methionine 

Urea Magnesium L-Arginine L-Ornithine 

Ammonia Zinc L-Asparagine L-Phenylalanine 

 Iron L-Aspartic acid L-Serine  

 Copper L-Citrulline L-Threonine 

 Potassium L-Glutamic acid L-Tyrosine 

 Chloride L-Histidine L-Valine 

 Phosphate L-Isoleucine Taurine 

 Sulfate L-Leucine  

Synthetic sebum preparation 

Sebum for soiling was artificially prepared according to ASTM D4265 (ASTM, 2007). 

Since our study is concerned with only oily soil removal, particulate soil material was not added 

to the sebum. The dilution of the sebum emulsion was carried out in accordance to the original 

procedure given by Spangler et al (Spangler, Roga, & Cross, 1967). All the materials required 

for synthetic sebum preparation were purchased from Fischer Scientific. The constituent 

substances of the synthetic sebum are given in Table 3.3 

Table 3.3 Constituents in synthetic sebum 

Constituents Weight in % 

Palmitic Acid 10.0 

Stearic Acid 5.0 

Coconut oil 15.0 

Paraffin Wax 10.0 

Spermaceti 15.0 

Olive Oil 20.0 

Squalene 5.0 

Cholesterol 5.0 

Oleic Acid 10.0 

Linoleic Acid 5.0 



 31 

3.3 FOUR CHAMBER OZONE EXPERIMENTAL SYSTEM 

The system used for this study is similar to the system used by Hoang et al (2009). It 

consisted of four chambers that are made of electro-polished stainless steel (Hoang, Kinney, & 

Corsi, 2009). All the four chambers were identical with dimensions of 25cm x 38cm x 50cm. 

The chambers could be opened and closed with the help of face plates that are securely sealed by 

a Viton™ gasket and 20 winged nuts. Air was introduced into the chamber through an inlet port 

on each face plate via a Teflon tube. Laboratory air was pumped through a Perma Pure PD-

series™ Nafion gas dryer to remove water vapor from the air and then was irradiated with UV 

light to produce ozone. The ozone concentration was reduced to the desired level by passing the 

gas through an activated carbon filter. The relative humidity was kept at laboratory conditions 

(39-56%). Four mass flow controllers (Aalborg GCF171S) were used to maintain a constant air 

flow to each chamber. A single UV-cell ozone monitor (2B Technologies, model 202) was used 

to determine the inlet and exhaust stream ozone concentrations (Hoang et al., 2009). A week 

prior to the experiment, the equipment was cleaned thoroughly according to the Standard 

Operating Procedure (SOP) given in the internal lab manual. The equipment was allowed to run 

the entire week with ozone turned on to ensure calibration. Before each experiment, the 

chambers were cleaned and passivated with ozone to remove impurities. A diagram of the 

experimental system is given in Figures 3.1 and 3.2. 
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Figure 3.1 Four Chamber Experimental System 

 

Figure 3.2 Major components of the experimental system (from an internal lab manual) 
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3.4 EXPERIMENTAL PROCEDURE 

Of the four chambers, two were used in parallel; one as the variable and the other as the 

control. Prior to the experiment, exhaust levels of ozone was ensured to be uniform in all the 

chambers. The ozone concentration in the chambers at steady state was about 85-90% of the 

input ozone. This loss is due to the ozone reactivity with the chamber walls. The inflow and 

outflow of ozone was recorded. From the literature (Bowers & Chantrey, 1969; Carr, 1995; 

Schick, 1977), it was found that the amount of sebum present in a worn garment is usually 0.3-

1% of its weight, depending on the proximity of the garment to the skin.  Therefore, the fabric 

swatches were tested at both low and high levels of soiling i.e., 0.3% and 1% of the fabric 

weight. The synthetic sebum emulsion was agitated at 100˚F. Triethanoloamine had been added 

to keep the oils well homogenized according to the procedure described in ASTM D4265 

(ASTM, 2007). The cotton and polyester swatches were weighed accordingly. The appropriate 

amount of sebum emulsion was applied to the center of the swatch with the help of micro 

syringe. Description of the sample weights and the amount of sebum used for soiling is given in 

Table 3.4.  Two ml of the artificial sweat was sprayed onto the swatch with a syringe after the 

application of sebum. The samples were sealed in a petri dish to prevent oxidation during the 

transit to the ozone chambers. All treatments were performed in replicates in order to account for 

the potential experimental error. 
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Table 3.4 Description of the fabric swatches and soils 

Sample Code Composition Weight (g) 
Soiling level 

(%wt./wt.) 

Amount of 

Sebum (mg) 

Co 1 100% Cotton 2.97 0.3 8.9 

Co 2 100% Cotton 2.97 0.3 8.9 

Co 3 100% Cotton 3.01 1.0 30.1 

Co 4 100% Cotton 2.98 1.0 29.8 

Po 1 100% Polyester 3.01 0.3 9.0 

Po 2 100% Polyester 3.04 0.3 9.1 

Po 3 100% Polyester 3.01 1.0 30.1 

Po 4 100% Polyester 3.01 1.0 30.1 

 

 Ozone was inputted at 250 ppb into all the chambers. After the ozone concentration 

approached the near steady state concentration of 240 ppb in the chambers, the UV lamp was 

turned off to discontinue the ozone supply into the chambers. The face plates of both the control 

and variable chambers were unscrewed and the soiled fabric swatch was mounted on an 

aluminum foil stand. It was then loaded into the variable chamber. Proper care was taken to 

avoid the fabric touching the chamber walls. The control and the variable chambers were closed 

simultaneously and the UV light was turned on again. After the level of ozone reached about a 

100pb in both the chambers, the UV light was turned off again and the ozone decay was 

monitored. The ozone concentration level was obtained every minute as an average of 6 values 

noted every 10 seconds. A six position selector valve was manually advanced to monitor the 

ozone levels in the variable and control chambers alternatively. The ozone concentration levels 

were recorded in ppb.  The above experimental procedure was repeated on all the samples 

including a blank control without any soiling. Each experiment at a particular level of soiling 

was replicated once to obtain reliable data.  
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3.4.1 Qualitative Analysis 

One of the major causes for malodor in clothing is the bacterial action on sweat and 

sebum which produces volatile odorous compounds. As mentioned before in the literature, 

certain human steroids in the sweat get converted to odiferous compounds by action of bacterial 

enzymes. Typically, assessment of odor in fabrics is carried out by sensory evaluation. Sensory 

evaluation is also used by a consumer to evaluate the cleanness of a garment in terms of odor in a 

domestic setting. At that point, there came a question as to whether a human nose would be able 

to detect the changes in the amount of soiling from the odor produced.  To answer the above 

question, a simple qualitative study was conducted. The ultimate goal of this adjunct study was 

to determine if a consumer would be able to rank order two different samples based on the odor 

intensity produced in the fabric due to differences in the level of oily soils present in them. In 

order to make the sweat odorous, 1 mg of the steroid 5α-androst-2-en-17-one was added to 10 ml 

of artificial perspiration along with bacterial enzyme, β-glucuronidase (Froebe, Simone, Charig, 

& Eigen, 1990). The steroid and enzyme were purchased from Sigma Aldrich Co. LLC. The 

fabric samples and sebum emulsion were prepared in the same manner as before. The cotton and 

polyester swatches were soiled with 0.3% and 1% wt. /wt. of sebum respectively. 1 ml and 3 ml 

of the artificial sweat containing the odorous compounds was applied to the 0.3% and 1% soiled 

samples respectively.  The samples were allowed to sit for three hours in a sealed petridish to 

prevent loss of VOCs. Five graduate and undergraduate students from The University of Texas at 

Austin were asked to be the panelists for this sensory evaluation study. The group consisted of 

three females and two males. The assessors were asked if they had a reasonable amount of odor 

sensitivity before they took the test. Each assessor was asked if there was a difference in the odor 

emitted by the samples. The samples were compared in the following manner; Cotton at 0.3% 
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sebum vs. Polyester at 0.3% sebum; Cotton at 0.3% sebum vs. Cotton at 1% sebum; Cotton at 

1% sebum vs. Polyester at 1% sebum; and Cotton at 0.3% sebum vs. Polyester at 1% sebum. The 

assessors were also asked to describe the odor in a few words. The results from this qualitative 

study were expected to support the need for research in developing a quantitative and objective 

method of measuring odors to estimate the overall cleanness of a garment. 
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Chapter 4 Results 

4.1 OBSERVATIONS DURING SOIL APPLICATION  

Prior to ozone exposure, the sebum and sweat solutions were applied to the fabric 

swatches with the help of a microsyringe. The calculated volume of sebum emulsion was applied 

to the center of the swatch, after which the sweat solution was injected over the fabric. There 

were some interesting observations during soil application. Firstly, the cotton sample was very 

receptive to the sebum emulsion. The emulsion was readily absorbed by the fabric and spread 

over the surface. The stain appeared like a wet spot. This was not the case with the polyester 

swatch. When applied, the emulsion was seen on the fabric surface as a droplet that maintained 

its shape for a relatively long time before getting wicked into the fabric structure. The stain 

appeared to be concentrated on the spot of application without spreading. Also, upon the 

application of the sweat solution, cotton readily absorbed and spread it over the surface. On the 

other hand, the same amount of sweat solution appeared to saturate the polyester swatch, as none 

of the sweat was absorbed into the structure. After some time, the sweat solution in the cotton 

swatch completely disappeared into the structure (though it appeared wet) while most of it 

remained in the polyester-containing petri dish, appearing to wet only the outside surface of the 

fabric. By then, the sebum stain was barely visible on the fabric surface. 

The observation above may have implications with respect to the amount of sweat that 

can be absorbed by each fabric, which could also affect the test results. The way sweat and soil 

get trapped in the fabric structure is likely to depend on factors such as finishes applied to the 

fibers, fabric construction, yarn and single fiber fineness, number of fiber per cross-section, as 

well as on yarn twist and packing density of the fibers within the yarn core. Although we 

selected single jersey fabrics with close characteristics made of cotton and polyester, the factors 
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above were not controlled for, and the observations made upon application of the sweat solution 

should be taken into account when discussing the conclusions of our experiments. 

4.2 OZONE DEPLETION RATES IN PRESENCE OF SOILED FABRIC 

The drop in ozone concentration values (in ppb) for cotton and polyester swatches with 

0.3% and 1% soiling was recorded every minute. The monitoring of the experimental chamber 

was done more frequently than the control as the ozone monitor was capable of monitoring only 

a single chamber at a time. Also, during the setup of the chambers before experimentation, the 

control chambers were tested for uniformity and were found to be stable. Since the drop in ozone 

concentration in the control chamber was consistent, the ozone concentration value was recorded 

once in 5 minutes.  

Figure 4.1 depicts a typical ozone decay curve showing the reduction in ozone 

concentration as a function of time, after a sample is placed in the chamber. The plot below 

appears to follow an exponential pattern. Based on the pattern of Figure 4.1, the slope of the 

linear curve relating the logarithm of ozone concentration to time was used as an empirical 

estimate of the ozone decay rate.  

A plot of log ozone concentration against time for the cotton swatches soiled with 0.3% 

sebum and 1% sebum are given in Figures 4.2 and 4.3, respectively. As mentioned in the 

methods section, the treatments were tested in replicates (i.e. two swatches) labeled with the 

suffix 1 and 2 in the figures’ legends. The middle digit in the legend labels refers to the sebum 

concentration in the specific test (either 0.3% or 1%). The figures also show the ozone decay 

curve for the control chamber.  
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Figure 4.1 Exponential pattern of the ozone decay curve in presence of soiled fabric. 

 

 

Figure 4.2 Plot of ozone concentration for cotton swatches at 0.3% sebum soiling. 
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Figure 4.3 Plot of ozone concentration for cotton swatches at 1% sebum soiling. 

Overall, the figures above show that the drop in the levels of ozone was much faster in 

the sample chambers than in the control. Table 4.1 gives the linear fit parameters for each of the 

plots depicted above.   

Table 4.1 Ozone decay parameters for cotton soiled with 0.3% and 1% sebum 
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2
 value 
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Co_1_2 1% 1.7083 0.0429 0.9938 
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control chamber show significant differences. The slope for ozone decay in the variable chamber 

containing the soiled cotton swatch is higher, indicating a higher reduction in the ozone 

concentration in the presence of the soiled fabric. This is also an indicator of the reactivity of the 

ozone with the soil constituents. In addition to the difference between control and treated 

samples, the concentration of sebum on the cotton fabric appears to significantly impact the 

ozone decay rate.  The slopes for cotton samples loaded with 1% sebum were sizably greater 

than those for cotton samples with 0.3% sebum, indicating higher decay rates of ozone with the 

1% sebum soiled cotton. 

Figures 4.4 and 4.5 depict the ozone depletion curves for the polyester fabric samples 

soiled with 0.3% sebum and 1% sebum respectively. Table 4.2 summarizes the linear fit 

parameters for each of the plots in the two figures.  

 

Figure 4.4 Plot of ozone concentration for polyester swatches at 0.3% sebum soiling. 
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Figure 4.5 Plot of ozone concentration for polyester swatches at 1% sebum soiling. 

Table 4.2 Ozone decay parameters for polyester soiled with 0.3% and 1% sebum 

Te
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Intercept Slope  
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R2 value 

Control Control 2.2511 0.0128 0.9952 

Poly_.3_1 0.3% 1.9657 0.0297 0.9991 

Poly_.3_2 0.3% 1.9208 0.0311  0.9931 

Poly_1_1 1% 2.0313 0.033 0.9960 

Poly_1_2 1% 2.0332 0.0347 0.9961 

 

Like that of cotton, the decay rates of ozone (indicated by the slope) for polyester 

replicates at a particular level of soiling are more or less similar, substantiating the reliability of 

the experiment. Here again, there is a marked difference between the slopes of the ozone decay 

curve for soiled samples and the control. However, the slopes of the decay curves for the two 

polyester samples at 0.3% and 1% sebum levels do not appear sizably different. The difference 

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

Lo
g 

o
f 

o
zo

n
e

  c
o

n
ce

n
tr

at
io

n
 

Time in minutes 
 

Polyester soiled with 1% sebum 

Poly_1_1

Poly_1_2

Blank

Control



 43 

in the slopes between the lightly soiled and heavily soiled polyester samples does exist, but it is 

not very large, unlike that of the cotton samples.  

Figure 4.6 depicts the differences in the slope values of the ozone decay curve obtained 

for the cotton and polyester fabrics at both the levels of soiling. 

 

 

Figure 4.6 Variation in slopes between cotton and polyester samples at 0.3% & 1% sebum levels 
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ozone concentration of 30 ppb was reached in 10-12 minutes within the variable chamber 

containing cotton swatch with 0.3% sebum, while it took 15-18 minutes with the polyester 

swatch with the same level of soiling.  This time got reduced further with the increased level of 

soiling to 5-7 minutes for cotton and 12-15 minutes for polyester.  

This results discussed above may be related to the observations made during the 

application of the sebum and sweat mixture. As discussed in a previous section, cotton samples 

appeared to absorb the entire amount of sweat mixture applied. On the other hand, polyester 

samples appeared to reach saturation and did not absorb the entire amount. This difference in 

behavior may also have implications in the way a garment made of the corresponding fabric will 

interact with the body during exercise. 

4.3 RESULTS FROM SENSORY ANALYSIS 

The qualitative study was conducted as per the methods mentioned in Chapter 3. 

Interesting results were obtained from the qualitative study. Each assessor had been asked to 

compare the differences in the odor intensity (if any) amongst the cotton and polyester samples 

at the two levels of soiling. The polyester and cotton samples were also compared with one 

another. It was interesting to note that while all the assessors were able to detect a difference in 

the odor between the two fabric types, they were unable to detect a difference in the odor 

between the varied levels of soiling in the same fabric category. This may be an indication that 

the human nose may not be able to detect the changes in the level of soiling in the range tested 

here unless there is a pronounced difference in the malodor that is formed. In other words, the 

variation of soil loading from 0.3% to 1% sebum does not appear to result in a proportional 

variation in malodor that is detectable by the assessors’ nose.  
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Chapter 5 Discussion 

5.1 OZONE EXPERIMENT 

The hypothesis stated at the beginning of this study was verified to be true. The 

relationship between the ozone reactivity and the degree of oily soiling was positive: the higher 

the amount of oily soils, the greater the ozone reactivity.   

From the results obtained, it was clear that the rate of change of ozone concentration 

varied with the amount of sebum present in the fabric, specifically in the cotton samples. Given 

the high affinity of ozone for squalene or skin oil (Wisthaler & Weschler, 2009),  a faster drop in 

the ozone concentration level of the variable chamber was anticipated due to the presence of 

squalene and other unsaturated compounds in the sebum emulsion. Under ideal flow conditions, 

the rate of change of ozone concentration in the ozone chambers is given by the following 

equation (Hoang et al., 2009). 

 

where C is the ozone concentration inside the chamber (mg/m
3
), Co is the ozone 

concentration entering the chamber (mg/m
3
), ʎ is the air exchange rate of the chamber (1/h), A 

and Ac are the projected exposed areas of the material and the chamber walls, respectively (m
2
), 

vd and vd,c are the ozone deposition velocities associated with the material sample and with the 

chamber walls, respectively (m/h), and V is the volume of the chamber minus the volume 

occupied by the material (m
3
) (Hoang et al., 2009). From the above equation it can be seen that 

the rate of change of ozone concentration is dependent on the area of the material. 

As expected, the drop in the ozone concentration was higher for heavily soiled cotton 

swatches (1% sebum) and relatively lowered for the lightly soiled cotton swatches (0.3% 
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sebum). The steeper slopes for the cotton swatches can be explained by the natural tendency of 

cotton to absorb and spread the liquid over its surface (Okubo, Saeki, & Yamamoto, 2008). This 

would have created more consumption sites over the surface area of the cotton swatch that are 

highly reactive with ozone as seen in the work done by Hoang et al with green building materials 

(Hoang et al., 2009). Therefore, the ozone was able to react quickly with the soil spread over a 

larger area, thereby causing a rapid drop in the ozone concentration levels within the chamber.  

However, it was evident from the results that the rate of ozone reactivity was not as 

sensitive to the changes in the degree of soiling for polyester as it was for cotton. The 

explanation for this discrepancy for the soiled polyester swatches can be given by the fiber 

morphology of polyester. Due to the inherent capillary action of the polyester fiber and its 

hydrophobicity (Bowers & Chantrey, 1969; Köhler, 1954; Yoon & Buckley, 1984), the applied 

sebum might have wicked and concentrated over  a smaller area, thus creating lesser 

consumption sites. Thus the ozone was reacting with lesser amounts of sebum over longer 

periods of time. Also, since the artificial sweat applied over the polyester swatch was not 

absorbed, it could have acted as a film around the sebum area, increasing the reaction times.  

After the experiments, it was interesting to note that the sebum applied had caused 

yellowing in the cotton swatches, indicating the oxidation of the unsaturated oils and fatty acids. 

This effect was not observed in the polyester swatches.  

5.2 SENSORY ANALYSIS 

Odor measurements have been carried out by sensory analysis methods for a long time. 

Recent inventions in chemical and gas sensors have brought in new technology for odor intensity 

measurements known as electronic noses in areas including body odor and bacterial odor 

measurements (Chang et al., 2009; Hobbs et al., 1995; Wongchoosuk, Lutz, & Kerdcharoen, 
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2009). According to Hudon et al (2000), an electronic nose will need to be calibration to a binary 

mixture of odors in order to identify and measure accurately. Malodor production in clothing is a 

complex phenomenon. In a domestic setting, the formation of malodor may happen progressively 

and depend on many of external factors such as individual body differences in sweat and sebum, 

bacterial proliferation, environmental conditions etc. Therefore the easiest and the most 

economical way to measure odors adopted by the industry is sensory analysis using human 

assessors. Based on the results obtained from the sensory analysis, it is clear that odors are not 

always true indicators of the level of soiling in a clothing item. It is hard to distinguish very close 

odor intensities due to variation in the degree of soiling. And sometimes, the malodors that are 

formed may evaporate into the air as odor in clothing is a resultant effect of VOCs. This does not 

mean that soiling is not present. Therefore, an objective measurement scale to evaluate the 

overall cleanness of the clothing is necessary. The results we obtained with ozone exposure show 

that our approach has the potential of being more sensitive to variations in the levels of fabric 

soil contents than the human nose. 
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Chapter 6 Summary and Conclusion 

This research is an exploratory study and a beginning venture in the area of objective 

measurement of cleanness of clothing and apparel. Cleanness is a broad term and with respect to 

textiles and apparel, the word encompasses multiple meanings in different functional settings.  

The question ‘Why should cleanness of a garment be measured?’ will be meaningful in the 

context of measuring effectiveness of laundry practices that are constantly changing due to high 

efforts in reducing energy consumption in laundry processes. Life cycle assessments of 

laundering equipment and processes have brought out a significant change in domestic and 

industrial laundering. Therefore, there is a need to answer the question “How clean is clean?” as 

all of us are in constant contact with textile and clothing objects in the household throughout the 

day. Objective methods to assess cleanness are highly applicable in the area of sportswear, active 

wear, children’s clothing, hospital scrubs and laboratory clothing. 

This study was carried out to test the viability of using ozone gas as a metric or tool to 

measure the organic substances present in a used garment.  Ozone decay experiments were 

carried out to observe the rate of change in the ozone concentration when ozone reacted with 

100% cotton and polyester fabrics soiled with synthetic sebum and sweat at two different levels 

of soiling.  

From the results obtained, it was clear that the rate of change in the ozone concentration 

was related to the amount of soiling, particularly for the cotton samples. The cotton fabrics were 

more reactive with ozone than polyester, indicating the higher tendency to absorb the sweat and 

sebum mixture for the samples that we tested.  Also, the test results with polyester fabrics did not 

show a large difference in the variation of ozone reactivity corresponding to the two levels of 

soiling. More studies exploring the fabric characteristics of polyester are needed to conclude the 
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sensitivity of ozone gas to detect changes in the soiling levels. It is important to note here that 

this result may not be solely due to fiber composition. Indeed, the way sweat and soil get 

absorbed and trapped in the fabric structure is likely to depend on factors such as  fiber finishes, 

fabric construction, yarn and single fiber fineness, number of fiber per cross-section, as well as 

on yarn twist and packing density of the fibers within the yarn core. Although we selected single 

jersey fabrics with close characteristics made of cotton and polyester, the factors above were not 

controlled for.  

SCOPE FOR FUTURE RESEARCH 

The impact of those structural characteristics on soiling tendency represents an 

interesting topic for future research, which could be addressed using the ozone depletion method 

we explored and established here. Indeed, one major conclusion of our research is that it appears 

feasible to detect differences in fabric soil contents through the exposure of the soiled fabric to 

ozone and the measurement of ozone depletion rate. 

This area of cleanness measurement is relatively new and provides a huge scope for 

future research. For research convenience, this study did not use human subjects for the 

collection of soils. In the future, the ozone studies can be done with actual worn clothing 

provided external factors such as diet and use of personal care products can be controlled. It will 

be interesting to observe the reactivity of ozone with a worn garment and laundered garment to 

find out the residual oily soils present after laundering. Also, this study can be extended to utility 

clothing and household specific clothing such as kitchen aprons, hand towels and bed linens.  

  



 50 

References 

Allwood, J. M. (2006). Well dressed? The present and future sustainability of clothing and 

textiles in the United Kingdom. Cambridge: University of Cambridge, Institute for 

Manufacturing. 

ASTM. (2005). D2960 - 05 Standard Test Method of Controlled Laundering Test Using 

Naturally Soiled Fabrics and Household Appliances. ASTM International, West 

Conshohocken, PA. Retrieved from www.astm.org 

ASTM. (2007). D4265 - 98 Standard Guide for Evaluating Stain Removal Performance in Home 

Laundering. ASTM International, West Conshohocken, PA. Retrieved from 

www.astm.org 

ASTM. (2008). D1776 - 08 Practice for Conditioning and Testing Textiles. ASTM International, 

West Conshohocken, PA. Retrieved from www.astm.org 

ASTM. (2009a). D1334 - 05 Test Method for Wool Content of Raw Wool--Commercial Scale. 

ASTM International, West Conshohocken, PA. Retrieved from www.astm.org 

ASTM. (2009b). D3776 - 09 Test Methods for Mass Per Unit Area (Weight) of Fabric. ASTM 

International, West Conshohocken, PA. Retrieved from www.astm.org 

ASTM. (2010). D584 - 10 Test Method for Wool Content of Raw Wool--Laboratory Scale. 

ASTM International, West Conshohocken, PA. Retrieved from www.astm.org 

ASTM. (2011). D1777 - 96 Test Method for Thickness of Textile Materials. ASTM International, 

West Conshohocken, PA,. Retrieved from www.astm.org 

ASTM. (2012a). D2812 - 07 Test Method for Non-Lint Content of Cotton. ASTM International, 

West Conshohocken, PA. Retrieved from www.astm.org 



 51 

ASTM. (2012b). D1770 - 94 Test Method for Neps, Vegetable Matter, and Colored Fiber in 

Wool Top. ASTM International, West Conshohocken, PA. Retrieved from www.astm.org 

Bel, P. D., Simpson, C. L., Columbus, E. P., & Vinyard, B. (1991). Effects of Mechanical 

Cleaning on Cotton Fibers Part II: Combinations of Gin and Mill Cleaning-Fiber Quality. 

Textile Research Journal, 61(9), 503–509. doi:10.1177/004051759106100902 

Bockreis, A., & Jager, J. (1999). Odour monitoring by the combination of sensors and neural 

networks. Environmental Modelling & Software, 14(5), 421–426. doi:10.1016/S1364-

8152(98)00105-4 

Bowers, C. A., & Chantrey, G. (1969). Factors Controlling the Soiling of White Polyester Cotton 

Fabrics Part I: Laboratory Studies. Textile Research Journal, 39(1), 1–11. 

doi:10.1177/004051756903900101 

British Standards Institution. (1998). BS 5441: 1998 Methods of test for knitted fabrics. London: 

British Standards Institution. 

Bubl, J. L. (1970). Laundering Cotton Fabric Part I: Effects of Detergent Type and Water 

Temperature on Soil Removal. Textile Research Journal, 40(7), 637–643. 

doi:10.1177/004051757004000709 

Cardis, D., Tapp, C., DeBrum, M., & Rice, R. G. (2007). Ozone in the Laundry Industry—

Practical Experiences in the United Kingdom. Ozone: Science & Engineering, 29(2), 85–

99. doi:10.1080/01919510601186048 

Chang, H. C., Kish, L. B., King, M. D., & Kwan, C. (2009). Fluctuation-enhanced sensing of 

bacterium odors. Sensors and Actuators B: Chemical, 142(2), 429–434. 

doi:10.1016/j.snb.2009.04.005 



 52 

Chi, Y.-S., & Obendorf, S. K. (1998a). Aging of oily soils on textile materials: A literature 

review. Journal of Surfactants and Detergents, 1(3), 407–418. doi:10.1007/s11743-998-

0044-0 

Chi, Y.-S., & Obendorf, S. K. (1998b). Aging of oily soils on textiles. Chemical changes upon 

oxidation and interaction with textile fibers. Journal of Surfactants and Detergents, 1(3), 

371–380. doi:10.1007/s11743-998-0038-y 

Chung, H., & Seok, H. J. (2012). Populations of malodor-forming bacteria and identification of 

volatile components in triolein-soiled cotton fabric. Fibers and Polymers, 13(6), 740–

747. doi:10.1007/s12221-012-0740-5 

Coleman, B. K., Destaillats, H., Hodgson, A. T., & Nazaroff, W. W. (2008). Ozone consumption 

and volatile byproduct formation from surface reactions with aircraft cabin materials and 

clothing fabrics. Atmospheric Environment, 42(4), 642–654. 

doi:10.1016/j.atmosenv.2007.10.001 

Corsi, R. L., Siegel, J., Karamalegos, A., Simon, H., & Morrison, G. C. (2007). Personal reactive 

clouds: Introducing the concept of near-head chemistry. Atmospheric Environment, 

41(15), 3161–3165. doi:10.1016/j.atmosenv.2006.07.054 

Di Natale, C., Macagnano, A., Paolesse, R., Tarizzo, E., Mantini, A., & D’Amico, A. (2000). 

Human skin odor analysis by means of an electronic nose. Sensors and Actuators B: 

Chemical, 65(1–3), 216–219. doi:10.1016/S0925-4005(99)00313-5 

Dillan, K., Goddard, E., & Mckenzie, D. (1980). Examination of the parameters governing oily 

soil removal from synthetic substrates. Journal of the American Oil Chemists’ Society, 

57(7), 230–237. doi:10.1007/BF02673947 



 53 

Froebe, C., Simone, A., Charig, A., & Eigen, E. (1990). Axillary malodor production: A new 

mechanism. J Soc Cosmet Chem, 41, 173–185. 

Gao, Y., & Cranston, R. (2008). Recent Advances in Antimicrobial Treatments of Textiles. 

Textile Research Journal, 78(1), 60–72. doi:10.1177/0040517507082332 

Gouronnec, A. M., & Tomasso, V. (2000). Measurement of odours by sensory analysis or 

“olfactometry.” Analusis, 28(3), 188–199. doi:10.1051/analusis:2000280188 

Grice, E. A., Kong, H. H., Conlan, S., Deming, C. B., Davis, J., Young, A. C., Segre, J. A. 

(2009). Topographical and Temporal Diversity of the Human Skin Microbiome. Science 

(New York, N.Y.), 324(5931), 1190–1192. doi:10.1126/science.1171700 

Gururajan, A., Hequet, E. F., & Sari-Sarraf, H. (2008). Objective Evaluation of Soil Release in 

Fabrics. Textile Research Journal, 78(9), 782–795. doi:10.1177/0040517507090786 

Gygax, H., & Koch, H. (2001). The Measurement of Odours. CHIMIA International Journal for 

Chemistry, 55(5), 401–405. 

Hill, M., Kamalakannan, S., Gururajan, A., Sari-Sarraf, H., & Hequet, E. (2011). Dimensional 

change measurement and stain segmentation in printed fabrics. Textile Research Journal, 

81(16), 1655–1672. doi:10.1177/0040517511407378 

Hoang, C. P., Kinney, K. A., & Corsi, R. L. (2009). Ozone removal by green building materials. 

Building and Environment, 44(8), 1627–1633. doi:10.1016/j.buildenv.2008.10.007 

Hobbs, P. J., Misselbrook, T. H., & Pain, B. F. (1995). Assessment of Odours from Livestock 

Wastes by a Photoionization Detector, an Electronic Nose, Olfactometry and Gas 

Chromatography-Mass Spectrometry. Journal of Agricultural Engineering Research, 

60(2), 137–144. doi:10.1006/jaer.1995.1007 



 54 

Hollies, N. R. S. (1989). Visual and Tactile Perceptions of Textile Quality. Journal of the Textile 

Institute, 80(1), 1–18. doi:10.1080/00405008908659183 

Huber, C. J. (1938). Tests for Physical Properties of Fibres. Textile Research Journal, 8(3), 93–

101. doi:10.1177/004051753800800304 

Hudon, G., Guy, C., & Hermia, J. (2000). Measurement of odor intensity by an electronic nose. 

Journal of the Air & Waste Management Association (1995), 50(10), 1750–1758. 

Hustvedt, G. (2011). Review of laundry energy efficiency studies conducted by the US 

Department of Energy. International Journal of Consumer Studies, 35(2), 228–236. 

doi:10.1111/j.1470-6431.2010.00970.x 

Khadre, M. A., Yousef, A. E., & Kim, J. G. (2001). Microbiological Aspects of Ozone 

Applications in Food: A Review. Journal of Food Science, 66(9), 1242–1252. 

doi:10.1111/j.1365-2621.2001.tb15196.x 

Kissa, E. (1981). Mechanisms of Soil Release. Textile Research Journal, 51(8), 508–513. 

doi:10.1177/004051758105100803 

Köhler, S. (1954). Investigations to Determine the Effects of the Washing Temperature and Time 

and the Concentration of the Washing Agents when Washing by Machine. Textile 

Research Journal, 24(2), 173–196. doi:10.1177/004051755402400212 

Kohonen, T. (1990). The self-organizing map. Proceedings of the IEEE, 78(9), 1464–1480. 

doi:10.1109/5.58325 

Laitala, K., Boks, C., & Klepp, I. G. (2011). Potential for environmental improvements in 

laundering. International Journal of Consumer Studies, 35(2), 254–264. 

doi:10.1111/j.1470-6431.2010.00968.x 



 55 

Laitala, K., Klepp, I. G., & Boks, C. (2012). Changing laundry habits in Norway. International 

Journal of Consumer Studies, 36(2), 228–237. doi:10.1111/j.1470-6431.2011.01081.x 

Laughlin, J., & Gold, R. E. (1990). Methyl parathion residue removal from protective apparel 

fabric soiled with synthetic sebum or vegetable oil. Archives of Environmental 

Contamination and Toxicology, 19(2), 205–213. doi:10.1007/BF01056088 

Leyden, J. J., McGinley, K. J., Holzle, E., Labows, J. N., & Kligman, A. M. (1981). The 

Microbiology of the Human Axilla and Its Relationship to Axillary Odor. Journal of 

Investigative Dermatology, 77(5), 413–416. doi:10.1111/1523-1747.ep12494624 

Lin, J., & Iyer, M. (2007). Cold or hot wash: Technological choices, cultural change, and their 

impact on clothes-washing energy use in China. Energy Policy, 35(5), 3046–3052. 

doi:10.1016/j.enpol.2006.11.001 

Mackay, D. A. M., Lang, D. A., & Berdick, M. (1961). Objective Measurement of Odor. 

Ionization Detection of Food Volatiles. Analytical Chemistry, 33(10), 1369–1374. 

doi:10.1021/ac60178a027 

McQueen, R. H., Laing, R. M., Delahunty, C. M., Brooks, H. J. L., & Niven, B. E. (2008). 

Retention of axillary odour on apparel fabrics. Journal of The Textile Institute, 99(6), 

515–523. doi:10.1080/00405000701659774 

McQueen, R.H., Laing, R. M., Brooks, H. J. L., & Niven, B. E. (2007). Odor Intensity in 

Apparel Fabrics and the Link with Bacterial Populations. Textile Research Journal, 

77(7), 449 –456. doi:10.1177/0040517507074816 

McQueen, Rachel H., Laing, R. M., Wilson, C. A., Niven, B. E., & Delahunty, C. M. (2007). 

Odor Retention on Apparel Fabrics: Development of Test Methods for Sensory 

Detection. Textile Research Journal, 77(9), 645 –652. doi:10.1177/0040517507078792 



 56 

Mogahzy, Y. E. E., Broughton, R., & Lynch, W. K. (1990). A Statistical Approach for 

Determining the Technological Value of Cotton Using HVI Fiber Properties. Textile 

Research Journal, 60(9), 495–500. doi:10.1177/004051759006000901 

Morris, M. A., & Prato, H. H. (1982). The Effect of Wash Temperature on Removal of 

Particulate and Oily Soil from Fabrics of Varying Fiber Content. Textile Research 

Journal, 52(4), 280–286. doi:10.1177/004051758205200409 

Munk, S., Münch, P., Stahnke, L., Adler-Nissen, J., & Schieberle, P. (2000). Primary odorants of 

laundry soiled with sweat/sebum: Influence of lipase on the odor profile. Journal of 

Surfactants and Detergents, 3(4), 505–515. doi:10.1007/s11743-000-0150-z 

Obendorf, S. K., Namasté, Y. M. N., & Durnam, D. J. (1983). A Microscopical Study of 

Residual Oily Soil Distribution on Fabrics of Varying Fiber Content. Textile Research 

Journal, 53(6), 375–383. doi:10.1177/004051758305300609 

Obendorf, S. Kay, & Klemash, N. A. (1982). Electron Microscopical Analysis. of Oily Soil 

Penetration into Cotton and Polyester/Cotton Fabrics. Textile Research Journal, 52(7), 

434–442. doi:10.1177/004051758205200702 

Obendorf, S.K., Kim, J., & Koniz, R. F. (2007). Measurement of odor development due to 

bacterial action on antimicrobial polyester fabrics. AATCC review, 7(7), 35–40. 

Obendorf, S.K., & Webb, J. J. (1987). Detergency Study: Distribution of Natural Soils on Shirt 

Collars. Textile Research Journal, 57(10), 557–563. doi:10.1177/004051758705701001 

Okubo, M., Saeki, N., & Yamamoto, T. (2008). Development of functional sportswear for 

controlling moisture and odor prepared by atmospheric pressure nonthermal plasma graft 

polymerization induced by RF glow discharge. Journal of Electrostatics, 66(7–8), 381–

387. doi:10.1016/j.elstat.2008.03.003 



 57 

Omer, A. R., & Walker, P. M. (2011). Treatment of swine slurry by an ozone treatment system 

to reduce odor. Journal of Environmental Protection, 2(7), 867+. 

Öztekin, S., Zorlugenç, B., & Zorlugenç, F. K. (2006). Effects of ozone treatment on microflora 

of dried figs. Journal of Food Engineering, 75(3), 396–399. 

doi:10.1016/j.jfoodeng.2005.04.024 

Pakula, C., & Stamminger, R. (2010). Electricity and water consumption for laundry washing by 

washing machine worldwide. Energy Efficiency, 3(4), 365–382. doi:10.1007/s12053-009-

9072-8 

Pandrangi, L. S., & Morrison, G. C. (2008). Ozone interactions with human hair: Ozone uptake 

rates and product formation. Atmospheric Environment, 42(20), 5079–5089. 

doi:10.1016/j.atmosenv.2008.02.009 

Park, E. K. C., & Obendorf, S. K. (1994). Chemical changes in unsaturated oils upon aging and 

subsequent effects on fabric yellowing and soil removal. Journal of the American Oil 

Chemists’ Society, 71(1), 17–30. doi:10.1007/BF02541468 

Prada, P. A., Curran, A. M., & Furton, K. G. (2011). The Evaluation of Human Hand Odor 

Volatiles on Various Textiles: A Comparison Between Contact and Noncontact Sampling 

Methods*,†. Journal of Forensic Sciences, 56(4), 866–881. doi:10.1111/j.1556-

4029.2011.01762.x 

Reinbach, H. C., Allesen-Holm, B., Kristoffersson, L., & Bredie, W. L. p. (2011). Development 

of a Sensory Test Method for Odor Measurement in a Package Headspace. Journal of 

Sensory Studies, 26(2), 118–127. doi:10.1111/j.1745-459X.2011.00328.x 

Rice, R. G., DeBrum, M., Cardis, D., & Tapp, C. (2009). The Ozone Laundry Handbook: A 

Comprehensive Guide for the Proper Application of Ozone in the Commercial Laundry 



 58 

Industry. Ozone: Science & Engineering, 31(5), 339–347. 

doi:10.1080/01919510903091318 

Rice, R. G., DeBrum, M., Hook, J., Cardis, D., & Tapp, C. (2009). Microbiological Benefits of 

Ozone in Laundering Systems. Ozone: Science & Engineering, 31(5), 357–368. 

doi:10.1080/01919510903170419 

Schilling, B., Kaiser, R., Natsch, A., & Gautschi, M. (2009). Investigation of odors in the 

fragrance industry. Chemoecology, 20(2), 135–147. doi:10.1007/s00049-009-0035-5 

Simoncic, B., & Tomsic, B. (2010). Structures of Novel Antimicrobial Agents for Textiles - A 

Review. Textile Research Journal, 80(16), 1721–1737. doi:10.1177/0040517510363193 

Sirianni, G., & Borak, J. (2010). How Clean Is “Clean”? Regulations and Standards for 

Workplace Clothing and Personal Protective Equipment. Journal of Occupational and 

Environmental Medicine, 52(2), 190–196. doi:10.1097/JOM.0b013e3181cc55e1 

Smith, S., & Sherman, P. O. (1969). Textile Characteristics Affecting the Release of Soil during 

Laundering1: Part I: A Review and Theoretical Consideration of the Effects of Fiber 

Surface Energy and Fabric Construction on Soil Release. Textile Research Journal, 

39(5), 441–449. doi:10.1177/004051756903900506 

Spangler, W. G., Roga, R. C., & Cross, H. D. (1967). A detergency test based on rapid aging of 

unremoved sebum. Journal of the American Oil Chemists’ Society, 44(12), 728–732. 

doi:10.1007/BF02679642 

Stefaniak, A. B., & Harvey, C. J. (2006). Dissolution of materials in artificial skin surface film 

liquids. Toxicology in Vitro, 20(8), 1265–1283. doi:10.1016/j.tiv.2006.05.011 

Stewart, J. C., & Whewell, C. S. (1960). The Removal of Oils from Textile Materials. Textile 

Research Journal, 30(12), 903–912. doi:10.1177/004051756003001201 



 59 

Tamás, G., Weschler, C. J., Bakó-Biró, Z., Wyon, D. P., & Strøm-Tejsen, P. (2006). Factors 

affecting ozone removal rates in a simulated aircraft cabin environment. Atmospheric 

Environment, 40(32), 6122–6133. doi:10.1016/j.atmosenv.2006.05.034 

Terpstra, M. J. (2001). The correlation between sustainable development and home hygiene. 

American Journal of Infection Control, 29(4), 211–217. doi:10.1067/mic.2001.115684 

Terpstra, M. J. (2003). The validity of domestic hygiene indicators in the scope of social and 

technological changes. International Biodeterioration & Biodegradation, 51(4), 233–

238. doi:10.1016/S0964-8305(03)00037-4 

Tim Richter. (2005). ENERGY EFFICIENT LAUNDRY PROCESS (No. NONE, 842014). 

Retrieved from http://www.osti.gov/servlets/purl/842014-FdebHg/native/ 

Watershed Protection Plan Development Guidebook, Northeast Georgia Regional Development 

Center. Description of commonly considered water quality constituents. Retrieved from 

http://www.gaepd.org/Files_PDF/techguide/wpb/devwtrplan_b.pdf 

Wells, J. R., Morrison, G. C., Coleman, B. K., Spicer, C., & Dean, S. W. (2008). Kinetics and 

Reaction Products of Ozone and Surface-Bound Squalene. Journal of ASTM 

International, 5(7), 101629. doi:10.1520/JAI101629 

Wilke, K., Martin, A., Terstegen, L., & Biel, S. S. (2007). A short history of sweat gland 

biology. International Journal of Cosmetic Science, 29(3), 169–179. doi:10.1111/j.1467-

2494.2007.00387.x 

Wisthaler, A., & Weschler, C. J. (2009). Reactions of ozone with human skin lipids: Sources of 

carbonyls, dicarbonyls, and hydroxycarbonyls in indoor air. Proceedings of the National 

Academy of Sciences. doi:10.1073/pnas.0904498106 



 60 

Wongchoosuk, C., Lutz, M., & Kerdcharoen, T. (2009). Detection and Classification of Human 

Body Odor Using an Electronic Nose. Sensors, 9(9), 7234–7249. doi:10.3390/s90907234 

Yoon, H. N., & Buckley, A. (1984). Improved Comfort Polyester Part I: Transport Properties 

and Thermal Comfort of Polyester/Cotton Blend Fabrics. Textile Research Journal, 

54(5), 289–298. doi:10.1177/004051758405400502 

Zeng, X., Leyden, J. J., Lawley, H. J., Sawano, K., Nohara, I., & Preti, G. (1991). Analysis of 

characteristic odors from human male axillae. Journal of Chemical Ecology, 17(7), 1469–

1492. doi:10.1007/BF00983777 

 


