
ABSTRACT 

XU, CHANGHAI. The Chemistry and Perception of Fluorescent White Materials. (Under the 
direction of Dr. David Hinks and Dr. Renzo Shamey). 
 

Cationic bleach activators (CBA) are precursors to perhydroxyl compounds that, 

when activated, have higher oxidation potential and potentially improved bleaching 

performance compared to common oxidizing agents such as hydrogen peroxide. CBAs were 

first reported in 1997 by Proctor & Gamble Co., and have been further developed at North 

Carolina State University. To date, an effective low temperature bleaching system has not 

been developed that offers sufficient economic improvement over existing bleaching 

systems. 

The primary purpose of this research was to develop new methods and understand 

key variables required for achieving enhanced whiteness of textile materials using bleach 

activators with or without the presence of fluorescence. A new optimized low temperature 

bleaching system using novel lactam-based bleach activators was developed and the effect of 

UV content of light sources on the whiteness of fluorescent white textile materials was 

evaluated. 

A novel class of bleach activators was synthesized by introducing 

benzoylcaprolactam group into a stilbene system shown as follows: 

 

 

 



While solubility, purification and hydrolytic stability of the compounds were 

problematic, a new approach to low pH (pH 7-9) and low temperature (50-70 oC) bleaching 

was found using a butyrolactam-based cationic bleach activator, N-[4-(triethylammonio 

methyl)benzoyl]-butyrolactam chloride (TBBC), using a central composite design (CCD) of 

experiment. The CCD bleaching experiments showed that cationic bleach activators are less 

effective with high concentrations of hydrogen peroxide in high alkaline solutions. Also a 

2FI model predicted the optimized bleaching performance on 100% cotton at near neutral pH 

and temperatures around 50 °C, in which the dosage of TBBC is the most important factor 

affecting the bleaching performance. This prediction was validated experimentally during 

bleaching of bamboo and cotton fibers. 

In addition, this study confirmed the hypothesis that cationic bleach activators have 

inherent substantivity to cellulosic fibers and that the substantivity enhances bleach 

effectiveness. This cationic activated bleach system was effective for cotton bleaching and 

the bleaching performance is superior to that of conventional peroxide bleaching. 

TBBC was also applied to bamboo cellulosic fibers, which exhibit excessive strength 

loss during conventional hot bleaching. Under optimized conditions of 5 g/L TBBC, 50 °C, 

30 min and pH 7.0, TBBC-based bleaching of bamboo fibers produced CIE Whiteness Index 

(CIE WI) values of 58.20 compared to untreated bamboo which had CIE WI values of 10.77. 

Hence, the TBBC bleach activator method is effective at bleaching bamboo fibers. 

Besides chemical bleaching, the fluorescent whitening was another approach to 

increase the whiteness of materials. Since the whiteness of fluorescent white materials is 

produced by absorbing UV light and emitting visible blue light, the UV content of light 

sources has a significant effect on the perception of whiteness. This research addresses the 
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common light sources used in color matching booths. The pilot data is collected by 

measuring spectral radiance and spectral irradiance, which is used for analysis of the UV 

effect on the whiteness of fluorescent white materials. 

The whitening performance of a fluorescent brightening agent (FBA) is dependent on 

the energy and intensity of the incident UV light. No data have been reported in the open 

literature that shows the UV emission of standard lamps used in viewing booths. Indeed, 

standards pertaining to lighting do not require or recommend the standardization of the UV 

content in any lamps. 

Hence, the spectroradiometric quantification of UV emission of a series of standard 

viewing booths is a requirement for establishment of a methodology to determine the effect 

of radiometric variability in standard sources on visual perception of fluorescent white 

materials. The radiance measurement data collected from measuring the radiance of light 

sources (including daylight simulation, incandescent, horizon daylight, cool white 

fluorescence, and Ultralume 30) in a SpectraLight III color viewing booth and the irradiance 

of these light sources over a PTFE diffuse reflectance standard, AATCC textile UV 

calibration standard and some fluorescent whitened fabric samples showed the inadequacy of 

UV content of these light sources in the SpectraLight III.
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Chapter 1 Introduction 

 

1.1 Background 

White objects are the most encountered objects in the human environment. While 

white objects comprise approximately 3% of the total volume of CIELAB color space, their 

relative importance is much larger than the small volume that represents white in CIELAB 

space. This is true especially for textile materials [1].  

In textile industry, white materials are preferred due to their high lightness and neutral 

saturation, which are very important not only for many daily applications as a matter of 

aesthetics but also for post processing of textiles such as printing, dyeing and finishing. 

However, most textile materials are polymers that contain colorants, detracting from their 

white appearance [2-5]. Two common approaches used to improve the whiteness of textile 

materials are chemical bleaching and fluorescent whitening.  

Chemical bleaching is a conventional method to improve the whiteness by the use of 

oxidants or reducing agents to eliminate the colored impurities in fibers. Hydrogen peroxide 

has gained wide acceptance in industrial textile bleaching due to its low environmental 

impact and cost, and its flexibility for use in both hot and rapid or cold and long dwell 

bleaching processes. While hydrogen peroxide is an effective bleaching agent under certain 

conditions, it leads to fiber damage due to the use of severe alkaline bleaching conditions 

[6-8]. Activation of hydrogen peroxide by the use of bleach activators is an approach to 

conduct bleaching under milder conditions such as a low temperature and/or a reduced 
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bleaching time [9-13], thereby leading to less fiber damage and improved economics. In 

recent years, organic bleach activators have been attempted for industrial textile bleaching 

but with little commercial success [14-27]. 

FBA are widely employed in the processing of textiles as an effective method to 

improve the white appearance of textile substrates. Fluorescence is the phenomenon by 

which a compound absorbs UV light and, through a process of quantum mechanical 

intersystem crossing, emits light at longer wavelength than that which is absorbed [28]. In the 

case of FBA, the emitted light is in the short end of the visible spectrum and can lead to 

bright bluish white color [29], although other tints of whiteness are possible by varying the 

emission properties of FBA. Therefore, the whiteness of fluorescent white textile materials 

depends on the fluorescence properties of the FBA employed and the UV content of the 

incident light source(s) [30-33]. While the quantity of fluorescence is related to the amount 

of FBA applied, there are limits for the amount that can be incorporated into the textile 

materials for maximum whiteness. An overload of FBA causes fluorescence quenching and 

UV depletion, either of them resulting in reduction of perceived whiteness of fluorescent 

white materials [34]. 

However, whiteness measurement is particularly problematic, in part due to the 

perceptual non-uniformity of the CIELAB space and the small section of white objects in the 

space, and on the variability in spectrophotometric measurement of fluorescent materials. 

The application of FBA on textile materials makes it more complicated to correlate the 

whiteness measurement to the visual perception of the degree of whiteness. During the 

1970’s and 1980’s especially, color technologists and academics worked to develop 
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measurement methods for white textile materials [35, 36]. The main goal was to develop a 

single scale (an index) that could be used conveniently to establish production tolerances. By 

the 1990’s more than 100 whiteness indices were known to exist. However, the equations 

developed were only as good as: 

1) the visual experimental data developed, 

2) the accuracy and precision of the spectrophotometers used, and 

3) the correlation model accuracy of the measured to visual data. 

The Commission Illumination de l’Eclairage (CIE) recognized the importance of a 

unified approach to whiteness measurement; hence, the CIE developed and now recommends 

one formula, known as the CIE Whiteness Index (CIE WI) [37]. A tint index for evaluating 

the hue direction of white objects was also established. This formula is recommended by 

textile associations such as the American Association of Textile Chemists and Colorists 

(AATCC) [38], and is used widely today.  

However, although convenient, the CIE WI may not correlate well with the human 

perception of whiteness, particularly for the measurement of fluorescent white materials. The 

problems are not necessarily due to errors in the formula, but may be due to one or more 

critical variables that currently are not adequately controlled. These variables include: 

1) poor inter-instrument agreement between spectrophotometers for the 

measurement of fluorescent materials, 

2) unknown and non-standardized UV emission of lamps used in standard 

viewing booths, and consequently, 

3) poor correlation and non-standardization between UV emission in lamps 
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used in spectrophotometers, UV emission in lamps used in standard 

viewing booths, and the UV content of average overcast daylight. 

As the points above infer, any lack of control or consistency of the UV light incident 

on a white material containing a FBA will likely lead to variability in the perception of 

whiteness. Moreover, poor agreement between UV incident light between 

spectrophotometers and viewing booths as well as the correlation between daylight and 

daylight simulators in viewing booths will likely reduce the utility and confidence of a 

whiteness index. 

 

1.2 Research Objectives 

The main objectives of this research are threefold: 

1) design and synthesize a class of novel bleach activators containing 

fluorescence properties, 

2) develop an effective low temperature bleaching system using novel bleach 

activators, and 

3) quantify the UV emission in standard viewing booths. 

 

1.3 Dissertation Outline 

This dissertation consists of nine chapters. In Chapter 1, the background and research 

objectives are described. In Chapter 2, literature pertaining to the physical and chemical basis 

preliminaries including notations, definitions and theories needed to set the foundation for 

this research is reviewed. In Chapter 3, the design, synthesis and characterization of 
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fluorescent bleach activators are described. In Chapter 4, the bleaching conditions for 

lactam-based cationic bleach activators are reported using a central composite design (CCD) 

of experiment. Based on the CCD analysis, an important reason why cationic bleach 

activators have low bleaching effectiveness is disclosed. In Chapter 5, several possible 

variables affecting cationic bleach activation are discussed by the use of a two 

factor-interaction (2FI) model. In Chapter 6, the sorption behavior of cationic bleach 

activators to cellulosic fibers is described. In particular, the connection between the 

substantivity and the bleaching effectiveness are reported. In Chapter 7, an effective bleach 

system activated by cationic bleach activators is developed. The comparison between the 

bleaching performances of the activated bleaching system and the conventional bleaching 

system is presented. In Chapter 8, the spectroradiometry is dictated, which is applied for 

quantifying the UV emission in standardized viewing booths. The effect UV content of light 

sources on perceived whiteness is analyzed. In Chapter 9, the conclusions drawn from the 

study is dictated. Finally, in Chapter 10, the needs of future research stemming from ideas 

presented in this work are discussed. 
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Chapter 2 Literature Review 

 

2.1 Introduction 

The perception of fluorescent white materials is a complex process that involves three 

essential elements (Figure 2.1): a light source, an objective, and human vision. It is clear that 

the understanding of this process requires the study of a variety of scientific domains 

including physics, chemistry, mathematics, physiology, and psychology. 

 

 

Figure 2.1: Interaction of a light source, an object, and an eye 

 

2.2 Measurement of Light 

2.2.1 Nature of Light 

Visible light is a form of electromagnetic radiation, distinguished from other forms by 

 6



its ability to be detected by the human eye. All possible electromagnetic radiation is arranged 

according to wavelength and frequency, constituting the electromagnetic spectrum shown in 

Figure 2.2. The visible spectrum is comprises only a small region of the electromagnetic 

spectrum.  

 

 

Figure 2.2: Electromagnetic spectrum 

 

Light as well as all other electromagnetic radiation travels in the form of a transverse 

wave through a vacuum or a medium and can be characterized by its wavelength (λ ) and 

frequency (ν ): 

 

c νλ=                                (2.1) 

 

where c is the velocity of light, depending on the refractive index (n) of the medium in which 
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it travels as given in Equation 2.2, 

 

0cc
n

=                                (2.2) 

 

where c0 (2.99790 1010 cm/s) is constant for all types of radiation, whatever its intensity 

[39]. 

×

The theory of electromagnetic radiation can explain the propagation of light well, but 

cannot fully explain the energy exchange between the light and matter during the process of 

the absorption and emission of light. Max Planck demonstrated that electromagnetic radiation 

exists as a series of energy packets called light quanta or photons, of which the energy is 

directly proportional to the frequency of the light involved as given in Equation 2.3 [40], 

 

E hv=                                (2.3) 

 

where ν  is the frequency of the radiation and h is Plank’s constant. 

By extending Planck’s quantum theory of thermal radiation to cover not only 

vibrations of the source of radiation but also vibrations of the radiation itself, Einstein 

successfully explained photoelectric effect, which ultimately formed the basis for 

wave-particle duality of light [41]. The wave-particle duality of light was then confirmed by 

de Broglie’s hypothesis in 1924 [42] and Davisson-Germer experiment in 1927 [43]. 
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2.2.2 Radiometry 

Radiometry is the science of measuring light in any portion of the electromagnetic 

spectrum in terms of absolute power. It includes two aspects: the scientific instruments and 

materials used in measuring light, and theory related to the radiometric quantities as listed in 

Table 2.1. 

 

Table 2.1: Radiometric Quantities and Their Units 

Terms Symbol SI Unit 

Radiant energy Q J 

Radiant flux Φ  W 

Radiant intensity I W/sr 

Radiance L W/sr/m2 

Irradiance E W/m2 

Radiant exitance M W/m2 

 

2.2.2.1 Radiant Energy  

Radiant energy (Q) is the energy propagated in the form of electromagnetic waves or 

streams of photons. This term is used particularly when radiation is emitted by a source into 

the surrounding environment. The quantity of radiant energy may be calculated by 

integrating radiant flux ( ) with respect to time (t), Φ
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Q dt= Φ∫                               (2.4) 

 

2.2.2.2 Radiant Flux 

Radiance flux ( ) is radiant energy per unit time that is emitted, transferred, received 

through a surface, or radiated from a source with the range of wavelength from 0.01 to 

1000μm, including the ultraviolet, visible, and infrared regions. It is given by 

Φ

 

dQ
dt

Φ =                                (2.5) 

 

2.2.2.3 Radiant Intensity 

Radiant intensity (I) is defined as the radiant flux emitted per unit solid angle from a 

theoretical point source (Figure 2.3). It is mathematically expressed as 

 

dI
d
Φ

=
Ω

                               (2.6) 

 

 

Figure 2.3: Schematic representation of radiant intensity 
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The solid angle ( ) is geometrically defined as the angle that an object subtends at a 

point. In radiometry, the solid angle is used to describe the size of the cone of intensity 

radiated by a source. As shown in Figure 2.4, the angle includes a given area of cone on the 

surface of that imaginary sphere. 

Ω

 

 

Figure 2.4: Schematic representation of solid angle 

 

The value of the solid angle is numerically equal to the area (S) divided by the square 

of the radius of the sphere (R), mathematically expressed as 

 

2 2 (1 cos )S
R

π θΩ = = −                          (2.7) 
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where, 

 

0
2 sinS R R

θ
dπ θ= ∫ θ⋅                          (2.8) 

 

2.2.2.4 Radiance 

Radiance (L) is a radiometric term describing the radiant flux that leaves, arrives at, 

or passes through a particular area on the surface of a source or a receiver, and falls within a 

given solid angle in a specified direction, as shown in Figure 2.5. 

 

 

Figure 2.5: Schematic representation of radiance 

 

For an imaginary ray of light leaving or arriving at a point on a surface in a given 

direction; radiance is mathematically defined as 

 

2

( cos )
dL

dS d θ
Φ

=
Ω

                           (2.9) 

 12



where  is the radiant flux,  is the differential area surrounding the point, Φ dS dΩ  is the 

differential solid angle, and θ  is the angle between the direction of radiant flux and the 

surface normal (n) at the point. 

 

2.2.2.5 Irradiance and Radiant Exitance 

Irradiance (E) and radiant exitance (M) are the measures of radiant flux of light at a 

point on a surface per unit area, where the surface can be real or imaginary (Figure 2.6). 

Irradiance is the total amount of radiant flux incident upon a point on a surface from all 

directions above the surface; radiant exitance is the total amount of radiant flux leaving a 

point on a surface into all directions above the surface due to emission and/or reflection. 

 

 

Figure 2.6: Irradiance and radiant exitance 

 

Irradiance is defined as: 

 

dE
dS
Φ

=                              (2.10) 
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and radiant exitance is defined as: 

 

dM
dS
Φ

=                              (2.11) 

 

In both Equations 2.10 and 2.11, Φ  is the radiant flux leaving or arriving the point 

and  is the differential area surrounding the point. dS

 

2.2.3 Spectral Power Distribution 

A spectral power distribution (SPD) describes a radiometric quantity per unit 

wavelength over the visible region. Generally, it is mathematically defined as 

 

dXX
dλ λ

=                              (2.12) 

 

where X is given by the amount of its corresponding radiometric quantity at a given 

wavelength λ  [44]. 

A plot of a radiometric quantity as a function of wavelength is known as the SPD 

curve. In color science, in order to avoid the variance in the power levels of light sources 

over many orders of magnitude and facilitate comparisons of their color properties, SPD 

curves are generally normalized to unity at 560nm [45]. The normalized SPD curves are 

known as relative SPD curves. 
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2.2.4 Spectroradiometry 

Spectroradiometry is the measurement of absolute radiometric quantities as a function 

of wavelength within the electromagnetic spectrum of interest. The resulting SPD curves 

contain all the basic physical data of a light source and, therefore, can be used to specify its 

spectral properties [46]. Spectroradiometry was the subject of several investigations in the 

last several decades and currently has many applications in photometry and colorimetry 

[47-51]. 

 

2.2.5 Spectroradiometer 

A spectroradiometer is an instrument designed to measure radiometric quantities as a 

function of wavelength. According to the optical devices used to disperse and transmit light, 

spectroradiometers are generally classified into monochromatic and polychromatic 

categories. 

 

2.2.5.1 Monochromatic Spectroradiometer 

In the monochromatic spectroradiometer, a monochromator is used to disperse the 

incident radiant flux, via a prism or diffraction grating, into its spectrum from which a 

narrow band of wavelength is isolated with an exit slit connected to a detector. The radiant 

flux in this interval is converted into electrical signals that are analyzed by the detector 

system. A schematic diagram of a monochromatic spectroradiometer is shown in Figure 2.7, 

where P=power supply and measuring equipment, OP=optical coupler, A=test source, 
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B=reference source, C=electronic interface, D=detector, En=entrance slit of monochromator, 

and Ex=exit slit of monochromator 

 

 

Figure 2.7: Schematic diagram of a monochromatic spectroradiometer 

 

2.2.5.2 Polychromatic Spectroradiometer 

In a polychromatic spectroradiometer the dispersion of incident radiant flux is 

performed by a polychromator in which a dispersing element, generally a prism or diffraction 

grating, is used to disperse the light. Unlike the monochromator, the polychromator measures 

the radiant flux at all wavelength intervals simultaneously and the isolated spectrum is 

directed on to a silicon detector array that converts light into electrical signals. In a 

polychromatic spectroradiometer a measurement can be completed in fraction of a second but 
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its accuracy could be compromised because of the poor signal to noise ratio of the silicon 

detector. 

 

2.2.5.3 Selection of the Wavelength Interval 

The size of the wavelength interval transmitted by a monochromator or 

polychromator depends on the complexity of radiant flux [52]. For incandescent sources, for 

instance, a 10 nm interval is sufficient because such sources have a smooth and continuous 

SPD curve varying only slightly within short wavelength intervals, while the electronic 

discharge sources may have an SPD curve with the mixture of multi-line and continuous 

spectrum, and thus a smaller wavelength interval of 2 nm is more appropriate. 

 

2.3 Light Sources and Illuminants 

A light source is a physical emitter of light that can be turned on and off and its SPD 

can be experimentally determined; once the determination is made and specified, the source 

becomes a standard source. An illuminant, on the other hand, refers to a light defined by a 

specific SPD and may or may not be physically realizable as a source; if it is made available 

in physical form, an illuminant becomes a standard source. In other words, all sources can 

have corresponding illuminants, but not all illuminants have corresponding sources. 

 

2.3.1 Blackbody Radiator 

A blackbody radiator is an idealized light source that radiates energy perfectly and 
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conversely absorbs all electromagnetic radiation falling on it perfectly. In practice, the 

blackbody radiator can be approximated by a hole made in a cavity wall that is maintained at 

a uniform temperature, where the area of the hole is small enough compared with the total 

internal area of the cavity. The radiation escaping through such a hole will be a good 

approximation to blackbody radiation at the temperature of the interior of the cavity. 

 

2.3.1.1 Laws of Blackbody Radiator 

The term “blackbody” was first introduced in 1860 by Kirchhoff who stated that the 

spectrum of light emitted by blackbodies must be some function of the temperature of the 

object [53]. However, the exact form of that function was not clear at that time. In 1879, 

Stefan showed that the total radiation emitted by a blackbody was dependent only on its 

temperature and independent of the nature of its material [54] and Boltzmann succeeded in 

theoretically deriving Stefan’s law in 1884 [55, 56]. Although two important laws were 

introduced to describe the spectrum of blackbodies by Wien in 1896 [57], and Rayleigh in 

1900 [58] (amended by Jeans in 1905 [59]), neither of them fitted the entire range of 

observed results: Wien’s law was accurate at short wavelengths but deviated at longer 

wavelengths, while the opposite was true for the Rayleigh-Jean’s law. In 1900, Plank 

developed a theoretical equation for a blackbody, which correctly predicted the form of SPD 

curves at all wavelengths and all temperatures [40], as shown in Equation 2.13: 

 

( )
1

5
2exp / 1e
cM
c Tλ λ

=
−⎡ ⎤⎣ ⎦

                      (2.13) 
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where,  

2 1
1 2 3.741832 10c c hπ −= = × 6

 (W m2) 

2
2 1.43786 10hcc

κ
−= = ×  (m K) 

=T Absolute temperature of the source (K) 

λ = Wavelength of the radiation (m) 

h = 6.62606896(33)×10-34 J ⋅ s (Planck constant) [60] 

κ = 1.3806504(24)×10-23 J ⋅K-1 (Boltzmann constant) [60] 

 

Since its publication, Planck’s law and the blackbody radiation has been the subject 

of a number of publications [61-67]. 

 

2.3.1.2 Color Temperature 

Color temperature is defined as the temperature of an ideal blackbody radiator given 

in the SI unit Kelvin (K). The concept of color temperature is only valid for blackbody 

radiators and can be used as a way to characterize the spectral properties of blackbodies. 

Figure 2.8 shows the the SPD curves of blackbody radiators at different temperatures based 

on Planck’s law and Figure 2.9 shows their relative SPD curves in the visible region 

normalized at 560 nm. 
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Figure 2.8: SPD curves of blackbody radiators at different temperatures 

 

Figure 2.9: Relative SPD curves of blackbody radiators in visible region 
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The maximum of spectral power of blackbody radiators shifts to short wavelengths as 

the temperature of blackbodies increases, which indicates that a low color temperature gives 

warmer (more yellow/red) light, and a high color temperature gives a cooler (more blue) 

light.  

The well known examples of blackbody radiators are the Sun (5600 K), a tungsten 

filament lamp (2856 K), or a halogen tungsten lamp (3200 K). However, the assigned color 

temperatures are not the same as the true temperatures of these light sources though they may 

have the same spectral properties as certain blackbody radiators. For example, in the case of 

a tungsten filament lamp, its true temperature is always somewhat lower than the associated 

color temperature [68-70], and the color temperature of tungsten sources is calculated using 

empirical formulae [71, 72].  

In addition, color temperature cannot be used to describe the spectral properties of the 

lamps such as fluorescent lamps, as light from these sources doesn’t have a chromaticity 

exactly equal to that of the light from any blackbody radiator. Consequently, the term of 

correlated color temperature (CCT) is defined: “The correlated color temperature of a given 

stimulus is the temperature of the Planckian radiator whose perceived color most closely 

resembles that of the given stimulus at the same brightness and under specified viewing 

conditions” [73]. 

 

2.3.2 Daylight 

The most important natural source of light is the sun. The daylight is formed by 

absorption and scattering of sunlight before it reaches the earth’s surface which is due to the 
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presence of particulate matter in the atmosphere [74]. The selective absorptions produce the 

undulate SPD curves of daylight; and scattering at the low wavelengths leads to the blue 

appearance of a clear sky, with the rapid fall-off of the energy in the near UV region (Figure 

2.10). The undulation of the SPD curves of daylight depends on the part of the sky that is 

viewed and on the viewing conditions (Figure 2.11); and it may also affected by the other 

factors, including the latitude of the place of measurement, the season of the year, the local 

weather conditions, and the time of day [75-81]. Traditionally, daylight is preferred for color 

matching and color assessment. 

 

 

Figure 2.10: Spectral irradiance of light measured outside the atmosphere [82] and at the 

earth’s surface [83] 
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Figure 2.11: Relative SPD curves of different phases of daylight [84] 

 

2.3.3 Artificial Light Sources 

Artificial light is produced in many ways. Two of the major technologies used in 

producing light are based on incandescence and electric discharge. 

 

2.3.3.1 Incandescent Lamps 

Incandescence is the release of electromagnetic radiation, usually in the infrared and 

visible region, from a hot body due to high temperature. Incandescent lamps derive their 

name from the process of incandescence. In light bulbs, incandescence occurs because the 

filament resists electron flow [85, 86]. The excited electrons in the filament materials jump to 

a higher atomic orbital; when falling back to their original orbits, they release a photon with a 
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different wavelength which depends on the energy difference between the two orbits. The 

energy distribution of the radiation emitted from the hot body is controlled by its temperature 

(Figure 2.12) [87-89]. 

 

 

Figure 2.12: Relative SPD curves of incandescent lamps [90] 

 

Two common types of incandescent lamps are tungsten-filament lamp and 

tungsten-halogen lamps. In a tungsten-filament lamp, the filament is made of tungsten, the 

most preferred metal for the manufacture of filaments for incandescent electric lamps which 

can withstand high temperature for hundreds of hours without burning or failure due to loss 

by evaporation [91-94]. Generally, the lamp bulb is filled with an inert gas or is evacuated at 

a low pressure to protect the filament against oxidation. The radiation is derived from the 
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heating effect by the passage of an electric current through the filament inside the bulb. The 

emitted radiation is controlled to a large extent by the filament thickness and the applied 

voltage. The emissivity of tungsten is not quite constant, decreasing with increase in 

wavelength and temperature [68-70, 95-97]. Typical tungsten lamps generally operate from 

2800 K (common light bulbs) to 3400 K (the photographic floodlights), which generate 

approximately white light. 

A tungsten-halogen lamp is produced by the addition of a small quantity of halogen to 

the filling gas of a tungsten filament lamp with a quartz glass envelope in which a 

regenerative “halogen cycle” is created. This regenerative process prolongs the life of the 

filament considerably, and also eliminates blackening of the bulb by preventing the 

evaporated tungsten from condensing on the envelope. Tungsten-halogens lamps exhibit a 

number of important advantages over ordinary tungsten lamps. They are very compact and 

provide a considerably better light output; they can be operated at higher temperatures than 

tungsten-filament lamps, and thus provide SPD with correspondingly higher color 

temperatures from 2900 to 3300 K [98]. 

 

2.3.3.2 Electric Discharge Lamps 

Most electric discharge lamps produce light by passing an electric current through a 

gas or vapor in a glass tube [99]. In the electric discharge process, gas molecules are excited 

by the collision with the electrons that are accelerated by an electric field applied between 

two electrodes. The electrons give up their kinetic energy to yield the charged particles that 

exist in the form of electrically excited molecules, atoms and ions, and further electrons that 
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are themselves accelerated by the field and contribute to building up the electric discharge 

process. The radiation is emitted when the charged particles come back to their normal state. 

Electric discharge lamps emit line spectrum instead of continuous spectrum emitted 

by incandescent lamps. The SPD and the amount of radiant power emitted mainly depend on 

the vapor present in the lamp, the vapor pressure, the density of electric current passing 

through the vapor and the electrode materials. Sodium vapor lamp, mercury vapor lamp, 

fluorescent lamp, and xenon arc lamp are several common electric discharge lamps. 

 

2.3.3.3 LEDs 

Light-emitting diodes (LEDs) are semiconductor diodes that emit incoherent narrow 

spectrum light, the mechanism of which arises from the phenomenon of electroluminescence 

[100]. The light producing material in a LED is a specially prepared semiconductor material 

of high purity doped with two types of impurities in small amounts that form a p-n 

semiconductor junction, where the n-type material has an excess of electrons and the p-type 

material has a shortage of electrons so-called ‘holes’, as shown in Figure 2.13.  

 

 

Figure 2.13: A p-n semiconductor junction 
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Under a sufficiently high DC potential, an energy gap is formed between the n-type 

material and the p-type material and hence the electrons and the holes are combined at the 

junction where photons are produced. LEDs emit a very narrow band wavelength that 

depends on the chemical composition of the semiconductor materials. 

 

2.3.4 CIE Standard Illuminants 

The Commission Internationale de l'Eclairage (CIE), or the International Commission 

of Illumination, is a more than 80 year old organization, which develops science and 

technology for the standardization of light and lighting and related fields, and publishes 

technical reports to enable the effective reproduction of color. The CIE recommended a set of 

spectral radiant power distributions known as the CIE standard illuminants, all of which find 

their primary use in colorimetric calculations [37, 101]. 

 

2.3.4.1 Illuminant A 

Illuminant A was recommended by the CIE in 1931 to represent light from the ideal 

blackbody radiator at 2856 K [102]. It is readily realized by an actual source such as a 

filament lamp operating at a correlated color temperature of 2856 K. However, the color of 

the light from such an illuminant is relatively yellowish as it is deficient in power in the blue 

end and rich in the red end of the visible spectrum as shown in Figure 2.14. 
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Figure 2.14: Relative SPD curve of illuminant A [37] 

 

2.3.4.2 Illuminant B and C 

Illuminant B was designed to simulate direct noon sunlight with a correlated color 

temperature of 4874 K, and illuminant C was designed to simulate an average daylight with a 

correlated color temperature of 6774 K. Both of these standard illuminants are physically 

realized by the CIE standard source A by passing its light through liquid filters commonly 

called Davis-Gibson filters [103]. However, they are not used much in practice because they 

have too little power in the UV region that is very important for assessment of fluorescent 

materials; especially, their relative SPD curves do not adequately match spectral distributions 

of daylight, particularly in the UV region of the spectrum (Figure 2.15). Therefore 

illuminants B and C are not recommended for use especially for the assessment of 
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fluorescent materials where the UV content of the source is very important. 

 

 

Figure 2.15: Relative SPD curves of the illuminants B and C [37] 

 

2.3.4.3 CIE Standard Illuminant D Series 

The CIE recommended D series of illuminants with SPD curves through the UV, 

visible, and near IR (300-830 nm) to represent various phases of daylight as shown in Figure 

2.16. Illuminant D50 and D55 with CCTs of 5000 and 5500 K, respectively, represent 

mid-morning and mid-afternoon daylight and are especially suitable for applications where 

more yellow phases of daylight are desirable. Illuminant D75 with CCT of 7500 K represents 

north sky daylight which is a bluer phase of daylight and is preferred in some parts of the 

American continent for the color assessment of automotive components. Illuminant D65 
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represents a phase of natural daylight at an approximate CCT of 6500 K, and now is widely 

accepted as a standard illuminant for color assessment and measurement [37]. Compared 

with illuminant A, B, and C, Illuminant D65 exhibits a higher UV content (Figure 2.17). 

 

 

Figure 2.16: Relative SPD curves of the CIE Illuminant D series [37] 

 

 

 30



 

Figure 2.17: Relative SPD curves of the CIE standard illuminants A, B, C, and D65 

 

2.3.4.4 CIE Standard Illuminant F Series 

The CIE also recommended F series of illuminants to represent various types of 

fluorescent lighting that are currently widely used. The SPD curves of some of these 

illuminants are shown in Figure 2.18, in which illuminant F2 represents cool white 

fluorescent, F11 represents triband fluorescent, and illuminants F7 and F8 represent daylight 

fluorescent lamps as approximations of D65 and D50, respectively. 
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Figure 2.18: Relative SPD curves of illuminant F series [37] 

 

2.3.5 Daylight Simulators 

A daylight simulator is an artificial source to simulate a CIE standard D illuminant. 

Due to the unique and rather jagged SPD of daylight, however, the CIE has made no 

recommendations in regards to the artificial simulator of the CIE D illuminants. Practically, 

no existing artificial source could be found with a relative SPD identical to that defined for 

any of the standard D illuminants [104]. The daylight simulators are only partially attained 

through modification of the spectral distributions of existing sources by placing filters in 

front of the simulator although other means are also employed [105-110].  

There is an increasing demand for a practical and standard D source for the visual 

assessment and instrumental measurement of colors, particularly in the assessment and 
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measurement of fluorescent samples [104]. While the CIE developed a method to assess the 

quality of daylight simulators for colorimetric purposes [111], only approximations to the 

standard D illuminant curves are practically possible [112]. The daylight simulators are still 

under investigation [113-118]. 

 

2.4 Human Color Vision 

Color is purely a physiological visual sensation. It is the result of the interaction of 

light with an object which is subsequently detected by the eye-brain human visual system 

(Figure 2.1).  

 

2.4.1 The Human Eye 

The eye is a sensory organ that detects light. When light enters the pupil, it is focused 

and inverted by the cornea and lens, and projected onto the retina that consists of several 

neuronal layers as shown in Figure 2.19. The light must pass through all the neuronal layers 

to reach and stimulate the photoreceptors (cones and rods), where the light signal is 

converted into a photochemical signal that is transmitted through these neuronal layers with a 

series of complex biochemical processes and converted into nerve impulses. These nerve 

impulses are sent to the brain through the optic nerve. 
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Figure 2.19: The structure of the retina [119] 

 

2.4.2 Photoreceptors in the Human Eye 

In a normal human retina, photoreceptor cells in the retina contain four different 

photosensitive pigment-protein complexes that respond to light: one type is referred to as 

rods, owing to their shape, and three other cone-shaped receptors are non-uniformly 

distributed in the retina [120]. The rods with the photosensitive pigment known as rhodopsin 

are highly sensitive to light and are only active under low luminance (scoptic vision) and thus 

responsible for night vision. The cones are less sensitive to light and allow perception of 

color under normal luminance conditions. Color normal humans have three distinct types of 

cones that correspond to the three photosensitive pigment-protein complexes. They are 

named in terms of their responses to three different wavelength regions of visible light, 

respectively: 
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S cones respond to bluish-violet light or short wavelengths, 

M cones respond to bluish-green light or medium wavelengths, and 

L cones respond to yellowish-green light or long wavelengths. 

The rods and three cones have maximum absorption in different parts of the visible 

spectrum with considerable spectral overlap, as shown in Figure 2.20. The overlapping of the 

spectral absorption curves ensures that the human eye can respond to light with any complex 

composition of wavelengths in this region of the visible spectrum (and no other). Thus, 

color-normal humans can perceive a huge number of different colors via the relative outputs 

of the S, M, and L cones, depending on the wavelengths of the light impinging on them. 

 

 

Figure 2.20: Spectral absorption curves of cone and rod cells [121] 
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2.4.3 Post-Receptoral Processing 

Following absorption of light by one or more of the cones, signals from the three 

types of cones are passed to bipolar cells in the retina that are thought to be the cells that 

transform the information from cones into two pairs of opponent neural signals: the red-green 

signal corresponding to L versus M cones and the blue-yellow signal corresponding to S 

versus M plus L cones. These opponent signals are then passed to opponent ganglions cells 

that are organized in a center/surround receptive field [122]. As shown in Figure 2.21, the 

opponent ganglion cells fall into two types: Type A cells are responsible for processing the 

red-green opponent signals, and type B cells are responsible for processing the blue-yellow 

opponent signals.  

 

 

Figure 2.21: Center/surround receptive field of opponent ganglion cells in retina [123] 
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Each type of the opponent ganglion cells has four modes of center/surround receptive 

fields. Compared with type A, the opponent modes of type B seem to overlap. The output of 

signals from the opponent ganglion cells depends on the relative amount of stimulation they 

receive from cones. For example, in red/green opponent signals, if red signals are dominant, 

the mode of red ON/green OFF or green OFF/red ON will fire; otherwise, the mode of green 

ON/red OFF or red OFF/green On; if the amounts of red signals and green signals are equal, 

all the modes will not fire. The signals from such opponent ganglion cells are sent to the 

brain via optic nerves, whereupon further processing takes place. 

 

2.4.4 Visual Processing of Double-Opponent Cells 

The double-opponent cells are groups of cells that reside in the primary visual cortex, 

which combines the information of neighboring ganglion cells of either the red-green 

opponent or the blue-yellow opponent type [124]. These cells also have a center/surround 

receptive field organization [125-128]. For example, the center of the receptive field may be 

excited by the long wavelength in the mode of red ON/green OFF, while the surround is the 

converse mode. The behavior of a double-opponent cell is illustrated in Figure 2.22. The 

double-opponent properties appear to be the consequence of interactions of overlapping pairs 

of different single-opponent center/surround receptive fields through interconnecting neurons. 

The double-opponent cells can make wavelength comparisons, which plays an important role 

in color vision that is based on the comparison of light energies of all wavelengths reflected 

from different regions of the perceptual field. It is assumed that the double-opponent cells 

establish normalization required for color constancy and simultaneous color contrast [129, 
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130]. For instance, L-cones in the center of the receptive field of a double-opponent cell 

(responding to the object) are excitatory, and L-cones in the surround (responding to the 

background) are inhibitory. This inhibition is adequate to normalize the object's brightness 

relative to the background. 

 

 

Figure 2.22: The receptive field of a double-opponent cell (red/green) in the primary visual 

cortex 

 

2.4.5 Theories of Color Vision 

Any comprehensive theory of color vision must predict all the known perceptual 

attributes of color. To date, no such theory adequately models all perceptual experiences, 

although three separate theories are useful in describing key aspects of color vision: 

trichromatic theory, opponent color theory, and retinex theory. A composite model 

incorporating these three theories is currently accepted as the best model to explain the color 

vision. 
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2.4.5.1 Trichromatic Theory 

The trichromatic theory was first proposed in 1802 by Thomas Young based on the 

observation that any color could be matched with a combination of three distinct primary 

lights [131, 132]. Young correctly postulated that three types of photoreceptors exist in the 

eye and each of them was sensitive to a particular spectrum of the visible light. Using 

color-matching experiments, this theory was further developed in 1866 by Helmholtz who 

suggested that the three types of photoreceptors could be classified as short-preferring (blue), 

middle-preferring (green), and long-preferring (red), according to their response to the 

wavelengths of light striking the retina, and the relative strengths of the signals detected by 

the three types of photoreceptors were interpreted by the brain as color [133].  

The trichromatic theory lately found its most convincing evidence from several sets 

of experiments that directly confirmed the existence of three retinal cones [120, 121, 

134-137]. However, it is helpless to explain several facts in color vision: 

1) four unique colors: red, green, yellow and blue,  

2) perceptions of White and yellow color in dichromats, and 

3) color discrimination functions and opponent color perceptions. 

 

2.4.5.2 Opponent Color Theory 

The opponent color theory was first proposed in 1872 by Hering as an attempt to 

explain some of the facts about color that cannot be predicted from trichromatic theory [138]. 

Hering’s opponent color theory states that there are three opponent channels within the visual 

system: red-green, blue-yellow and black-white, and the responses to one color are 
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antagonistic to those of the other color in any opponent channel. That is, either red or green is 

perceived and never greenish-red. Hering’s opponent color theory was supported by the 

quantitative data provided by Hurvich and Jameson in 1957 [139] and some other 

physiological experiments [140-143]. The two opponent color channels of Hering’s theory is 

incorporated into most current models of color vision, while the idea of the black-white 

channel is hardly accepted because their mixtures are not so clearly antagonistic. 

 

2.4.5.3 Retinex Theory 

The retinex theory was initially published in 1959 by Land and further developed in 

later work along with other researchers’ works [144-163]. It was formulated to account for 

the phenomenon of color constancy that could not be explained by trichromatic theory or 

opponent color theory. 

The word “retinex” is coined from “retina” and “cortex”, suggesting that both the eye 

and the brain are involved in the processing. According to the retinex theory, a color is 

assigned to a spot of the visual field by the nervous system somewhere in the visual pathway 

between the retina and the cortex. The system includes three separate eye-brain systems 

called retinexes, each responding to long-wave light, medium-wave light, or short-wave light 

and inhibitory effects on the other systems. The response of each retinex is determined by the 

ratio of the light reflected from that spot in the visual field to the average of the light 

reflected from its surround, under the prerequisite that the illuminating light comprises a 

wide range of wavelengths. The color of the spot in the visual field is uniquely defined by the 

resulting triplet (long, medium and short) of ratios.  
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While the retina theory is elegant in its explanation of some experimental 

observations, especially color constancy whereby the colors of objects are approximately 

constant despite being viewed under widely differing spectral compositions of the 

illuminating source, its major shortcoming is that it is inconsistent with the physiological 

facts of color vision. 

 

2.4.5.4 A Composite Model 

Despite their success on explanations of selective color phenomena, none of the three 

theories alone provides satisfactory explanations and adequate predictions of others. 

However, when they are combined into a single one, generally called “zone theory”, many 

color phenomena can be explained well [164-170].  

As shown in Figure 2.23, the zone theory assumes that in the first stage, there are 

three types of independent cones as envisaged in the trichromatic theory, which initiate color 

vision through absorption of light by photopigments and send response in the form of 

electrical signals. This stage accounts for the experimental data on color matching. In the 

second stage, the cone signals are passed to bipolar cells in the retina where they are coded in 

a neural network generating three new signals: one achromatic signal and two chromatic 

signals. The chromatic signals follow opponent processes proposed by Hering: red/green 

opponent signals from L versus M cones and blue/yellow opponents signals from S versus M 

plus L cones. The pairs of opponent signals are then passed to the opponent ganglion cells in 

the retina for processing in opponent manner. Subsequent stages are likely to exist where 

coding and encoding of signals takes place. In the final stage located in the cortex, the signals 
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are interpreted in relation to the other spatial and temporal information in light of previous 

visual experiences i.e. memory, where the dual-opponent cells in visual cortex are thought to 

process these information [125-128]. 

 

 

Figure 2.23: A model of zone theory [170] 
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2.5 Color Perception 

As shown in Figure 2.1, a visual perception of color objects requires three essential 

elements: light source, object and eye. All the three factors influence the object appearance 

visualized by the observer. When light from the source illuminates an object, some 

wavelengths are selectively blocked by scattering, absorption and other physical processes, 

but some are reflected, depending on the physical and chemical properties of the object. Only 

the reflected or refracted light contributes to the color perception. The light is absorbed by 

the photosensitive pigments in the eye that gives rise to nerve impulses that are transmitted to 

the brain. The human eye-brain mechanism makes rapid and continuous evaluation of the 

object’s appearance and color. Color perception is very complicated and may be affected by 

some particular phenomena related to the three elements. 

 

2.5.1 Psychological Attributes of Color 

Color perception is dependent on a particular relationship between physical stimulus 

properties and the subjective interpretation of a color sensation, whereas it may be described 

in terms of just three properties, i.e. psychological attributes of color: hue, brightness and 

saturation [73].  

Hue is the attribute of a color perception denoted by red, yellow, green, blue or an 

intermediate between any contiguous pair of these colors. Hue differences depend primarily 

on variations in the wavelength of light reaching the eye. 

Brightness is the attribute of color perception that determines how light or dark a 

perceived color is. Brightness depends on the degree of reflectivity of the physical surface 
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receiving the light. The higher the brightness, the lighter the perceived color is. 

Saturation or chroma is the attribute of color perception that describes how vivid a 

color appears. It is judged in terms of the difference of a chromatic color from an achromatic 

color at the same degree of brightness. The lower the saturation, the more achromatic the 

perceived color is. 

Figure 2.24 illustrates the three physiological attributes of color. 

 

 

Figure 2.24: The perceptual color solid 

 

The three psychological attributes of color are principally, but no means wholly, 
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related to the physical stimulus: dominant wavelength, spectral purity and luminance, 

respectively. Changes in one stimulus variable may affect all three psychological attributes of 

color. For example, a change in the luminance of a stimulus will not only affect its 

luminosity but also its hue and saturation. Similarly, a change in dominant wavelength will 

produce not only a change in hue but also changes in luminosity and saturation; likewise, 

changes in spectral purity will affect saturation, hue and luminosity. Furthermore, the lack of 

a simple relationship between the physical properties of a stimulus and perception (such as 

color constancy and color contrast) is demonstrated by the observation that the perceived hue 

of a stimulus will depend on the context or set of circumstances in which it is viewed. This is 

an attribute of color that presents considerable problems in the assessment of the physical 

characteristics of an object from the knowledge of its color appearance. The theories of 

vision, however, provide a better understanding with the knowledge of these complex 

interrelationships of physical properties and psychological attributes. 

 

2.5.2 Adaptation 

Adaptation refers to the ability that an organism adapts to a certain degree to the 

prevailing conditions of stimulation. Adaptation mechanisms may involve extremely short 

(milliseconds) or very long (years) time periods. In the realm of color vision, adaptation 

describes the phenomenon that the human vision system is capable of automatically adjusting 

to the changes in illumination in order to preserve the appearance of objects. In some cases, 

adaptation is achieved largely unconsciously. In others it is very apparent. For example, 

when going into dark from daylight, we see little at first but our vision improves greatly after 
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our eyes gradually adapt to the low level of illumination over a period of about half an hour. 

In color perception, three types of adaptation become important: 

i) light adaptation: a decrease in visual sensitivity upon increases in the 

overall level of illumination, 

ii) fdark adaptation: an increase in visual sensitivity upon decrease in the 

overall level of illumination, and 

iii) chromatic adaptation: the ability of the visual system to preserve the color 

appearance of an object under widely varying spectral illumination. 

These types of adaptation have profound impacts on color perception. The 

physiological basis and corrected transforms have been undertaken by Wyszecki and Stiles 

[44] and Fairchild [45]. 

 

2.5.3 Color Constancy 

Color constancy is a phenomenon of color perception that the perceived color of an 

object remains relatively constant under varying illumination conditions. For example, a red 

apple looks red whether it is viewed under the white light of the sun, fluorescent light that 

has a dominant blue hue, or incandescent light that is yellowish in appearance. Therefore, 

color constancy helps one consistently identify objects, under the prerequisite that the 

incident illumination is polychromatic. 

Color constancy is not only relative to the illumination conditions but also the 

surround in which the viewed objects are placed. When there are many objects around to 

serve as comparison stimuli, color constancy is significantly better [152, 171]. On the other 
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hand, color constancy can be psychologically maintained due to the viewer’s prior 

knowledge about the identity of the object being viewed. Thus a banana may appear yellow 

in red light, in part simply because the viewer knows from experience that bananas are 

yellow [172, 173]. 

The physiological basis for color constancy is thought to involve specialized neurons 

in the primary visual cortex, i.e. double-opponent cells that compute local ratios of cone 

activity, formulated by Land’s retinex algorithm [147]. The major physiological mechanisms 

involved in color constancy are those associated with adaptation processes [174] that may 

take up to 15 minutes before full color constancy is achieved [175]. Although many theories 

have been proposed for the explanation of color constancy, the actual mechanisms by which 

the brain is able to adapt to the changes in illumination are not yet fully understood [176, 

177]. 

 

2.5.4 Metamerism 

Metamerism is a phenomenon that occurs when a pair of object colors can match 

while having different spectral power distributions. In these cases, the object colors appear 

the same under one condition but not under other conditions. Colors that match in this way 

are called metamers. According to the conditions under which the objects are viewed, five 

types of metamerism are specified: 

i) Illuminant metamerism: This is when a pair of object colors matches for 

one illuminant, but mismatches for a second illuminant, all other conditions 

being constant; 

 47



ii) Observer metamerism: This is when a pair of object colors matches for one 

observer but mismatches for another, all other conditions being constant; 

iii) Geometric metamerism: This is when a pair of object colors matches under 

one set of conditions but mismatches when the geometries of illumination 

and viewing are changed, all other conditions being constant; 

iv) Field-size metamerism: This is when a pair of object colors matches in one 

visual field but mismatches due to a change in the size of the visual field or 

the distance of viewing, all other conditions being constant; 

v) Instrumental metamerism: This is when a pair of object colors matches for 

one set of instrumental conditions but mismatches when the instrumental 

conditions are changed (e.g. a different sphere size is used in reflectance 

spectrophotometry), all other conditions being constant. 

The degree of metamerism can be measured by indices of metamerism [178]. The 

methods to calculate the indices of metamerism were summarized by Kuo and Luo [179, 

180]. The current method that is widely adopted is the CIE metamerism indices [37]. 

 

2.5.5 Simultaneous Contrast 

Simultaneous contrast refers to the effect that perceived colors of two adjacent objects 

affect each other. The effect is more noticeable when the adjacent colors are opponent colors 

[181-183]. For example, a light background induces a darker appearance, a dark background 

induces a light appearance, and a red surround induces a greener hue in a focal object, while 

conversely a green surround induces a redder hue in the object being viewed. Likewise, 
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yellow induces blue, and blue induces yellow. Various aspects and physiological 

explanations of simultaneous contrast were stated by Albers [184] and Jameson and Hurvich 

[185], respectively. An example of simultaneous contrast is illustrated in Figure 2.25, in 

which the five gray circles on the background have physically identical reflectance 

properties. 

 

 

Figure 2.25: An example of simultaneous contrast 

 

2.5.6 Crispening 

Crispening is the perceptual increase in perceived magnitude of color difference when 

the background is similar to the objects being compared, relative to when the background is 

very different from the objects being viewed. An example of crispening is illustrated in 

Figure 2.26, which shows that the difference on the gray background appears greater than 

that on either the black or white backgrounds, even though the pair of squares in each visual 

scene remain unchanged. 
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Figure 2.26: An example of crispening 

 

2.5.7 Purkinje Shift 

The phenomenon of Purkinje shift refers to the tendency that the peak sensitivity of 

the human eye shifts toward the blue end of the color spectrum as the luminance levels 

decrease. This phenomenon is named after its discoverer, Johannes E. Purkinje who first 

noted this when looking at his garden as twilight was falling. He found that the brightness of 

the various colored flowers began to change as the light dimmed. Reds that had been bright 

relative to blue and green began to appear darker, whereas the bluer tones appeared relatively 

brighter. The Purkinje shift occurs physiologically because the color-sensitive cones in the 

retina are most sensitive to yellow light under high levels of illumination whereas the rods 

respond best to green-blue light under low levels of illumination. This effect can be 

quantitatively illustrated by the spectral luminous efficiency functions for photopic vision 

[186] and for scotopic vision [187], as shown in Figure 2.27. The Purkinje shift takes place at 

the transition between primary use of the photopic and scotopic systems. As the light dims, 
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the rods take over from the cones and the visual acuity shifts towards the rods’ top sensitivity 

before color completely disappears. 

 

 

Figure 2.27: The Purkinje shift under photopic and scotopic illumination conditions [44] 

 

2.5.8 Discounting the Illuminant 

Discounting the illuminant is an effect related to the cognitive ability of observers 

who interpret the colors of objects based on the illuminated environment in which they are 

viewed. Discounting the illuminant, based on knowledge about objects, illumination, and the 

viewing environment, is considered as the cognitive mechanism of color constancy [188]. 

This effect helps the observers perceive the object colors by automatically compensating for 

changes of illumination [189-194]. 
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2.6 Measurement of Spectral Reflectance 

In general the spectral reflectance of an opaque or semi-transparent material is 

measured in the ultraviolet and visible region with a reflectance spectrophotometer. The main 

components of all reflectance spectrophotometers are a light source, an optical system for 

defining the geometric conditions of measurement, some means of dispersing light, and a 

detecting and signal processing system that converts light into electrical signals suitable for 

analysis.  

A schematic diagram of a reflectance spectrophotometer for measuring 

non-fluorescent materials is illustrated in Figure 2.28, where P=power, C=electronic interface, 

D= detector, OP=optical coupler, En=entrance slit, and Ex=exit slit. The radiant power 

emitted from the light source is dispersed and transmitted by the monochromator in a small 

wavelength interval through a narrow exit slit that is optically coupled with the illuminating 

and viewing chamber that holds the tested object and a standard. The illuminating and 

viewing chamber could alternatively be an integrating sphere or in bidirectional geometry. 

The radiant power reflected from the object and the standard reaches the detector system that 

converts the light into a ratio signal of electrical energy. The electrical signal output is a set of 

reflectance data. Usually, abridged spectrophotometers are employed that record reflectance 

data over a range of wavelengths known as the band pass. Common band widths are 5nm or 

10nm. Reflectance data are commonly the output that is set to a computer for further 

processing. 
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Figure 2.28: Schematic diagram of a spectrophotometer 

 

2.6.1 Light Sources in Spectrophotmetric Systems 

In the measurement of the non-fluorescent materials, because only the radiant ratios 

need to be measured at the various wavelengths, the SPD curves of the light sources in 

spectrophotometers are not critical. The spectral reflectance of a non-fluorescent object is 

independent of the source used in its determination [31]. The main requirement is that the 

light source should stably emit adequate radiant power at all wavelengths of interest. 
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2.6.2 Standard of Reflectance Factor 

In a reflectance spectrophotometric system, the standard of reflectance factor is used 

as the reference for measuring the spectral reflectance factor of an object. The standard of 

reflectance factor is a perfect reflecting diffuser recommended by the CIE [37], which is 

defined as the ideal uniform diffuser with a reflectance equal to unity throughout the visible 

spectrum. In practice, no perfect reflecting diffuser exists; instead, a white reflectance 

standard is calibrated as a suitable secondary standard which is correlated to the perfect white 

diffuser [195-218]. The white reflectance standards may be classified into two types: the 

transfer standard and the working standard. The transfer standard is used to calibrate different 

instruments in line with one another. The material for transfer standard should have the 

properties of the perfect diffuser as closely as possible; it should be matte, highly opaque and 

have high reflectance values at all wavelengths of visible light. The working standard is an 

integral part of a particular instrument. The spectral reflectance of such a standard is defined 

by the instrument manufacturer for routine calibration of the instrument. However its 

reflectance values are just valid for the particular instrument and for a particular geometry of 

measurement. 

 

2.6.3 Standard Illuminating and Viewing Conditions 

The illuminating and viewing conditions can affect the spectrophotometric output 

(reflectance data) dramatically. Two basic types of geometries are used in reflectance 

spectrophotometry, bidirectional geometry and diffuse illumination using an integrating 

sphere. The CIE recommends four different illuminating and viewing conditions for the 
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measurement of spectral reflectance factor [37], as illustrated in Figure 2.29. 

 

 

Figure 2.29: CIE-recommended illuminating and viewing geometries 

 

2.6.4 Spectral Reflectance Factor 

The spectral reflectance factor, denoted as ( )β λ , of a non-fluorescent object is 

defined as the ratio of the spectral radiant power reflected from the surface of the object 

( dλ λΦ ) to the spectral radiant power reflected from the perfect reflecting diffuser ( D dλ λΦ ) 

in the same direction (solid angleω ) when the object or the perfect reflecting diffuser is 

illuminated identically by the spectral radiant power incident ( 0 dλ λΦ ), as shown in Figure 

2.30. The spectral reflectance factor is mathematically expressed by Equation 2.14: 
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Figure 2.30: Principles of measuring the spectral reflectance factor 
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The spectral reflectance factor depends to a large extent on the illuminating angle (α ), 

the viewing angle ( 1α ), an  the solid angle (d ω ) of the cone related with the size and distance 

of aperture, particularly when the test object has a glossy surface. There are two limiting 

cases for the spectral reflectance factor dependent on ω : 

Case I: if 0ω → , the spectral reflectance factor is more appropriately called spectral 

radiance factor denoted as ( )β λ ; and 

Case II: if 2ω π→  (hemisphere above the test object), the spectral reflectance 

factor is called spectral reflectance denoted as ( )ρ λ . 
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In case II, the perfect reflecting diffuser reflects the incident radiant flux 0 dλ λΦ  in 

all directions uniformly without loss so that 

 

( 2 )
0D dω π

λ dλλ λ=Φ = Φ                         (2.15) 

 

where ( 2 )
D dω π
λ λ=Φ  is the spectral radiant power from the perfect reflecting diffuser when 

2ω π→ . Thus the spectral reflectance ( )ρ λ of a test object is given by Equation 2.16, 

 

( 2 )

0
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d

ω π
λ

λ

λρ λ
λ

=Φ
=

Φ
                         (2.16) 

 

where ( 2 )dω π
λ λ=Φ  is the spectral radiant power from the test object when 2ω π→ . 

 

2.7 CIE Colorimetric System 

The CIE colorimetric system was first set up in 1931. Although additions have been 

made, its basic structure and principles are unchanged. The CIE colorimetric system is an 

empirical system based on experimental observations. It comprises the essential standards 

and procedures of measurement that are necessary to make colorimetry a useful tool in color 

science and technology. 
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2.7.1 Trichromacy 

The CIE colorimetric system is based on the trichromatic theory, that is, colors can be 

matched by additive mixtures of suitable amounts of three fixed primary lights. The set of 

primary colors are those that cannot be obtained by the additive mixture of the other two, for 

instance, red, green, and blue (Figure 2.31). This can be realized by using a simple color 

matching device known as a visual colorimeter with red, green, and blue primary colors as 

shown in Figure 2.32; each lamp used in this device is connected in series with a variable 

resistor to control the amount of each primary. 

 

 

Figure 2.31: Additive mixtures of colors with red, green, and blue primaries 
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Figure 2.32: A visual colorimeter with red, green, and blue primaries 

 

The first conducted experiments on detailed color matching were described by 

Newton [219], while Maxwell is credited as being the father of additive mixtures of colors 

who demonstrated that any color of light could be matched by a specific combination of just 

three primaries [220]. It is Grassman who formulated the trichromatic generalization of color 

matching into the quantitative form so-called Grassman’s laws [221]. 

Grassman’s Laws apply quantitatively to the trichromatic generalization and can be 

represented as follows: 

i) Symmetry law: if color A matches color B, then color B matches color A. 
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A B B A≡ ⇒ ≡                            (2.17) 

 

ii) Transitivity law: if A matches B and B matches C, then A matches C. 

 

  A B and B C A C≡ ≡ ⇒ ≡                       (2.18) 

 

iii) Proportionality law: if A matches B, then matches Bα . 

 

A B A Bα α≡ ⇒ ≡                         (2.19) 

 

iv) Additivity law: A, B, C, and D are any four colors. If A matches B and C 

matches D, then (A and C) matches (B and D); and (A and D) matches (B and 

C). 

 

( ) ( ) ( ) ( )      A B and C D A C B D and A D B C≡ ≡ ⇒ + ≡ + + ≡ +        (2.20) 

 

In the above four laws α  is any positive factor altering the radiant power of the 

color stimulus and ‘ ’ means visually matches. ≡
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2.7.2 Tristimulus Values 

According to trichromatic theory of color vision an observer can match a color by 

additive mixture of three fixed primary colors [222]. The tristimulus values of a color are the 

amounts of the three fixed primary colors. The CIE developed a mathematical method to 

describe the color of an object by introducing three numbers known as tristimulus values X, 

Y, and Z to define a three-dimensional color space [37]. The tristimulus values are calculated 

as Equation 2.21-2.24, in which ( )S λ  is the SPD of the light source illuminating the object, 

( )β λ  is the spectral reflectance of the object, and ( )x λ , ( )y λ  and ( )z λ  are color 

matching functions defined by the CIE standard observers. In the practical calculation, the 

integration is approximated by summation at certain wavelength intervals ( λΔ ). 

 

( ) ( ) ( ) ( ) ( ) ( )X k S x d k S x
λλ

β λ λ λ λ β λ λ λ λ= ≅ Δ∑∫              (2.21) 

 

( ) ( ) ( ) ( ) ( ) ( )Y k S y d k S y
λλ

β λ λ λ λ β λ λ λ λ= ≅ Δ∑∫              (2.22) 

 

( ) ( ) ( ) ( ) ( ) ( )Z k S z d k S z
λλ

β λ λ λ λ β λ λ λ λ= ≅ Δ∑∫              (2.23) 

 

100
( ) ( )

k
S y

λ

λ λ λ
=

Δ∑
                        (2.24) 
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2.7.3 CIE Standard Observers 

Due to the nature of the distribution of cones in the eye [223, 224], the tristimulus 

values depend on the observer’s field of view. In order to eliminate this variable, the CIE 

defined the standard observers: the CIE 1931 2° Standard Observer and, much later, the CIE 

1964 10° Standard Observer. The color matching functions are the numerical description of 

the chromatic response of the standard observer. Two sets of color matching functions are 

recommended by the CIE based on the two standard observers. 

 

2.7.3.1 The CIE 1931 Standard Observer 

The color matching functions of the CIE 1931 standard observer are based on seminal 

color matching experiments using colored lights by Guild who used ten color normal English 

observers [225] and Wright who used seven color normal English observers [226], and on the 

investigations mainly by Coblentz and Emerson [227] and Gibson and Tyndall [228] that led 

to the adoption of the ( )V λ  function in 1924 [186]. The CIE transformed the ( )r λ , ( )g λ , 

( )b λ  color matching functions (Figure 2.33) obtained from the system of real primary 

stimuli R, G, B used by Guild and Wright to a new set of ( )x λ , ( )y λ , ( )z λ  color 

matching functions in the transformed system of imaginary primary stimuli X, Y, Z (Figure 

2.34). 
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Figure 2.33: The color matching functions based on real primary stimuli R, G, B [44] 

 

Figure 2.34: Color matching functions of CIE 1931 standard observer [44] 
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The main objectives for this transformation were to 

i) eliminate the negative values in the color matching functions that, in the 

early part of the 20th Century, made computation difficult and errors more 

likely, and  

ii) force one of the color matching functions to equal the CIE 1924 photopic 

luminous efficiency function ( )V λ , thereby incorporating the CIE system 

of photometry into the CIE system of colorimetry. 

 

2.7.3.2 The CIE 1964 Standard Observer 

The color matching functions of the CIE 1964 Supplemental Standard Observer 

(Figure 2.35) are based on the work reported by Stiles and Burch [229] and Speranskaya [230] 

who collected the color matching functions data for large visual fields, using a 10° visual 

field that excluded the central fovea. The CIE 1964 Supplemental Standard Observer is 

recommended for use when using color matching fields of angular subtense greater than four 

degrees (denoted 10° in the CIE colorimetric system). The ( )V λ  function is not 

incorporated in the CIE 10° observer. 
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Figure 2.35: Color matching functions of CIE 1964 standard observer [44] 

 

2.7.4 Chromaticity Coordinates 

In the CIE colorimetric system, a convenient way to represent the tristimulus values X, 

Y, Z of an object color in a color space is via chromaticity coordinates (x, y, z) defined as the 

ratio of the individual tristimulus values to their sum (Equation 2.25 to 2.27) 

 

Xx
X Y Z

=
+ +

                           (2.25) 

 

Yy
X Y Z

=
+ +

                           (2.26) 
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Zz
X Y Z

=
+ +

                           (2.27) 

 

Because x + y + z = 1, it is only necessary to specify two coordinates to define the 

chromaticity of a sample. Generally, x and y are selected for this purpose. Considering Y 

values which roughly represent the lightness of an object, all possible colors can be specified 

by the set of (x, y, Y). 

The CIE 1931 chromaticity coordinates of pure spectrum colors are obtained from the 

CIE1931 2° color matching functions ( )x λ , ( )y λ , ( )z λ using Equation 2.28 to 2.30. 

 

( )
( ) ( ) ( )

xx
x y z

λ
λ λ λ

=
+ +

                        (2.28) 

 

( )
( ) ( ) ( )

yy
x y z

λ
λ λ λ

=
+ +

                        (2.29) 

 

( )
( ) ( ) ( )

zz
x y z

λ
λ λ λ

=
+ +

                        (2.30) 

 

The CIE 1964 chromaticity coordinates of pure spectrum colors are obtained from the 

CIE 1964 10o color matching functions 10 ( )x λ , 10 ( )y λ , 10 ( )z λ  by Equation 2.31 to 2.33. 
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10
10

10 10 10

( )
( ) ( ) ( )

xx
x y z

λ
λ λ λ

=
+ +

                     (2.31) 

 

10
10

10 10 10

( )
( ) ( ) ( )

yy
x y z

λ
λ λ λ

=
+ +

                     (2.32) 

 

10
10

10 10 10

( )
( ) ( ) ( )

zz
x y z

λ
λ λ λ

=
+ +

                     (2.33) 

 

The chromaticity coordinates of any sample are obtained by taking the ratio X and 

then Y to the sum of X, Y, and Z for the given sample under the defined illuminant/observer 

combination. 

 

2.7.5 Chromaticity Diagram 

A plot of y against x or y10 against x10 is called a chromaticity diagram in which the 

spectrum colors are plotted and the line linking the spectrum colors is known as the spectrum 

locus with a purple boundary joining the ends (Figure 2.36). These two chromaticity 

diagrams are slightly different, but their basic features are very much the same. 
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Figure 2.36: The 1931 x, y and 1964 x10, y10 chromaticity diagram [44] 

 

The chromaticity can be used to specify the colors of objects by defining the 

conceptions of dominant wavelength ( dλ ), excitation purity ( cp ), and complementary 

wavelength ( cλ ), as shown in Figure 2.37, which somewhat correlate with the visual aspects 

of hue and chroma, respectively. 
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Figure 2.37: Illustration of dominant wavelength, excitation purity, and complementary 

dominant wavelength in the CIE 1931 chromaticity diagram 

 

In the x, y chromaticity diagram, colors with x, y values close to the spectrum locus 

are very saturated colors, with hues close to those of the corresponding spectrum colors. dλ  

is defined as the wavelength of the spectrum color whose chromaticity is on the extended 

straight line from illuminant point to the sample point. cp  is the ratio of the distance from 

the illuminant point to the sample point to that from the illuminant point to the spectrum 

locus; as the excitation purity increases, the color will look less like a neutral color and more 

like the corresponding spectrum color. If the sample point lies between the illuminant point 

and the purple boundary, the wavelength of the spectrum color, whose chromaticity is on the 

oppositely extended line from the illuminant point through the sample point to the spectrum 
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locus, cλ  used to specify the hue. 

By adding an axis of Y rising from the illuminant point of the x, y chromaticity 

diagram, a three-dimensional CIE color space is made as shown in Figure 2.38. Only colors 

of very low luminance factor, such as spectrum colors, can lie as far away from the 

illuminant axis as the spectrum locus; all others have lower purity. The lighter the color, the 

more restricted it is in the chromaticity diagram [231, 232]. 

 

 

Figure 2.38: Three-dimensional CIE 1931 x, y, Y color space and its projection on a 

two-dimensional diagram [232] 

 

Because the CIE tristimulus system is not based on equal steps of visual perception, 

however, the Y scale and the x, y diagram are far from perceptually uniform, illustrated in 

Figure 2.38. Hence, equal distances in the diagram do not correspond to equal visual 

difference. 
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2.7.6 Uniform-Chromaticity-Scale Diagram 

The visual non-uniformity of the CIE diagram leads to distortions of the hue lines and 

chroma contours. In order to improve the perceptual uniformity of the CIE X, Y, Z space, 

uniform-chromaticity scale (UCS) diagrams have been developed by linear or nonlinear 

transformation of X, Y, Z [233-241]. Based on linear transformations, which have the benefit 

of maintaining Grassman’s Laws of additivity, the CIE UCS diagram was recommended in 

1976. It is defined as follows: 

 

       

4 4'
15 3 -2 12 3
9 9'

15 3 -2 12 3

X xu
X Y Z x y

Y yv
X Y Z x y

= =
+ + +

= =

+

+ + + +

                   (2.34) 

 

In general the CIE chromaticity diagram is used only to tell whether two colors have 

the same chromaticity, but not what they look like or the precise magnitude of color 

difference. A given chromaticity can have a wide range of appearances depending on 

adaptation and viewing conditions, thus coordinates should not be used as direct estimates of 

a color’s appearance and color difference. 

 

2.7.7 CIELAB Color Space 

In 1976 the CIELAB was developed for the main aim to provide uniform practices for 

the measurement of color differences that cannot be done reliably in chromaticity diagram. 

The CIELAB color space, officially termed the CIE 1976 L* a* b* Color Space, has three 
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mutually perpendicular opponent-color axes (Figure 2.39): L* is a lightness scale ranging 

from 0 to 100, a* is a red-green axis, and b* is a yellow-blue axis. The three attributes are 

based on Herring’s color opponent theory with complimentary colors on the opposite end of 

the axis [138, 165]. 

 

 

Figure 2.39: The CIE 1976 L* a* b* Color Space 

 

The CIELAB color space is mathematically defined via nonlinear transformations of 

the CIE X, Y, Z tristimulus space as follows: 
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where, writing  for each of tristimulus ratiosRT / nX X , , and/ nY Y / nZ Z , is defined in 

the Equation 2.36: 

RT

 

( ) ( )

( )

1
3                          0.008856 

167.787              0.008856
116

R R R

R R R

f T T if T

f T T if T

= >

= + ≤
             (2.36) 

 

In Equation 2.35 and 2.36, Xn, Yn, and Zn are the tristimulus values of the reference 

white for a given illuminant and standard observer. 

The CIELAB color space correlates its three parameters L* a* and b* with the 

perceived lightness, chroma, and hue of an object. The quantity L*, correlating with the 

lightness, has already been given in the Equation 2.35 and 2.36. The quantity serves as the 

correlate of the chroma defined by Equation 2.37, 

*
abC

 

( ) ( )
1

2 2 2* * *
abC a b⎡ ⎤= +⎢ ⎥⎣ ⎦

                        (2.37) 
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and the quantity  serves as the correlate of the hue defined by the Equation 2.38. abh

 

*

*arctanab
bh
a

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                          (2.38) 

 

It is desirable to specify the perceived color in terms of such correlations. Compared 

with the CIE x, y, Y space (Figure 2.38), the CIELAB color space is more perceptually 

uniform, although not completely, which could be seen in the Figure 2.40. 

 

 

Figure 2.40: Lines of constant hue and chroma plotted in CIELAB [242] 

 

2.8 Whiteness 

Whiteness is defined to be an attribute of visual sensation of those colors perceived 
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by the human eyes as being white that appears to be void of any hue and grayness. Any 

explanation of whiteness must consider physical, psychological, and physiological factors. 

 

2.8.1 Specifications of White Materials 

In colorimetric terms, the white material is defined as a colored object with the high 

lightness, little or no hue, and little or no saturation, and which occupies an area near the 

‘top’ of a color space, as shown in Figure 2.41, in which white, gray, and black known as 

“achromatic” colors are found along the axis defined by the achromatic point in the color 

solid. 

 

Figure 2.41: The color solid with region of white indicated at the top [1] 
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The axis from ideal black to ideal white builds a natural whiteness axis that is in 

accordance with the definitions of zero saturation and zero hue. Although white comprises 

only small volume in the color solid, it has been reported that there are about 5,000 

distinguishable colors called “white” and 30,000 called “ish-white” such as bluish white, 

greenish white, and reddish white [243]. 

In spectroscopic terms, the white material is represented by a body that diffusely 

reflects or scatters the entire incident light in all directions without significant loss of 

intensity. A white material with 100% reflectance across the whole wavelength range defines 

the ideal white; continuous and regular losses at each wavelength define the ideal gray 

depending on the lightness value, and zero reflectance corresponds to the ideal black. They 

are represented as horizontal lines on their reflectance spectra. Any absorption in a limited 

wavelength region leads to a color, as shown in Figure 2.42.  

 

 

Figure 2.42: Spectrophotometric reflectance curves for white surfaces 
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For a practical object, its surface is considered to be white if it reflects strongly, 

usually more than 50%, throughout the visible spectrum [1]. The higher and more uniform 

this spectral reflectance, the whiter the surface usually appears. In the case of textiles, the 

perception of whiteness is caused by lack of yellowness, which usually is undesirable in 

whites because it is associated with product degradation, or the presence of impurities that 

negatively impact quality. 

 

2.8.2 Approaches to Whiteness 

Natural fibers, like cotton and wool, absorb more light in the blue region of the 

visible spectrum than in the others owing to the presence of natural organic impurities that 

are slightly yellow. As a result, they take on a yellowish or brownish cast [5]. Whiteness of 

such materials can be improved in three approaches: 

i) Bleaching: a process to increase blue reflectance of the substrate by 

destroying the coloring matter with strong reducing or oxidizing agents. 

The function of bleaching is to destroy blue-absorbing yellow 

contaminants via oxidation so that there is a large increase in the 

whiteness. 

ii) Bluing: an age-old practice to treat the bleached materials with a very 

small amount of a brilliant blue or violet dye that absorbs selectively in 

regions of the spectrum other than blue, offsetting the yellow color of 

the substrate. Even though the bluing agent decreases slightly the 

lightness of the substrate, it shifts the shade of the yellowish material 
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towards blue. Hence, for cultures that perceive bluish whites as preferred, 

the eye records an increase of whiteness. However, the bluing may result 

in a dull perceived white due to the decrease of lightness. If excessive 

amount of blue dye is used, the substrate will become firstly grayish and 

finally bluish, so that the substrate appears colored but not white to the 

eye. 

iii) Fluorescent whitening: a treatment to increase whiteness by treating the 

substrate with FBA that are colorless substances that absorb ultraviolet 

light in the 340-370 nm range and fluoresce violet to blue light, thereby 

offsetting the yellow color when applied to a material. Fluorescent 

whitening causes a large increase in blueness and an increase in 

lightness that can produce vivid and dazzling whites [29]. 

 

2.8.3 Fluorescent White Materials 

Fluorescent white textile materials have better whiteness due to the phenomenon of 

fluorescence and its typical mode of action on textile materials. 

 

2.8.3.1 Fluorescence 

Fluorescence belongs to a class of phenomena named luminescence in which the 

absorbed radiant energy is reemitted either with or without a change in frequency [28], which 

can be described by the quantum theory illustrated by Jablonski energy diagram shown in 

Figure 2.43. 
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Figure 2.43: A Jablonski energy diagram 

 

In the diagram, Sj represents so-called singlet states at which all the electrons have 

paired spins and Tj represents triplet states at which two electrons have unpaired spins. When 

a fluorescent material absorbs a photon from the incident radiant energy, an electron is 

excited from the ground singlet state S0 of the molecule to one of its excited singlet states, Sj 

(j=1, 2…). Only photons with energy equal to the energy difference between Sj and S0 can 

cause the excitation to Sj. In fact, each singlet state is split up into different levels of 

vibrational energy. The electron transition to an excited state always starts at the lowest 
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vibrational energy level of the ground state S0, but the upper energy level that the molecule 

can reach depends on the energy of the absorbed photon and therefore on the wavelength or 

frequency of the absorbed radiant energy. The quantitative relationship between them is 

represented by Equation 2.3. The excited molecule returns to the ground state S0 by loosing 

its additional energy in several possible ways: thermal or chemical deactivation without light 

emittance, fluorescence, or phosphorescence. If the electron in a molecule returns directly to 

the ground state (S0) from the excited state without doing intersystem crossing to the triplet 

sate (Tj), the radiant energy will be emitted as fluorescence with the lifetime of the singlet 

state S1 in the order of 10-9 to 10-8 seconds. 

 

2.8.3.2 Mode of Action 

The fundamental idea for fluorescent materials to produce better whiteness is to 

enlarge the blue reflectance by absorbing light in the ultraviolet and violet regions (340-370 

nm) and reemit in the blue region (420-470 nm) [244]. The reemitted blue light offsets the 

yellow light reflected from the substrate and increases the total reflected light, producing a 

‘whiter than white’ effect and thus a vivid and dazzling white [29]. The mode of action to 

increase the whiteness of a substrate is illustrated in the Figure 2.44. The first action is the 

absorption of UV and violet radiation, resulting in a change from curve A to curve B. 

Secondly, the absorbed energy is emitted as blue fluorescence radiation (curve C). The 

addition of true reflected intensity (curve B) and fluorescence intensity (curve C) gives the 

radiation which is perceived by an observer (curve D), and is called the total spectral 

radiance factor. 
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Figure 2.44: Effect of fluorescence on the Spectral Reflectance [34] 

 

2.8.4 Visual Assessment of Fluorescent White Textile Materials 

Illuminating conditions define the perceived whiteness of an object to a large extent. 

In the case of fluorescent white materials, the intensity and spectral power distribution of the 

incident light in the UV region is as critical as the visible region: the smaller ratio of UV 

energy to visible energy falling on the specimen leads to the less apparent increase in 

whiteness, although the effect of intensity of incident UV on perceived whiteness does not 

appear to have been reported. As described in Section 2.3, the UV portion of light sources 

varies. Generally, a daylight simulator is specified for assessment of white materials [245, 

246]. While CIE illuminant D65 is currently the recommended illuminant to represent 

daylight [37], no daylight simulator has been developed that correlates accurately with CIE 

D65 [104]. Some practical light sources used for visual assessment do not correlate well with 

natural daylight in both SPD and illumination level. The CIE has published a method to 
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assess the quality of the daylight simulators and this method can be used to rate daylight 

lamps for standard assessment methods [111]. 

Observer is an important factor that could affect the visual assessment of whiteness. 

Psychophysical experiments show large variation in subjective judgments of whites. There is 

no world consensus on a possible optimum white, in part due to cultural factors. In different 

countries, the preferred white shade may vary a great deal. For example, people of the Far 

East tend to prefer reddish white, Europeans tend to prefer a neutral white, but in Latin 

America bluish whites tend to be preferred. Inter-observer variability within a cultural group 

can be expected to be large. Also, the same person has the tendency to prefer greenish shades 

as he or she grows older [247]. 

In practice, comparison of pairs of samples is an effective approach to determine 

whether one sample is whiter than the other. However, the degree of whiteness should be 

measured by the departure of the object from a “perfect white”. Many white scales have been 

developed for the purpose of visual determination of degree of whiteness [248-251]. The 

Ciba-Geigy plastic white scale is widely accepted because of its numerous advantages. The 

reference point is considered close to a physically ideal white composed of pure barium 

sulfate or magnesium oxide and is assigned an arbitrary whiteness value of 100. The scale is 

made of molded plastic plates with 12 steps at different intervals. The four lower steps (-20 

to 50) contain decreasing quantities of a yellow pigment; the five step (70) contains neither 

pigment nor fluorescent brightener; and the seven upper steps (90-210) contain increasing 

quantities of a light-fast fluorescent brightener. The steps of the scale are nominally not 

equidistant in perceived whiteness. 
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However, since the subject of preferences has prevented agreement on exactly what 

the “perfect” white is [252, 253], and the whiteness of a material strongly depends on the 

spectral properties of the illumination with the common usage of FBA [31, 254], it would be 

virtually impossible to derive a whiteness scale which would adequately describe whiteness 

under all possible conditions. 

 

2.8.5 Instrumental Assessment of Fluorescent White Materials 

In order to correlate with their visual appearance, the measurement of fluorescent 

materials requires the use of polychromatic illumination because the visual appraisals of 

fluorescent materials are usually made in heterochromatic light, and thus the combined 

subjective effect of reflectance and fluorescence emission is perceived during visual 

observation. However, because the amount of fluorescent emission depends on the spectral 

properties of the light source illuminating the sample, accurate measurement of fluorescent 

materials becomes complicated. Ideally, the same source should be used for both visual and 

instrumental evaluation; however, it is hardly realized. Therefore the evaluation of 

fluorescent white materials must be done by elaborate techniques [255, 256]. 

 

2.8.5.1 Total Spectral Radiance Factor 

For fluorescent white materials, the total spectral radiance factor consists of two 

components, which is defined in Equation 2.39, 
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( , ) ( ) ( , )T S Lβ λ σ β λ β λ σ= +                      (2.39) 

 

where ( , )Tβ λ σ  is the total spectral radiance factor, ( )Sβ λ  is the spectral reflected 

radiance factor due to the substrate only, and ( , )Lβ λ σ  is the spectral fluorescent radiance 

factor due to the fluorescence only. 

All the three quantities are functions of wavelengths ( ). λ ( )Sβ λ  is independent of 

the light source employed, whereas ( )Lβ λ  depends on the SPD of the source ; as a result, 

the 

σ

( )Tβ λ  is a function of . For non-fluorescent white materials, the total spectral 

radiance factor 

σ

( )Tβ λ  is calculated directly by ( )Sβ λ  (Equation 2.40). 

 

( ) ( )T Sβ λ β λ=                           (2.40) 

 

The spectrophotometric analysis may be made to determine the total spectral 

radiation factor of a fluorescent white material across the visible spectrum so that it can be 

used to calculate the colorimetric data appropriate for the material irradiated by a given light 

source [257]. The spectral fluorescent radiance factor plays a major role in determining the 

appearance of fluorescent materials, but it cannot be directly measured; only the total spectral 

radiance factor is experimentally available. However, it is possible to determine the spectral 

fluorescent radiance factor ( )Lβ λ  according to Equation 2.39 by independently measuring 

spectral reflected radiance factor ( )Sβ λ  [258]. 
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In conventional spectrophotometers (Figure 2.28), the nonfluorescent white object is 

irradiated with monochromatic light and viewed polychromatically, and the measured 

quantity is called conventional reflectance, denoted as ( )Cρ λ , which is identical to its 

spectral reflected radiance factor ( )Sβ λ  under the same illuminating conditions. For a 

fluorescent white object, however, the spectral reflected radiance factor is significantly 

different from the conventional reflectance ( )Cρ λ  under the same illuminating conditions 

(Figure 2.45) [257, 259, 260]. 

 

 

Figure 2.45: Conventional reflectance, total spectral radiance factor, and spectral reflected 

radiance factor [33] 

 

Therefore, the spectrophotometers providing polychromatic illumination and 

monochromatic detection are designed for the measurement of fluorescent white objects [31, 
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261]. If an instrument can be used to measure fluorescent whiteness and produce accurate 

and reliable whiteness data, two conditions must be fulfilled: 

i) the light source must contain enough intensity in the UV region to excite 

FBA, and 

ii) it must have a device to regulate the intensity of the UV level to allow 

calibration. 

 

2.8.5.2 Illuminating Sources 

Following the statements that samples must be measured with a light source that 

corresponds to an illuminant and that fluorescent white samples must be measured with the 

same illuminant used in visual assessment, light sources of instruments for fluorescent 

whiteness assessment should correspond to the spectral power distribution of daylight, down 

to 300 nm in the UV region in order to achieve correlation between instrumental and visual 

assessments. It is particularly important for fluorescent white samples that the ultraviolet 

portion of the measuring energy simulate the corresponding viewing illuminant accurately. 

CIE illuminant D65 representing daylight over the spectral range 300-830 nm is 

recommended for measuring and evaluating fluorescent white samples [101]. Continuous 

xenon arc lamp probably offers the best chance of being filtered to provide good simulation 

of D65 illuminant. Therefore it is necessary to incorporate daylight simulator in the 

spectrophotometric system [37]. The performance of a daylight simulator can be assessed 

using a spectroradiometer to measure the SPD incident on the specimen in the measurement 

position, in the visible and UV wavelength ranges and analyzing the data [111]. 
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2.8.5.3 Illuminating and Viewing Conditions 

In the market, integrating sphere geometry (0o/d or d/0o) is more commonly employed 

in the color measuring instruments. However, the spectrophotometer with integrating sphere 

geometry produces erroneous results because the spectral power distribution on the 

fluorescent sample varies with the size and spectral nature of the sample [262-265]. A 

spectrophotometer with monochromatic illumination should never be used to measure 

fluorescent materials [31]. The recommended illuminating and viewing geometry for the 

instrumental measurement of fluorescent white materials is bidirectional geometry (0o/45o or 

45o/0o) [266]. 

 

2.8.5.4 Triplet Absorption 

Instruments equipped with pulsed-xenon lamps produce a large amount of light 

energy within a short time interval, the intensity of which is high enough to cause an effect 

called triplet absorption due to the fluorescent brightener on the samples. Compared with the 

true total spectral radiance factor, triplet absorption results in falsely low reading in the 

region of 540 nm, which leads to a whiteness value that does not accord with visual 

assessment [267, 268]. Although most manufactures of pulsed-xenon instruments are aware 

of this problem and their more recent designs use pulses of lower intensity to mitigate it, the 

triplet absorption still may introduce an error. 
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2.8.6 Whiteness Index 

The introduction of instrumental color measurement by the CIE in 1931 made it 

feasible to specify color numerically. All colors, including white, can be defined by 

tristimulus values. However, there is a clear benefit to establish a single scale of whiteness, a 

whiteness index that allows users to identify and compare the level of whiteness of two or 

more objects. 

Since MacAdam proposed the first instrumental method for the assessment of 

whiteness [252], over 100 whiteness indices have been developed [35, 36]. However, the 

utility of most of the published indices is limited or invalid because most were developed 

empirically by correlating instrumental measurements with visual assessments of limited 

ranges of products and types of whiteness, and the assessments were made by relatively 

small groups of workers under varying illumination levels. Also, the assessors are said to 

have, respectively, a red or a green hue preference, and those who prefer deviation towards 

blue alone have a neutral hue preference. Despite many attempts, no general agreement has 

yet been reached on the most useful index for specifying whiteness for practical purposes. 

The practical problem has been even aggravated by the widespread use of FBA [36]. 

The common feature of the whiteness indices is that they yield a value of 100 for the 

whiteness of the perfect reflecting diffuser and each index has a specific hue preference. 

Some indices involve only one or two of the three dimensions of colors, whereas it must 

involve all three for an index adequately to evaluate the whiteness of more than a very 

limited collection of specimens. This situation is to some extent solved by the work by Ganz 

and his coworkers that is especially recommended as an in-depth treatment of whiteness 
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specifications as applied to industry [269-275]. The Ganz index is the first whiteness index to 

refer to a neutral white together with a tint index to account for hue differences from 

preferred whites, as shown in Equation 2.41 and 2.42. 

 

GanzWI DY Px Qy C= + + +                       (2.41) 

 

-Ganz GriesserT mx ny k= + +                        (2.42) 

 

The Ganz index is a linear index based on the CIE x, y, Y color space. The 

contributions of three colorimetric parameters are clearly defined, and the coefficients can be 

easily calculated. The coefficient D is recommended to be set to unity, and Ganz suggested 

three pairs of values of the coefficients P and Q for hue preference as shown in Table 2.2. 

The coefficient C is given by Equation 2.43. 

 

nC Px Qyn= +                           (2.43) 

 

where xn and yn are the chromaticity coordinates of the achromatic point of the chosen 

observer (2o or 10o), always under D65 because the assessment of fluorescent whites under 

any other illuminant is usually irrelevant. 
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Table 2.2: Hue Preference in Ganz Index [274] 

Hue Preference P Q 

Red 800 -3000 

Neutral -800 -1700 

Green -1700 -900 

 

For the tint index, Ganz and Griesser recommended the coefficients m, n, and k that 

are listed in Table 2.3. The coefficients may be varied to allow the index to imitate different 

scales for the visual assessment of tint. If TGanz-Griesser>0, the specimen is a greenish-white; if 

TGanz-Griesser<0, the specimen is a reddish-white. 

 

Table 2.3: Coefficients for Ganz-Griesser Tint Index [274] 

Hue Preference m n k 

CIE 1931 20 -1000 650 1000 - 650 1n nx y +  

CIE 1964 100 -900 650 900 - 650 1n nx y +  

 

The whiteness index and tint index coefficients may vary somewhat from instrument 

to instrument. The indices are valid with the following limits: 

 

Y>70, W>40 and -6<T<6                       (2.44) 

 

In 1982 the CIE adopted Ganz’s whiteness index with the values of P and Q 
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corresponding only to neutral hue preference (Equation 2.45) and a tint index with the value 

of a=1000 for D65/2° and 900 for D65/10° (Equation 2.46). They are now known as the CIE 

Whiteness Index (CIE WI) and Tint Index (CIE TI) which are valid with the limits as given 

in Equation 2.47. 

 

( ) ( ) 800 - 1700 -nCIE WI Y x x y y= + + n                  (2.45) 

 

( ) ( )- - 650 -n nCIE TI a x x y y=                      (2.46) 

 

40<CIE WI<5Y-280 and -3<CIE TI<3                  (2.47) 

 

Nowadays the CIE WI and the TI are commonly used and have been adopted by 

many standardizing institutions including CIE [37], AATCC [38], ISO [276], and ASTM 

[277]. In the case of textiles, the whiteness ranges from about 40 to 100 for non-fluorescent 

materials. However, much higher values can be obtained when a FBA is present. The value 

up to 150 is possible with strong fluorescence. However, the correlation between the CIE WI 

and the perceived whiteness of fluorescent white materials is not known [278]. The 

limitations include: 

i) Specimens under assessment must be sensibly white (Equation 2.58); 

and the formulae provide relative, but not absolute evaluations of 

whiteness, implying that it can be used only to compare specimens, and 
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ii) The method of calculation of CIE WI is limited to the comparison of 

specimens that do not differ much in color and fluorescence, and they 

must be measured on the same instrument at nearly the same time. 

The problems are not necessarily due to errors in the formula, but may be due to one 

or more critical variables that currently are not adequately controlled. These variables 

include: 

i) poor inter-instrument agreement between spectrophotmeters for the 

measurement of fluorescent materials, 

ii) unknown and non-standardized UV emission of lamps used in standard 

viewing booths, and, consequently, and 

iii) poor correlation and non-standardization between UV emission in lamps 

used in spectrophotometers, UV emission in lamps used in standard 

viewing booths, and the UV content of average overcast daylight. 

Recently, the AATCC established a new standard method for calibration of the UV 

portion of spectrophotometers in order to improve inter-instrument variability. The method 

employs a standardized fluorescent textile white standard. Instruments must be calibrated 

approximately once per month using the fluorescent standard. A new standard is supplied 

every six months. There is no independent data yet corresponding to inter-instrument 

variability for the measurement of fluorescent textile materials. Also, the minimum 

difference in CIE WI between samples in order to detect a visible difference in whiteness has 

not been established. 
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2.9 Fluorescent Whitening 

Fluorescent whitening is the method to increase the whiteness of materials by the use 

of FBA which are compounds that absorb light in the ultraviolet and violet regions (320-380 

nm) and reemit in the blue region (400-450 nm). Since the first practical fluorescent 

whitening process for textiles was reported in 1929 [279], FBA had gone under significant 

development in the following decades. Hundreds of commercial products, representing a 

wide variety of chemical types, have now been marketed for whitening not only textiles but 

also paper, plastics and leather. The chemistry, application, and properties of FBA are 

detailedly reported [34, 244, 280-284]. Since the researches of Stokes in 1852 [285] and 

Lagorio in 1921 [286] which are thought as the milestones in the history of fluorescence, the 

action mode of FBA become more and more unambiguous as the theories related with 

fluorescent brighteners has been developed [28, 287, 288]. 

 

2.9.1 Fluorescent Brightening Agents 

More than 2000 FBAs exist; however, only a small number of these compounds have 

found practical uses. Basically FBAs are aromatic or heterocyclic compounds. An important 

feature of them is the presence of an uninterrupted chain of conjugated double bonds, the 

number of which is dependent on substituents as well as the planarity of the fluorescent part 

of the molecule. Almost all of FBAs are derivatives of diaminostilbene, biphenyl, 

5-membered heterocycles such as triazoles, oxazoles, imidazoles, etc, or 6-membered 

heterocycles such as coumarins, naphthalimide, s-triazine, etc. This study just focuses on the 
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triainyl derivatives of diaminositilbene disulfonic acid, often called DAST. 

 

2.9.2 DAST Fluorescent Brightening Agents 

The general structure of DAST FBAs is illustrated in Figure 2.46, where M is an 

alkali metal, an ammonium or a substituted ammonium cation. Some commercially important 

analogs of DAST are shown in Table 2.4. The less water-soluble compounds are in general 

used to whiten cotton by exhaust application; the more soluble, less substantive products are 

used with large packages or applied by padding or other continuous processes. R1 and R2 are 

both derived from amines. Variations of the amine have little influence on the hue of 

brightening. In general these products give slightly violet shades of white while the FBA 

which has a methoxy group in the R2 position gives a distinctly violet tone. The main 

technical justification for the existence of so many different DAST products is the need for 

different levels of substantivity. 

 

 

Figure 2.46: The general structure of DAST 
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Table 2.4: Common DAST FBAs 

R1 R2 Substantivity Use 

  
Higher 

Towards continuous 

application 

 
 

  

 
 

 
 

  

 
 

  

 
 Lower 

Towards Exhaustion 

application 
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2.9.3 Preparation of DAST Fluorescent Brightening Agents 

A major reason for the importance of DAST FBA is their essentially straightforward 

manufacture from readily available and inexpensive starting materials. Products with a 

variety of substituents and consequently different properties are easily prepared in a 

three-step, one-pot synthesis. Scheme 2.1 shows the synthesis scheme of DAST analogs. 

 

 

Scheme 2.1: Scheme of synthesis of DAST 
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2.9.4 Reaction Conditions 

The three chlorine atoms of cyanuric chloride show different chemical reactivity with 

the nucleophiles depending on the reaction temperature as shown in Figure 2.47. By selecting 

the proper reaction conditions, the chlorine atoms of cyanuric chloride can be replaced in a 

stepwise fashion. In the first step, disodium 4,4’-diaminostilbene-2,2’-disulfonate (DAS) 

reacts with cyanuric chloride between 0-5 °C, ideally at pH 5-6. In the second step, the amine 

or alcohol (R1H) reacts at 20-50 °C under neutral or very slightly alkaline conditions. The 

third step is carried out at 50-100 °C under alkaline conditions (pH 8-9). The exact 

conditions used in the second and third steps depend on the nature of the attacking 

nucleophiles and that of the substituent already present in the intermediate dichlorotriazine. 

 

 

Figure 2.47: Differential reactivity of cyanuric chloride 

 

2.9.5 Reaction Mechanism 

Scheme 2.2 shows the mechanism of subsititutions for the reaction between a primary 

amine and the intermediate dichlorotrazine. The reaction of a second amine, alcohol or other 

nuchleophiles at any of the replacement steps follows the same mechanism: 
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Scheme 2.2: Mechanism of substitution for the synthesis of DAST 

 

From the mechanism, the rate of reaction depends on two aspects: 

i) the nucleophilicity of the attacking species: the more nucleophilic the 

reagents, the faster the reaction or the milder reaction conditions, and 

ii) the electronegativity of the substituent R: the more electronegative the 

substituent, the faster the reaction or the milder the reaction conditions. 

Therefore, for the general neucleophilic compounds used for the synthesis of DAST, 

the reaction rate decreases in the following order [281]: 

 

C6H5O>CH3O>C2H5O>C6H5NH>NH2>CH3NH>C2H5NH>(CH3)2N>OH 

 

Scheme 2.1 is a common process for the manufacture of DAST FBA. It is, however, 

not always necessary and may not be desirable for DAS to react in the first step. In principle, 

the amines or alcohols can react in any order, but it is best for the most nucleophilic 

compound to react last to avoid forcing conditions during removal of the last chorine atom. 

Depending on all three components involved in the reaction, FBAs can be prepared using one 
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of the following pathways (Scheme 2.3, 2.4 and 2.5): 

i) 

product is condensed with DAS and an amine. 

 

 

Cyanuric chloride is first condensed with methanol or ethanol and the 

 

Scheme 2.3: Pathway I 

ii)  the intermediate 

obtained is condensed sequentially with other amines. 

 

 

Cyanuric chloride is first condensed with DAS and

 

Scheme 2.4: Pathway II 

iii) 

 

Cyanuric chloride is reacted with the amine to form a 2-arylamino-4, 

6-dichloro-1,3,5-triazine, which is isolated and condensed with DAS. 
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The product is isolated and reacted with another amine to give the final 

product. 

 

 

Scheme 2.5: athway III 

 

2.9.6 P

med at 

the right temperature, water being a very weak nucleophile. 

2.9.7 B

 P

rotonation of Triazine Ring 

In acidic condition, the triazine ring will be protonated. The protonation of triazine 

ring makes it more susceptible to attack by nucleophilic reagents unless the reagent itself is 

also protonated. If the triazine ring remains unprotonated, when the nucleophile (an aliphatic 

amine, for example) is present as its acid form, the rate of reaction is slower. Cyanuric 

chloride itself is a very weak base, and it can only be protonated under strongly acid 

conditions. Thus the reaction between cyanuric chloride and nucleophile can be carried out in 

an aqueous solution down to pH 2 without hydrolysis as long as the reaction is perfor

 

y-Products 

When cyanuric chloride reacts with DAS in the first step using the pathway II, it is 

inevitable to completely prevent the hydrolysis of the second chlorine and the formation of 

undesirable by-products, as shown in Figure 2.48. Generally these by-products can be 
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eliminated if fluorescent brighteners are prepared using the pathway III. It is also critically 

important to control the reaction conditions especially at steps 1 and 2 in order to avoid 

formation of partially hydrolyzed by-products such as the structures illustrated in Figure 

.49.  

 

2

 

Figure 2.48: An exa ple of by-products 

 

m

 

Figure 2.49: Partially hydrolyzed by-products 
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2.9.8 Unsymmetrical Products 

Theoretically unsymmetrical products of DAST fluorescent brighteners (Figure 2.50) 

can be synthesized [289], but are much more complicated and expensive to prepare than 

those with symmetrical structures. Therefore they were never commercialized. 

 

 

Figure 2.50: An example of unsymmetrical DAST 

 

2.10 Chemical Bleaching 

A large part of the materials used in the textiles comes from natural resources such as 

cellulose, a polysaccharide consisting of linear polymer chains of several hundred to ten 

thousand β  (1-4) linked D-glucopyranose units (Figure 2.51). 

 

 

Figure 2.51: Units of the polymer chain of cellulose 

 

These polymers may contain impurities which could give the substrates some 

undesirable colors from brown to yellow. Chemical bleaching is a traditional method to 
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removal yellowish natural impurities by destroying the colored materials in cellulose. The 

bleaching process is a critical textile wet process commonly required, providing a uniform 

white appearance for consumer acceptable whites as well as a uniform color base for post 

processes such as dyeing, printing, and finishing. 

 

2.10.1 Hydrogen Peroxide Bleaching 

While hydrogen peroxide was discovered in 1818 and first used for silk bleaching in 

1866, it has come to be used for cotton bleaching in 1940’s [290]. Since then hydrogen 

peroxide has gained wide acceptance due to its environmental friendliness and its flexibility 

for use in the hot and rapid or cold and long dwell bleaching processes [7, 8]. 

 

2.10.1.1 Bleaching Action 

Under alkaline conditions, hydrogen peroxide liberates hydrogen and perhydroxyl 

ions as shown in Scheme 2.6 (290, 293). 

 

 

Scheme 2.6: Dissociation of hydrogen peroxide 

 

The formed perhydroxyl anion plays the role to destroy the colored impurities in 

substrates although the exact mechanism is not clear [291-294]. Hydrogen peroxide may 

decompose in aqueous solution under some strong conditions such as strong alkalinity, high 
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temperature, and certain catalysts as shown in Scheme 2.7: 

 

 

Scheme 2.7: Decomposition of hydrogen peroxide 

 

This liberated oxygen, however, has no bleaching action and therefore a cause of loss 

of bleaching capability. 

 

2.10.1.2 Effect of Temperature 

Hydrogen peroxide is thermodynamically unstable. At a lower temperature, the 

solution of hydrogen peroxide is very stable and reacts quite slowly; as the temperature 

increases, the stability of hydrogen peroxide decreases, as shown in Figure 2.52 in which pH 

is 10.2 and no stabilizer is presented [7]. In peroxide bleaching of cellulose fibers, if the 

temperature is lower than 80 °C, the time required would be too long for practical purpose. 

Generally the bleaching process is carried out at 90 to 100 °C, but in pressurized machines 

the temperature may be increased to between 120 or 130 °C with a corresponding reduction 

in process time. 
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Figure 2.52: Stability of hydrogen peroxide 

 

2.10.1.3 Effect of Alkali 

The dissociation of hydrogen peroxide depends to a much larger extent on the 

alkalinity of the solution. Hydrogen peroxide is a weak acid, its apparent dissociation taking 

place at a pH 10 to 12; therefore, in acid or neutral conditions, hydrogen peroxide is not an 

active bleaching agent for cellulose fibers. A pH of 10 to 11.5 is assumed to be the most 

favorable conditions for bleaching cellulose fibers with hydrogen peroxide. 

 

2.10.1.4 Effect of Catalysts and Stabilizers 

It is well known that hydrogen peroxide is decomposed catalytically by traces of 

many metals or their oxides. The catalytic decomposition could occur before whiteness goals 
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are attained. In addition, the presence of catalytic metallic ions can also cause increased 

degradation of cellulose [295]. In general, stabilizers are added into the peroxide bleaching 

system to minimize the decomposition of hydrogen peroxide by forming complexes with 

heavy metal cations. In earlier time sodium silicate has been widely used as a stabilizer 

because of its excellent stabilizing effect on hydrogen peroxide bleaching. However, sodium 

silicate residue formed on the equipment and fabric, which cannot be removed by chemical 

process, is the biggest shortcoming that often causes great mechanical damage to fabric. Now 

the prevalent stabilizers are aminocarboxylic acids (EDTA, DTPA, CDTA) and phosphonic 

acids (EDTMP, DTPMP, CDTMP) [296]. These stabilizers are sequestrants that sequester 

many transition metals and reduce their activity as decomposition catalysts, especially in 

alkaline systems [297]. 

 

2.10.1.5 Problems in Peroxide Bleaching 

Hydrogen peroxide is not a particular effective bleaching agent though it has gained 

wide spread acceptance due to its advantages compared with other bleaching processes. 

Commercial hydrogen peroxide is an extremely stable compound and as a result has only a 

slight bleaching effect. In general the most preferred method to overcome its weak activity is 

the use of high alkalinity (pH 11-12) in hydrogen peroxide bleaching. In addition, extremely 

high temperatures (>95 °C) in the hot process or extremely long times (>20 hours) in cold 

process is required in commercial processes. These conditions often result in issues such as 

fiber damage, energy costs and time consumption. 
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2.10.2 Bleach Activators 

Bleach activators are organic peracid precursors which generate peracids in the 

hydrogen peroxide bleaching system. As shown in Scheme 2.8, in an alkaline aqueous 

solution, hydrogen peroxide first dissociates to yield perhydroxyl anion; the bleach activator 

reacts with the formed perhydroxyl anion to generate peracid which is more kinetically 

potent bleaching species than hydrogen peroxide and thus can be used for bleaching under 

mild conditions i.e. low temperatures and reduced time [9-13]. Therefore, perhydrolysis of 

bleach activators is the favored reaction for bleaching.  

 

 

Scheme 2.8: The mechanism of bleach activation 

 

However, the bleaching effectiveness of this system may be significantly reduced due 

to two possible side reactions. One is hydrolysis of bleach activators induced by hydroxyl ion 

as shown in Scheme 2.9; the other is the bimolecular decomposition of peracid catalyzed by 
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hydroxyl ion as shown in Scheme 2.10. Therefore, in the activated bleaching system, it is 

very important to avoid the hydrolysis of bleach activators and the decomposition of peracid 

formed. 

 

 

Scheme 2.9: Hydrolysis of bleach activator 

 

 

Scheme 2.10: Decomposition of peracid 

 

Many investigations showed that bleach activators can be used in a variety of 

applications, including home and industrial laundry usages [9-13] and industrial textile 

preparation processes [14-27]. In the past decades, a number of bleach activators and their 

bleach systems have been reported; however, due to the environmental and processing cost 

issues, there are only two bleach activators commercially available: 

tetraacetylethylenediamine (TAED) and nonanoylbenzene sulfonate (NOBS). Reverently a 

novel class of cationic bleach activators based on quaternary salt was reported [298， 299], 

and its properties and applications are under investigations [21-26]. 
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2.10.2.1 TAED 

TAED (1) is a common hydrophilic bleach activator widely used in consumer laundry 

bleaching applications in Europe for many years. Recently the application of TAED in 

industrial textile bleaching, particularly for cotton and cotton/wool blends, has been widely 

reported [14-18]. By production of the peracetic anion, TAED provides effective bleaching at 

temperatures and times at which peroxide alone would be ineffective. However, its poor 

water solubility and its inefficiency below 60 °C limit its application in textile processing. 

 

 

1 

 

2.10.2.2 NOBS 

NOBS (2) is a hydrophobic bleach activator which provides a effective hydrophobic 

bleach system by reacting with hydrogen peroxide. Under laundry conditions and textile 

preparation processing, NOBS provides much better fabric bleaching than TAED and 

conventional peroxide bleaching [20]. This is attributed to the formation of hydrophobic 

bleach system from NOBS, which ensures that the bleaching takes place on the fabric surface, 

thus increasing bleaching efficiency. NOBS appears more robust to industrial textile 

bleaching application than TAED because of its excellent solubility in water and the minimal 
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need to control pH. However, in the presence of excess NOBS or under low pH conditions, 

peracid anion can be converted into unwanted diacylperoxide byproducts [9, 10]. Therefore, 

the reaction conditions must be controlled to ensure maximum perhydrolysis of NOBS and to 

minimize side reactions. 

 

 

2 

 

2.10.2.3 Cationic Bleach Activators 

Cationic bleach activators are a class of specially designed, structured quaternary 

ammonium peracid precursors [298]. N-[4-(triethylammoniometryl)benzoyl]caprolactm 

chloride (TBCC) (3) is the first cationic bleach activator proposed for cotton bleaching 

[21-24]. It was observed that TBCC can be applied in a cold pad-batch and hot peroxide 

bleach systems. In both cases, the cationic bleach activators provided bleaching performance 

much better than that of conventional hydroxide bleaching with lower temperatures and/or 

shorter time and they were superior to that of NOBS in hot peroxide bleaching. However, a 

drawback of TBCC is that it is unstable and readily hydrolyzed in aqueous solution [25]. 

Such instability limits their industrial applications where the cationic bleach activators cannot 

be stored in aqueous solution even for a short period of time. As a consequence, 

N-[4-(triethylammoniomethyl)benzoyl]butyrolactam chloride (TBBC) (4) was developed to 

enhance the hydrolytic stability of cationic bleach activators [299]. Although an improved 
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stability, there has been great need of investigation into the application of TBBC for a 

satisfactory bleaching performance. 

 

 

3 

 

4 

 111



Chapter 3 A Novel Combined Bleach Activator – 

Fluorescent Brightening Agent 

 

3.1 Introduction 

The whiteness of cotton and other natural fibers are commonly enhanced by 

application of a FBA that is designed to mask the negative effect of small quantities of 

yellowish impurities that are not completely removed by chemical bleaching. FBAs strongly 

absorb UV light (from about 320 to 380 nm) and emit fluorescence as visible violet to blue 

light (approximately 400-450 nm) [34, 244, 280-284]. The emitted blue light can compensate 

the yellowness of the substrate, thereby resulting in a significant increase in perceived 

whiteness. In addition, the fluorescence emission provided additional light in the visible 

region that also contributes to the increased perception of whiteness and brightness. 

Derivatives of 4,4’-bis(1,3,5-triazin-6-yl)diaminostilbene-2,2’-disulfonic acid (DAST) 

(Figure 2.46) are commonly used as FBAs due to their high substantivity to fibers, low cost 

and straightforward one-pot synthesis. The differential chemical reactivity of the three chloro 

groups in 2,4,6-trichloro-1,3,5-triazine provides the possibility to prepare a variety of 

fluorescent compounds by sequential selective addition of nucleophiles (Figure 2.47) [289, 

300-305].  

In the present work, disodium 4,4’-bis((4,6-dichloro-1,3,5-triazin-2-yl)amino) 

stilbene-2-2’-disulfonate was employed as the basic structure for the FBA moiety, with a 

benzoylcaprolactam group condensed with the triazinyl group for bleach activation [21-24, 
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298, 299]. Liquid chromatography-electrospray ionization mass spectrometry (LC-ESI-MS) 

was used to characterize all the synthesized compounds. 

 

3.2 Experimental 

3.2.1 Materials 

All chemicals used were of reagent grade and purchased from either Fisher Scientific 

(Fair Lawn, NJ) or Sigma-Aldrich Chemical (Milwaukee, WI). Silica gel thin layer 

chromatography plates (TLC, UV254) (Merck & Co., Inc., Whitehouse Station, NJ) was used 

to monitor the reactions, using ethyl acetate as eluent for p-aminobenzoylcaprolactam (5) and 

a mixture of isopropanol and ammonia in the ratio of 8:2 as eluent for the fluorescent 

compounds (6 and 7). Preparative silica gel TLC plates (UV254) (Analtech Inc., Newark, DE) 

were applied for separation and purification. The LC-ESI-MS was performed using Agilent 

6210 LC-TOF Mass Spectrometer. Woven scoured cotton fabric (100%, 107 g/m2) used in 

the experiment was purchased from Testfabrics, Inc. (West Pittiston, PA). 

 

3.2.2 Synthesis of p-aminobenzoylcaprolactam (5) 

As illustrated in Scheme 3.1, to 120 mL thionyl chloride was added 27.71 g (0.2 mol) 

p-aminobenzoic acid. The mixture was refluxed for 4 hours to give p-sulfinylaminobenzoyl 

chloride in a clear solution. After rotary evaporation of the excess thionyl chloride, 100 ml 

toluene was added to the flask under the protection of argon. 22.86 g (0.2 mol) caprolactam 

was dissolved in 250 mL toluene and 180 mL pyridine. The solution was purged with argon 
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and cooled in an ice bath. After the addition of p-sulfinylaminobenzoyl chloride was 

completed under milder stirring, the reaction mixture was allowed to gradually warm to room 

temperature and the mixture was stirred for 14 h to give p-sulfinylaminobenzoyl caprolactam. 

After filtration to remove the pyridine hydrochloride and two extractions with 5% aqueous 

NaHCO3, the solvent was removed by rotary evaporation. The residue was twice 

recrystallized from ethyl acetate to give p-aminobenzoylcaprolactam as a white powder (5). 

 

 

Scheme 3.1: Synthesis of p-aminocaprolactam (5) 

 

 114



3.2.3 Synthesis of Disodium 4,4’-bis((4-chloro,6-(4-(2-oxoazepane-1-carbonyl) 

phenylamino)-1,3,5-triazin-2-yl)amino)stilbene-2-2’-disulfonate (6) 

To a suspension of 3.9 g (10 mmol) 4,4’-diaminostilbene-2,2’-disulfonic acid in 100 

mL water was added 1.06 g Na2CO3 with constant stirring until it was completely dissolved. 

This solution was added drop-wise to a suspension of 3.73 g (20 mmol) 

2,4,6-trichloro-1,3,5-triazine in 50 ml water at 0 °C. Then, 10% aqueous Na2CO3 (10 mmol) 

was added in a sufficient quantity to maintain pH at 5. After the addition was complete, the 

reaction mixture was stirred for 2 h below 5 °C. The reaction gave a suspension of disodium 

4,4’-bis((4,6-dichloro-1,3,5-triazin-2-yl)amino)stilbene-2-2’-disulfonate. At the reaction 

termination, 4.64 g p-aminobenzoylcaprolactam dissolved in 50 mL acetone was added and 

the mixture was allowed to warm up to room temperature. The pH was maintained at 7 by the 

addition of 10% aqueous Na2CO3 (10 mmol). The reaction mixture was stirred at room 

temperature for 5 h. The product was precipitated by adding sodium chloride. The 

precipitation was filtered, washed with acetone, and dried to give 6, as shown in Scheme 3.2. 
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Scheme 3.2: Synthesis of compound 6 

 

3.2.4 Synthesis of Tetrasodium 4,4’-bis((4-(4-(2-oxoazepane-1-carbonyl)phenyl 

amino)-6-(3-sulfonatophenylamino)-1,3,5-triazin-2-yl)amino)stilbene-2-2

’-disulfonate (7) 

A 50 mL solution of 4.02 g (20 mmol) metanilic acid sodium salt was added to a 

dispersion of 11.02 g (10 mmol) 6 in 250 mL of water. The reaction mixture was heated to 

80 °C and stirred for 5 h with the pH maintained at 8.0 by adding 10% aqueous Na2CO3 (10 

mmol). Sodium chloride (40 g) was added and then allowed to cool to room temperature. The 

precipitation was filtered and dried to give 7, as shown in Scheme 3.3. 
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Scheme 3.3: Synthesis of compound 7 

 

3.2.5 Whitening Application 

Cotton was bleached in an Ahiba Nuance Infrared Laboratory Dyeing Machine 

(Datacolor International, USA) at 50 °C for 1 h. A bath was prepared containing 1 g/L 

wetting agent (Kieralon KMF, BASF) and 1 g/L hydrogen peroxide stabilizer (Prestogen 

N-D, BASF). The pH of the bath was controlled at 8.0 by the addition of approximately 2.83 

g Na2HPO4 to 200 mL water with drops of H2SO4 (98% w/w). The synthesized compound 

was used in the amount of 0.5% (owf) with 1 g/L hydrogen peroxide (35%). The 

liquor-to-goods ratio was at 20:1. 
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3.2.6 Whiteness Measurement 

The reflectance spectra of the whitened cotton fabrics were measured using a 

Reflectance Spectrophotometer Datacolor Model Spectraflash SF 600 X (Datacolor 

International, USA), following the guidelines laid stated in AATCC Evaluation Procedure 11 

[306] and using the following settings: UV calibrated, specular component included, D65 

illuminant and CIE 10 degree supplemental standard observer. CIE Whiteness Index (CIE 

WI) values were calculated from the reflectance spectrum of each sample using AATCC Test 

Method 110 [38]. A four-layer fabric sample was measured four times by rotating the sample 

at 90 degrees between each measurement. The average value was recorded. 

 

3.3 Results and Discussion 

3.3.1 Mass Spectrometric Analysis of Synthesized Compounds 

The synthetic procedure of p-aminocaprolactam (5) is illustrated in Scheme 3.1. The 

reaction was followed by TLC which showed a Rf value at 0.74 with no other components 

were detected. The synthesis yielded 22.55 g (48.6%) of a white crystalline product with a 

melting point of 151-152 °C (Lit. mp 152-153 °C [307]). The mass spectrum is shown in 

Figure 3.1 and the mass assignments are summarized in Table 3.1. It is seen that all the main 

m/z values are assigned to p-aminobenzolycaprolactam. 
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Figure 3.1: Positive-ion ESI LC-MS spectrum of 5 

 

Table 3.1: Mass Assignments of p-aminocaprolactam 

Compound m/z Mass assignment 

5 233.1287 

255.1107 

478.2314 

[M+H]+ 

[M+Na]+ 

[2M+H]+ 

 

In the synthesis of 6, more than one compound was found on TLC plates. The product 

without further purification was analyzed by the LC MS, which also shows some impurities 

as shown in Figure 3.2. Therefore, the product was purified via preparative TLC (using 

isopropanol and ammonia in the ratio of 8:2) and the sample collected was labeled as 6a. The 

mass spectrum of 6a is shown in Figure 3.3. The mass assignments of the main m/z values in 

the mass spetra for the products of 6 and 6a are summarized in Table 3.2. 
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Figure 3.2: Negative-ion ESI LC-MS spectrum of the product from the synthesis of 6 

 

 

Figure 3.3: Negative-ion ESI LC-MS spectrum of 6a 
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Table 3.2: Mass Assignments of Synthesized Compounds 

Compound a m/z Mass assignment 

6 527.0905 

1055.1902 

1077.1723 

[M-2H]2- 

[M-H]- 

[M-2H+Na]- 

6a 431.0322 

863.0744 

885.0569 

[M-2H]2- 

[M-H]- 

[M-2H+Na]- 

a DAST in acid form 

 

In Figure 3.2, the main m/z value was assigned to the desired compound as shown in 

Table 3.2. However, the compound (6a) obtained from the preparative TLC shows different 

m/z values from 6. Mass analysis indicates that the m/z values for 6a belongs to 

4,4’-bis((4-chloro,6-(4-carbamoylphenylamino)-1,3,5-triazin-2-yl)amino)stilbene-2-2’- 

disulfonic acid shown in Figure 3.4. 6a appears to be an aminolysis product obtained from 6 

when it was processed with preparative TLC. While the preparative TLC method was not 

effective for purification of 6, it provided evidence that N,N-diacylamine group in 6 is 

susceptible to nucleophilic attack, in this case from where ammonia in eluent is an effective 

nucleophile. Since the substitution of the third chloro group in 2,4,6-trichloro -1,3,5-triazine 

takes place under alkaline conditions, it is not surprising that hydrolysis of N,N-diacylamine 

group occurs in the course of synthesis of the target compound (7). 
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Figure 3.4: Likely structure of 6a 

 

Figure 3.5 shows the mass spectrum of the product obtained from the synthesis of 7 

without further purification. However, no m/z value was observed in the mass spectrum 

which could be assigned to 7. In stead, a series of hydrolysis products generated from 6 and 7 

were detected by the LC MS, as shown in Figure 3.6. Table 3.3 lists some of the hydrolysis 

products, in which 6b-f are generated from the hydrolysis of 6 and 7a-o are generated from 

the hydrolysis of monosubstituted or disubstituted 6 by metanilic acid. In accordance with the 

structures of possible hydrolysis products in Figure 3.6, the diacylamine group may 

hydrolyze in two basic modes: ring opening of caprolactam but not leaving, and completely 

elimination of the caprolactam ring, either of which may partly or completely cause the loss 

of bleach activation. 
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Figure 3.5: Negative-ion ESI LC-MS spectrum of the product from the synthesis of 7 
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Figure 3.6: Structures of hydrolysis products 
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Table 3.3: Mass Analytical Data of Substituted 4,4’-bis(1,3,5-triazin-6-yl)diaminostilbene 

-2,2’-disulfonic Acid Derivatives 

Compound 
m/z Mass assignment 

# R1 R2 R3 R4 

6b A A B C 536.0957 

1073.1993 

[M-2H]2- 

[M-H]- 

6c A A B D 479.5659 

960.1183 

[M-2H]2- 

[M-H]- 

6d A A C C 545.1012 

1091.2108 

[M-2H]2- 

[M-H]- 

6e A A C D 488.5592 

978.1283 

[M-2H]2- 

[M-H]- 

6f A A D D 432.0179 

865.0433 

887.0253 

[M-2H]2- 

[M-H]- 

[M-2H+Na]- 

7a A E B B 595.6191 [M-2H]2- 

7b A E B C 604.6216 [M-2H]2- 

7c A E C B Same with 7b 

7d A E B D 548.0808 

1097.1540 

[M-2H]2- 

[M-H]- 
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Table 3.3: Continued 

Compound 
m/z Mass assignment 

# R1 R2 R3 R4 

7e A E D B Same with 7d 

7f A E C D 557.0768 

1115.1625 

[M-2H]2- 

[M-H]- 

7g A E D C Same with 7f 

7h A E C C 613.6201 [M-2H]2- 

7i A E D D 500.5353 

1002.0796 

[M-2H]2- 

[M-H]- 

7j C D E E 625.5985 [M-2H]2- 

7k D D E E 569.0552 

1139.1182 

[M-2H]2- 

[M-H]- 

7l A C E E 575.0644 

586.05533 

[M-2H]2- 

[M-3H+Na]2- 

7m A E C E Same with 7l 

7n A D E E 345.3455 

518.5220 

[M-3H]3- 

[M-2H]2- 

7o A E D E Same with 7n 
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3.3.2 Cotton Whitening 

Compound 6 is fluorescent and contains two N,N-diacylamino groups. Hence, this 

compound can be used as a combined FBA-bleaching activator for cotton and other 

cellulosic fibers. A series of mild bleaching bath were prepared with hydrogen peroxide alone 

(pH 8), compound 6 alone, and compound 6 and hydrogen peroxide combined in a bleach 

activator method similar to the optimized system developed in Chapter 5. All treatments were 

undertaken at liquor ratio 20:1 and pH 8.0 on conventionally scoured cotton. The reflectance 

spectra of the treated cotton samples were measured and are presented in Figure 3.7. Table 

3.4 shows the CIE WI values for each of the samples. 

 

 

Figure 3.7: Reflectance spectra of whitened cotton 
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Table 3.4: Whiteness of Bleached Cotton Fabrics 

Bleaching agent CIE WI 

Blank 47.14 

H2O2 51.27 

6 46.31 

6+ H2O2 88.80 

 

The data show that hydrogen peroxide does not significantly increase the reflectance 

and thus whiteness under the mild conditions used, as expected. Also, when 6 alone was 

applied to cotton, it too failed to increase the reflectance even in blue region possibly because 

the aminobenzolycaprolactam group quenches the fluorescence. However, when 6 was used 

in combination with hydrogen peroxide at pH 8.0 and 50 oC, the reflectance spectrum of the 

treated substrate appeared to be like that of a compound treated with a conventional FBA. 

Moreover, bleach activation of the peroxide took place, as shown by the increase in 

reflectance across the entire visible spectrum, unlike when either hydrogen peroxide alone or 

compound 6 alone was used. Both the fluorescence and the bleach activation dedicated to 

increasing the whiteness of cotton (Table 3.4). Hence, the data for the bleach activated 

system with peroxide is consistent with the formation of peracid, 4,4’-bis((4-chloro,6-(4- 

carboperoxyphenylamino)-1,3,5-triazin-2-yl)amino)stilbene-2-2’-disulfonic acid (8), in 

which 6 reacts with hydrogen peroxide to produce a more effective oxidant than hydrogen 

peroxide under the investigated conditions [9-13]. Another likely possibility is the exhaustion 

of the hydrolyzed bis-aminobenzoic acid based compound, 4,4’-bis((4-chloro,6-(4-carboxy 
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phenylamino)-1,3,5-triazin-2-yl)amino)stilbene-2- 2’-disulfonic acid (9), that would likely be 

formed in a significant amount after the bleach activation was completed. This compound is 

expected to be a more effective fluorophor than the compound 6, which contains two 

aminobenzoylcaprolactam groups. 

 

 

8 

 

 

 (9) 

 

3.4 Conclusions 

A new class of compounds was developed that combines not only fluorescence but 

also bleach activation when combined with hydrogen peroxide or a similar peroxide. The 

synthesized compounds were characterized by liquid chromatography mass spectrometry. 

The substituted 4,4’-bis(1,3,5-triazin-6-yl)diaminostilbene-2,2’-disulfonic acid derivatives 

observed in the final product were likely hydrolysis products which partly or completely lost 
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the effectiveness for bleach activation of hydrogen peroxide. However, one compound, 

4,4’-bis((4-chloro,6-(4-(2-oxoazepane-1-carbonyl)phenylamino)-1,3,5-triazin-2-yl)amino) 

stilbene-2-2’-disulfonic acid was synthesized satisfactorily and was shown to provide 

increased whiteness by a combination of fluorescence and bleach activation. However, 

further work is required to enhance the efficiency of fluorescence and the bleach activation to 

provide satisfactory whiteness of scoured cotton using benign conditions of near neutral pH 

and relatively mild temperatures of 50-60 oC. 
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Chapter 4 Activated Peroxide Bleaching of Regenerated 

Bamboo Fiber Using a Cationic Bleach Activator 

 

4.1 Introduction 

Regenerated Bamboo fiber was developed relatively recently and had been marketed 

in China since 2002. It is made from bamboo pulp using an alkali pulping and solution 

spinning technique. It has strength properties that permit it to be used for different textile 

products [308] and high wicking capacity, which allows moisture to be easily pulled away 

from the skin and vaporized relatively quickly [309]. Also, regenerated bamboo fiber has 

excellent permeability, good hygroscopic properties, and it is very soft [310]. In addition, as 

the fastest growing and reproducible woody plant on the planet, bamboo is a reliable and 

highly regenerable source of natural cellulosic fibers [311]. 

Despite these merits, regenerated bamboo fiber has a visible limitation that it contains 

yellowish impurities detracting from its quality in application. Figure 4.1 shows examples of 

typical reflectance spectra of several common cellulosic-based fabrics prior to wet processing. 

The reflectance spectrum of regenerated bamboo fiber is similar to greige cotton, and 

therefore requires bleaching prior to dyeing, unless dark shades are to be dyed.  
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Figure 4.1: Reflectance spectra of cellulosic fibers 

 

Regenerated bamboo fiber is not as strong as other cellulosic fibers, such as cotton. 

Hence, it cannot withstand high temperature peroxide bleaching that is conventionally used 

to bleach cotton. Generally, peroxide bleaching with reduced temperature, time, and pH is 

required to avoid significant strength loss.  

Hence, bleaching conditions that enable reduced temperature and alkalinity are 

attractive to bleach regenerated bamboo fiber. One approach that has been extensively 

studied in our laboratories in recent years is the use of bleach activators in peroxide 

bleaching. Bleach activators are organic peracid precursors that liberate more kinetically 

active peracid in situ in the presence of hydrogen peroxide in alkaline aqueous solution 
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[9-13]. The main application of bleach activators has been for laundry detergent formulations 

and dishwashing liquid formulations. However, in more recent years, bleach activators have 

been attempted for industrial textile bleaching, which conduct bleaching at a lower 

temperature and in a reduced time, thereby leading to energy savings and reduced fabric 

damage [14-27]. Cationic bleach activators have been shown to be more effective than 

non-ionic or anionic activators. 

Cationic bleach activators are a class of specially designed, structured quaternary 

ammonium peracid precursors [298, 299]. In aqueous solution, it has been theorized that the 

quaternary ammonium cations present on the bleach activators exhibit inherent affinity for 

negatively charged sites on the cellulosic fiber, where oxidation takes place to remove stains 

and impurities effectively. TBCC (3) is the first reported cationic bleach activator used in hot 

bleaching and cold pad-batch bleaching processes [21-24]. However, TBCC is sensitive to 

hydrolysis in aqueous solution and therefore cannot be stored for any length of time prior to 

use, which could be problematic in industrial applications [25]. TBBC (4) was thus 

developed and was shown to exhibit enhanced hydrolytic stability but with the similar bleach 

activation to TBCC [299]. A recent study revealed that TBBC could provide an improved 

bleaching performance when incorporated into peracetic acid bleaching system [26]. In the 

present study, peroxide bleaching activated by TBBC was investigated as an efficient means 

of removing impurities in regenerated bamboo fiber. 
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4.2 Experimental 

4.2.1 Materials 

TBBC was synthesized and purified by the procedure as reported previously [299]. 

Regenerated bamboo fiber (fabric, 139 g/m2) was obtained as a kind gift from Donghua 

University, China. Hydrogen peroxide (35% w/w) and sodium hydroxide (50% w/w) were 

obtained from Sigma-Aldrich Co. (St. Louis, MO). All the other chemicals used for buffer 

substances were obtained from Fisher Scientific Co. (Fairlawn, NJ). The wetting agent 

(Kieralon MFB) and stabilizer (Prestogen N-D) were purchased from BASF (Charlotte, NC). 

Untreated city water from Raleigh, NC, was used throughout the experiments to approximate 

practical wet processing conditions. 

 

4.2.2 Conventional Peroxide Bleaching 

Regenerated bamboo fiber was bleached with a conventional peroxide bleaching 

process under the conditions of 100 °C, 30 min, pH 11.5, and various concentrations of 

hydrogen peroxide (0 to 12 g/L). 

 

4.2.3 Peroxide Bleaching Activation by TBBC 

Response surface method (RSM) is a tool for quantifying the relationship between 

multiple input variables and one or more output variables, and is therefore useful for process 

optimization. Central composite design (CCD) is one of the most favored RSM approaches 

[312]. In this study, the experimental design and statistical analysis were performed using 
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Design-Expert 7.0 software (Stat-Ease Inc., USA). Four factors, namely time (t, min), 

temperature (T, °C), and the concentrations of H2O2 (35% w/w) (g/L) and TBBC (g/L), were 

investigated, as shown in Table 4.1. The full factorial experimental design contained a total 

of 30 samples, including 16 at factorial points, eight at axial points and six at central points. 

The pH values for all the bleach baths were fixed at 11.5 by addition of NaOH (50% w/w). 

 

Table 4.1: Coded and Actual Levels of the Designed Factors 

Symbol Factor 
Level 

-2 -1 0 +1 +2 

X1 TBBC, g/L 0.0 1.0 2.0 3.0 4.0 

X2 H2O2 (35% w/w), g/L 4.0 5.5 7.0 8.5 10.0 

X3 t, min 10 20 30 40 50 

X4 T, °C 60 70 80 90 100 

 

4.2.4 Effect of pH 

The pH effect on bleaching activation was investigated by using bleach baths 

buffered at various pH values listed in Table 4.2. The buffer solutions for pH 7.0, 9.0 and 

10.0 were prepared by adding 0.1 M the weak base to its conjugate acid and the buffer 

solutions for pH 8.0 and 11.0 were prepared by adding H2SO4 (98% w/w) to 0.1 M Na2HPO4 

and NaOH (50% w/w) to 0.1 M Na2HPO4, until the desired pH was obtained. Each bleach 

bath comprised 5 g/L TBBC and 1.43 g/L H2O2 (35% w/w) (14.7 mmol/L). Bleaching 

experiments were undertaken at 50 °C and 80 °C for 30 min. A control bleaching was run 

 135



under the same conditions except that TBBC was excluded from the experiment. 

 

Table 4.2: Buffer Solutions 

pH 0.1 M buffer solution 

7.0 Na2HPO4/ NaH2PO4 

8.0 Na2HPO4/H2SO4 

9.0 Na2CO3/NaHCO3 

10.0 Na2CO3/NaHCO3 

11.0 Na2HPO4/NaOH 

 

4.2.5 Bleaching Procedure 

All the bleaching experiments were performed using an Ahiba Nuance Infrared 

Laboratory Dyeing Machine (Datacolor International, USA) at a liquor-to-goods ratio of 20:1. 

Each bleach bath contained 1.0 g/L wetting agent and 1.0 g/L stabilizer. After a desired 

amount of TBBC was dissolved in a 200 mL bleach bath, 10 g fabric was added. The bath 

was heated to a target temperature at the rate of 4 °C/min. After a desired time, the bleaching 

was quickly quenched using copious amounts of cold water, and then dried under ambient 

conditions. 

 

4.2.6 Whiteness Measurement 

CIE WI values were measured as described in Section 3.2.6. 
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4.2.7 Degree of Polymerization 

Fiber damage was evaluated by measurement of the degree of polymerization (DP 

value) calculated from the cuen fluidity (F) of fiber dispersion, as shown in Equation 4.1 

[313], 

 

10
74.352032log 573FDP

F
−⎛ ⎞= ⎜ ⎟

⎝ ⎠
−                     (4.1) 

 

where F was measured according to AATCC Test Method 82 [314]. 

 

4.3 Results and Discussion 

4.3.1 Conventional Peroxide Bleaching 

Figure 4.2 shows the whiteness values of regenerated bamboo fiber using the 

conventional peroxide bleaching process. The whiteness value reached 59.29 using 6 g/L 

hydrogen peroxide and began to level off as the peroxide concentration was increased further. 
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Figure 4.2: Conventional peroxide bleaching of regenerated bamboo fiber 

 

4.3.2 CCD Analysis of Peroxide Bleaching Activation 

The whiteness values of the bleached samples based on CCD are illustrated in Table 

4.3. The effect of each factor on the resultant whiteness is presented in Figures 4.3-4.6. 

Model summary statistics suggests that the experimental data are sufficient to fit a two-factor 

interaction (2FI) model. The model was modified by eliminating insignificant model terms, 

which have p-values greater than 0.05. The analysis of variance (ANOVA) for response 

surface for the reduced 2FI model is summarized in Table 4.4.  

 138



Table 4.3: Testing Results of CCD with Actual Levels of Factors 

Run TBBC, g/L H2O2 (35%), g/L t, min T, °C CIE WI 

1 1.0 5.5 20 70 45.64 

2 3.0 5.5 20 70 47.32 

3 1.0 8.5 20 70 44.73 

4 3.0 8.5 20 70 44.77 

5 1.0 5.5 40 70 46.66 

6 3.0 5.5 40 70 48.02 

7 1.0 8.5 40 70 50.66 

8 3.0 8.5 40 70 50.19 

9 1.0 5.5 20 90 48.93 

10 3.0 5.5 20 90 48.61 

11 1.0 8.5 20 90 48.60 

12 3.0 8.5 20 90 48.74 

13 1.0 5.5 40 90 51.81 

14 3.0 5.5 40 90 53.75 

15 1.0 8.5 40 90 54.45 

16 3.0 8.5 40 90 55.99 

17 0.0 7.0 30 80 49.39 

18 4.0 7.0 30 80 47.67 
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Table 4.3: Continued 

Run TBBC, g/L H2O2 (35%), g/L t, min T, °C CIE WI 

19 2.0 4.0 30 80 45.78 

20 2.0 10.0 30 80 51.05 

21 2.0 7.0 10 80 44.41 

22 2.0 7.0 50 80 52.69 

23 2.0 7.0 30 60 41.76 

24 2.0 7.0 30 100 52.66 

25 2.0 7.0 30 80 48.77 

26 2.0 7.0 30 80 50.82 

27 2.0 7.0 30 80 49.46 

28 2.0 7.0 30 80 48.74 

29 2.0 7.0 30 80 48.32 

30 2.0 7.0 30 80 51.21 
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Figure 4.3: Scatter diagram of resultant whiteness versus the level of TBBC 

 

Figure 4.4: Scatter diagram of resultant whiteness versus the level of H2O2 (35% w/w) 
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Figure 4.5: Scatter diagram of resultant whiteness versus the level of time 

 

Figure 4.6: Scatter diagram of resultant whiteness versus the level of Temperature 
 n  
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Table 4.4: ANOVA for Resultant Whiteness Reduced 2FI Model 

Source Sum of squares df Mean square F value 
p-value 

Prob>F 

Model 258.86 4 64.71 43.39 <0.0001 

X2 13.40 1 13.40 8.98 0.0061 

X3 107.32 1 107.32 71.95 <0.0001 

X4 124.62 1 124.62 83.56 <0.0001 

X2X3 13.52 1 13.52 9.07 0.0059 

Residual 37.29 25 1.49   

Lack of fit 30.13 20 1.51 1.05 0.5288 

Pure error 7.15 5 1.43   

Cor Total 296.15 29    

 

The model p-value less than 0.0001 implies the model is significant. The “lack of fit 

p-value” of 0.5288 implies the lack of fit is not significant relative to the pure error. The 

coefficient estimates were yielded by fitting the model to the experimental data based on 

coded levels for each factor, as shown in Table 4.5. The normality of residual was diagnosed 

by the normal probability plot of residuals, as shown in Figure 4.7 and no abnormality was 

observed. Therefore, this model is statistically significant in predicting the whiteness of the 

bleached bamboo fiber under the investigated experimental conditions. 
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Table 4.5: Effect of Significant Model Terms (R2=0.8741) 

Model term Coefficient estimate Standard error 

Constant 49.05 0.22 

X2 (H2O2 g/L) 0.75 0.25 

X3 (t, min) 2.11 0.25 

X4 (T, °C) 2.28 0.25 

X2X3 0.92 0.34 

 

 

Figure 4.7: Normal probability plot of residuals 
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Tables 4.4 and 4.5 show that temperature, time, and H2O2 (35% w/w) concentration 

are significant factors affecting the resultant whiteness, the values of coefficient estimates 

indicating the contribution of each factor. The model term X2X3 indicates that there is an 

significant interaction between hydrogen peroxide concentration and time in the bleaching 

process. However, surprisingly, TBBC concentration was excluded from the model as its 

contribution was insignificant. ANOVA for the full 2FI model revealed that the coefficient 

estimate of TBBC concentration is 0.10 at the p-value of 0.6997. TBBC is not a significant 

factor in the peroxide bleaching of regenerated bamboo fiber despite a positive effect. In 

Table 4.3, the highest whiteness value is 55.99, inferior to the whiteness value of 59.29 

obtained from conventional peroxide bleaching, confirming that TBBC rarely contributed to 

the whiteness of regenerated bamboo fiber under the investigated conditions. This can be 

clearly seen from the contour plots predicted by the model shown in Figures 4.8-4.13, in 

which the contour lines represent the CIE WI and the levels of factors not shown for each 

plot are at their central points (zero level in Table 4.1). 
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Figure 4.8: Effect of H2O2 and TBBC on whiteness of regenerated bamboo fiber 
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Figure 4.9: Effect of time and TBBC on whiteness of regenerated bamboo fiber 
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Figure 4.10: Effect of temperature and TBBC on whiteness of regenerated bamboo fiber 
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Figure 4.11: Effect of time and H2O2 on whiteness of regenerated bamboo fiber 
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Figure 4.12: Effect of temperature and H2O2 on whiteness of regenerated bamboo fiber 
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Figure 4.13: Effect of temperature and H2O2 on whiteness of regenerated bamboo fiber 
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4.3.3 Chemistry of TBBC 

In the CCD-based bleaching experiments, the inefficiency of TBBC in activating 

hydrogen peroxide is unexpected. A clear explanation must address a series of chemical 

reactions related to TBBC. 

In almost all the literature related to bleach activators attempted for industrial textile 

bleaching, it is stated that the activated peroxide bleaching could provide a better whiteness 

by the use of bleach activator with a large excess of hydrogen peroxide (around 1:10 in molar 

ratio) and at relatively high pH (around 11.5) in that bleach activators and hydrogen peroxide 

could simultaneously work on bleaching [14-27]. This is plausible because hydrogen 

peroxide dissociates at pH 11.5 to release perhydroxyl anions which could directly bleach 

fibers [293]. On the other hand, perhydroxyl anions react with bleach activators to generate 

peracid species, which can bleach fibers under milder conditions [9-13]. However, in the case 

of regenerated bamboo fibers, TBBC failed to provide an enhanced bleaching efficiency 

under the described conditions. One possible explanation is that, the high pH causes rapid 

hydrolysis of the bleach activator and decomposition of peracid released from bleach 

activator [11, 315-323]. 

Scheme 4.1 presents the important reactions related to TBBC, of which only 

perhydroxyl anions dissociated from hydrogen peroxide and TBBC peracid generated by 

perhydrolysis of TBBC are oxidizing agents. In alkali aqueous solution, TBBC can hydrolyze 

into a carboxylate anion. In fact, TBBC that hydrolyzes could reduce bleaching effectiveness 

to some extent; on the other hand, the base-catalyzed decomposition of peracid also could 

cause the loss of bleaching effectiveness through consumption of an equivalent mole of 
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perhydroxyl anions [324-330]. However, the experiments performed employ a large excess 

of hydrogen peroxide. Therefore, perhydroxyl anions would dominate the bleaching. This 

explains why Figures 4.11-4.13 show the typical features of hydrogen peroxide bleaching. 

Because hydrogen peroxide is not very active in short bleaching times at temperatures below 

95°C, the effect of hydrogen peroxide concentration on the whiteness was relatively weak. 

 

 

Scheme 4.1: Chemistry of TBBC in alkali hydrogen peroxide solution 

 

4.3.4 Effect of pH 

The inefficiency of TBBC in activating hydrogen peroxide was confirmed by 

bleaching experiments using equivalent amounts of TBBC and hydrogen peroxide (14.7 
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mmol/L) in a series of buffered bleach baths. The results are presented in Figure 4.14 and 

show that the control bleachings at 50 °C and 80 °C including only hydrogen peroxide 

generates reasonable results that the whiteness values of control samples increase as the pH 

value increases and the temperature at 80 °C produces greater whiteness value than at 50 °C. 

However, the increase of whiteness value is not significant. When TBBC was included in the 

bleach baths, the whiteness values of the samples were increased substantially at pH 7.0. This 

indicates that hydrogen peroxide is activated by TBBC at these conditions and the bleaching 

takes place at low temperature. However, the resultant whiteness drops as pH value increases 

from 7.0 to 11.0 at both 50 °C and 80 °C, indicating that hydrolysis of TBBC or 

decomposition of TBBC peracid occurs at a higher pH value. Therefore, the pH value and 

equimolar concentrations of peroxide and activator are key factors, which significantly affect 

the activation of hydrogen peroxide by TBBC. The pH effect on whiteness is more apparent 

at a higher temperature, as seen in Figure 4.14, which shows that the TBBC bleaching 

produces whiteness no better than the control bleaching at 80 °C and pH 11.0. In addition, 

Figure 4.14 also indicates that TBBC does not completely lose its activation at pH 11.0 but is 

not significant in contributing to the whiteness any more. It appears from Figure 4.14 that 

TBBC reacts efficiently with hydrogen peroxide at near neutral pH (from 7.0 to 8.0). This 

corroborates the conclusion from CCD analysis that TBBC is not significant factor at pH 

11.5. 
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Figure 4.14: The effect of pH on the resultant whiteness for varying conditions using 

equimolar amounts of TBBC and H2O2 

 

4.3.5 Effect of TBBC-Peroxide Bleaching on Degree of Polymerization 

Use of TBBC at a near neutral pH and a lower temperature has potential to prevent 

significant strength loss when bleaching regenerated bamboo fiber compared to conventional 

high temperature, high pH bleaching. Figures 4.15 and 4.16 show the whiteness value and the 

degree of polymerization of regenerated bamboo fiber bleached by TBBC-activated peroxide 

bleaching (5 g/L TBBC vs.1.43 g/L 35% H2O2, 50 °C, pH 7.0 and 30 min) and conventional 

peroxide bleaching (6 g/L 35% H2O2, 100 °C, pH 11.5 and 30 min). It is observed that 

TBBC-activated peroxide bleaching is comparable to conventional peroxide bleaching in 

providing whiteness for regenerated bamboo fiber, but superior to conventional peroxide 
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bleaching regarding reduction in degree of polymerization, which is known to correlate with 

strength loss of yarn and fabric. Therefore, the use of TBBC enables effective bleaching of 

regenerated bamboo using relatively benign conditions with reduced fiber damage. 

 

 

Figure 4.15: Comparison of whiteness of bleached regenerated bamboo fiber 
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Figure 4.16: Comparison of degree of polymerization of bleached regenerated bamboo fiber 

 

4.4 Conclusions 

The whiteness of regenerated bamboo fiber was improved by conventional peroxide 

bleaching for a value of 59.29 using 6 g/L hydrogen peroxide; no more significant 

improvement of whiteness was obtained by increasing the concentration of hydrogen 

peroxide. These conditions for conventional peroxide bleaching can cause a large strength 

loss which is not acceptable for a generated cellulose fiber. 

The ANOVA of CCD revealed that TBBC was not a significant factor in bleaching 

because TBBC lost its efficiency due to hydrolysis or decomposition at pH 11.5. The use of a 

large excess of hydrogen peroxide with TBBC did not increase whiteness. 

TBBC activates hydrogen peroxide at near neutral pH. At pH 7.0 and 50 °C, 
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TBBC-activated peroxide bleaching produced whiteness levels on regenerated bamboo fiber 

comparable to conventional peroxide bleaching, but with substantially decreased fiber 

damage. TBBC is an effective bleach activator for bleaching regenerated bamboo fiber.  

Moreover, the efficient bleaching of equimolar amounts of TBBC and hydrogen peroxide at 

near neutral pH and temperatures between 50 °C and 80 °C, indicate that other cellulosic 

fibers (such as cotton) may be bleached effectively under similar conditions. 
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Chapter 5 Improved Bleaching of Cotton Using N-[4- 

(triethylammoniomethyl)benzoyl]butyrolactam Chloride 

 

5.1 Introduction 

The study in Chapter 4 revealed that TBBC (4) activated hydrogen peroxide at a near 

neutral pH and a low temperature and provided whiteness comparable to conventional hot 

peroxide bleaching but with reduce fiber damage. This chapter extends the work of neutral 

pH bleaching of bamboo fiber to cotton fibers. As a comparison, tetraacetylethylenediamine 

(TAED) (1) was used for bleaching activation under the same conditions. 

 

5.2 Experimental 

5.2.1 Materials 

TBBC was synthesized and purified by the procedure as reported previously [299]. 

Woven scoured cotton fabric (100%, 107 g/m2) used in the experiment was purchased from 

Testfabrics, Inc. (West Pittiston, PA). Hydrogen peroxide (H2O2) (35% w/w), TAED (90%), 

and EDTA disodium salt were purchased from Sigma-Aldrich Co. (St. Louis, MO). Sodium 

carbonate, sodium bicarbonate, sodium dihydrogen phosphate, disodium hydrogen phosphate, 

and sodium hydroxide (50% w/w) were purchased from Fisher Scientific Co. (Fairlawn, NJ) 

for preparation of buffer solutions. Deionized water was used throughout. 
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5.2.2 Full Factorial Design of Experiment 

A three-level, full factorial design for three factors (33) was conducted to investigate 

the effect of pH, temperature, and activator concentration on whiteness value (CIE WI). The 

design of experiment is illustrated in Table 5.1. The amount of hydrogen peroxide used in the 

bleaching experiments was equimolar to TBBC. 

 

Table 5.1: DOE for TBBC-activated Peroxide Bleaching 

Symbol Factors Levels 

X1 pH 7.0 9.0 11.0 

X2 T, °C 40 50 60 

X3 TBBC, mmol/L 7.4 14.8 22.1 

 

5.2.3 Bleaching Procedure 

All the bleaching experiments were performed using an Ahiba Nuance Infrared 

Laboratory Dyeing Machine (Datacolor International, USA) at a liquor-to-goods ratio of 20:1. 

The bleach baths were buffered at a desired pH as showed in Table 5.2. The buffer solutions 

were prepared as described in Section 4.2.4. Each bleach bath contained 0.5 g/L stabilizer. 

Fabric (10 g) was added to 200 ml bleach bath after a desired amount of bleach activator 

(TBBC or TAED) was dissolved in it. The bleaching was heated to a target temperature at 

the rate of 4 °C/min. After a desired time, the bleaching was quenched using copious 

amounts of water, and was then extracted and dried under ambient conditions. 
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Table 5.2: Buffer Systems (0.1 M) for Bleaching 

pH Buffer substance 

7.0 Na2HPO4/ NaH2PO4 

9.0 Na2CO3/NaHCO3 

11.0 Na2HPO4/NaOH 

 

5.2.4 Whiteness Measurement 

The measurement of whiteness was performed as described in Section 3.2.6. 

 

5.2.5 Degree of Polymerization 

Fiber damage was evaluated by the degree of polymerization as described in Section 

4.2.7. 

 

5.3 Results and Discussion 

5.3.1 Analysis of the Full Factorial Experiment 

The resultant whiteness values from the full factorial design of experiment were 

recorded as output responses, as shown in Table 5.3. A two-factor interaction (2FI) model 

was fitted to the experimental data and the ANOVA is summarized in Table 5.4. The model 

p-value less than 0.0001 shows the 2FI model is significant. No abnormality was observed 

from the diagnoses of residuals by the normal probability plot, as shown in Figure 5.1. This 

suggests that the two-factor interaction model was statistically appropriate to describe the 
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bleaching experiments. 

 

Table 5.3: Runs and Resultant Whiteness of TBBC-activated Peroxide Bleaching 

Run pH T, °C TBBC, mmol/L CIE WI 

1 7.0 40 7.40 53.49 

2 7.0 40 14.7 67.60 

3 7.0 40 22.1 73.14 

4 7.0 50 7.40 61.10 

5 7.0 50 14.7 75.55 

6 7.0 50 22.1 78.94 

7 7.0 60 7.40 71.41 

8 7.0 60 14.7 79.28 

9 7.0 60 22.1 81.92 

10 9.0 40 7.40 68.74 

11 9.0 40 14.7 71.81 

12 9.0 40 22.1 74.97 

13 9.0 50 7.40 71.50 

14 9.0 50 14.7 71.91 

15 9.0 50 22.1 73.60 

16 9.0 60 7.40 67.79 
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Table 5.3: Continued 

Run pH T, °C TBBC, mmol/L CIE WI 

17 9.0 60 14.7 69.52 

18 9.0 60 22.1 69.97 

19 11.0 40 7.40 58.45 

20 11.0 40 14.7 65.96 

21 11.0 40 22.1 72.41 

22 11.0 50 7.40 55.31 

23 11.0 50 14.7 65.47 

24 11.0 50 22.1 73.44 

25 11.0 60 7.40 56.75 

26 11.0 60 14.7 62.50 

27 11.0 60 22.1 71.58 
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Table 5.4: ANOVA for TBBC-activated Peroxide Bleaching 2FI Model (R2=0.9833) 

Source Sum of squares df Mean square F value 
p-value 

Prob>F 

Model 1352.04 18 75.11 26.13 <0.0001 

X1 260.42 2 130.21 45.30 <0.0001 

X2 37.35 2 18.68 6.50 0.0211 

X3 628.82 2 314.41 109.38 <0.0001 

X1X2 233.52 4 58.38 20.31 0.0003 

X1X3 174.84 4 43.71 15.21 0.0008 

X2X3 17.08 4 4.27 1.49 0.2932 

Residual 23.00 8 2.87   

Cor Total 1375.03 26    
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Figure 5.1: Normal probability plot of residuals 

 

In Table 5.4, the model terms having the p-value of “Prob>F” less than 0.05 are 

significant at the 95% confidence level. It is seen that all the three main factors are 

significant in affecting the resultant whiteness, the F value indicating the significance of each 

factor. The concentration of TBBC has the greatest effect, followed in turn by pH and 
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temperature. The term of X2X3 has a p-value at 0.2932, indicating that the interaction between 

temperature and TBBC is not significant during the bleaching. 

 

5.3.2 Factor Effects on Whiteness of Fabric 

In Chapter 4, it was confirmed that pH was a key factor in TBBC-activated peroxide 

bleaching. Table 5.4 shows that pH affects the resultant whiteness by interacting with 

temperature and the concentration of TBBC. These effects are presented in Figures 5.2-5.4, 

in which the predicted values are the average whiteness of three levels of the third factor.  

 

 

Figure 5.2: pH-temperature interaction effects on whiteness predicted by 2FI model 
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Figure 5.3: pH-TBBC interaction effects on whiteness predicted by 2FI model 

 

Figure 5.4: Temperature-TBBC interaction effects on whiteness predicted by 2FI model 
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Figures 5.2 and 5.3 show that TBBC performs the best under the conditions tested at 

near neutral pH. Figures 5.3 and 5.4 indicate that the concentration of TBBC contributes to 

the whiteness value regardless of pH and temperature. This is ascribed to the chemical 

properties of TBBC under bleaching conditions. Scheme 4.1 describes the important 

reactions related to TBBC in bleaching. In aqueous solution of hydrogen peroxide, 

perhydrolysis of TBBC is the desired reaction in bleaching; however, hydrolysis of TBBC 

due to hydroxide anions existing in solution could compete with perhydrolysis, which causes 

a reduction of bleaching efficiency, though it was convinced that perhydrolysis is the 

dominant reaction [324-330]. Peracid yielded from TBBC is the only active species for 

bleaching due to the use of equimolar H2O2 to TBBC; however it may decompose induced by 

hydroxide anions [10, 13, 315-323, 328-330]. In a near neutral pH solution, hydroxide anions 

is reduced to a lesser extent, thereby avoiding the hydrolysis of TBBC and decomposition of 

peracid, so that most of TBBC works on bleaching to produce a optimal whiteness value. The 

temperature impacts the bleaching progress by accelerating or slowing down the rates of 

these reactions. 

 

5.3.3 Bleaching Performance 

In order to evaluate the bleaching performance, the scoured cotton was bleached with 

H2O2 excluding any bleach activator and including either TBBC or TAED, under the 

conditions of 50 °C and 30 min. The resultant whiteness is presented in Figure 5.5. The data 

show that when bleach activators were included in the bleach bath, the whiteness was 

improved to a large extent relative to when hydrogen peroxide was used without activator. 
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Also, TBBC exhibited superior efficiency to TAED. It is known that TAED has poor water 

solubility and its bleaching effectiveness is insufficient at temperatures below 50 °C [10, 13]. 

TBBC has great water solubility due to its cationic charge and has higher bleaching 

effectiveness at near neutral pH (See Chapter 4). 

 

 

Figure 5.5: Whiteness of scoured cotton bleached using 14.7 mmol/L bleaching agents 

 

The feature that TBBC bleaches fiber at near neutral pH and a low temperature has 

advantage of protecting fiber from strength loss. Figures 5.6 and 5.7 show the comparison of 

whiteness and degree of polymerization of scoured cotton bleached by TBBC-activated 

peroxide bleaching (10 g/L TBBC vs. 2.87 g/L 35% H2O2, 50 °C, pH 7.0, and 30 min) and 

conventional peroxide bleaching (6 g/L 35% H2O2, 100 °C, pH 11.5, and 30 min). The data 
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show that the whiteness of cotton when bleached by TBBC-activated peroxide bleaching was 

comparable to conventional peroxide bleaching, but with significantly less fiber damage. In 

fact, in this experiment the degree of polymerization of fibers after TBBC bleaching was 

almost the same as that of the scoured cotton prior to bleaching.  

 

 

Figure 5.6: Comparison of whiteness of bleached scoured cotton 
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Figure 5.7: Comparison of degree of polymerization of bleached scoured cotton 

 

5.4 Conclusions 

The concentration of TBBC and pH were shown to be the most important factors 

affecting the whiteness of scoured cotton and an increase of the concentration of TBBC 

always contributes to the whiteness under the investigated conditions. TBBC provides the 

best performance at near neutral pH possibly due to minimal hydrolysis of TBBC and 

decomposition of peracid in alkaline solution of hydrogen peroxide. Compared with the 

conventional peroxide bleaching, TBBC-activated peroxide bleaching provides comparable 

whiteness but superior degree of polymerization to scoured cotton. An effective 

concentration of TBBC and hydrogen peroxide was found to be 14.7 mmol/L, which is 

equivalent to 5.0 g/L TBBC and 1.43 g/L H2O2 (35% w/w) and is not likely to produce 
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excessive cost for commercial applications. Further optimization of the concentrations may 

be possible during scale-up of the bleaching of cotton and other cellulosic fibers. The data 

indicate that TBBC can be used to provide near neutral bleaching of cotton at 50 °C suitable 

for dyeing pale shades and bright colors, while at the same time preventing substantial loss of 

fiber strength.   
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Chapter 6 Sorption of N-[4-(Triethylammoniomethyl) 

benzoyl]-butyrolactam Chloride on Cellulose Fiber 

 

6.1 Introduction 

Peroxide bleaching is most widely used to remove stains or natural impurities from 

fibrous substrates. Hydrogen peroxide is the most common peroxide bleaching agent active 

at temperatures above 80°C and at pH of approximately 11.5 [8, 293]. Sodium perborate 

(SPB) can also be used as a hydrogen peroxide precursor [331]; it releases peroxide as shown 

in Scheme 6.1. 

 

 

Scheme 6.1: Formation of hydrogen peroxide from SPB 

 

Hot alkaline bleaching conditions, however, may cause fiber damage and require 

relatively high energy costs. Bleach activators have been thus developed for bleaching under 

milder conditions [13]. Despite its initial development for laundry detergents [10], in more 

recent years, bleach activators have been employed in industrial textile bleaching in an 

attempt to mitigate problems caused by conventional peroxide bleaching [14-27]. TAED (1) 

and NOBS (2) are the two most commercially important bleach activators. However, TAED 

has poor water solubility and its bleaching effectiveness is insufficient at temperatures below 
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50°C; NOBS, on the other hand, liberates peracid anions which tend to be converted into 

diacyl peroxide in the presence of excess NOBS or at low pH [9-11]. 

Cationic bleach activators are a class of specially designed, structured quaternary 

ammonium peracid precursors [299]. The hypothesis that drove their development was that 

quaternary ammonium cations have inherent affinity to negatively charged fibers [332-342]. 

They readily diffuse into fibers, whereby the peracid species is generated by reacting with 

perhydroxyl anions on or within fibers near where stains and impurities are located. Hence, 

the color impurities can be removed efficiently. 

To test the hypothesis, this chapter aims to develop an understanding of the 

physicochemical relationship between a cationic bleach activator and cellulose fibers. In 

addition, a sorption-activation model describing the process is proposed. 

 

6.2 Experimental 

6.2.1 Materials 

N-[4-(triethylammoniomethyl)benzoyl]-butyrolactam chloride (TBBC) (4) was 

synthesized, purified and characterized by 1H-NMR, FAB-MS, and elemental analysis as 

reported previously [299]. The disodium salt of EDTA and sodium perborate monohydrate 

(SPB) were used as received from Sigma-Aldrich Co. (St. Louis, MO). Sodium bicarbonate 

(NaHCO3), sodium carbonate (Na2CO3), sodium dihydrogen phosphate monohydrate 

(NaH2PO4.H2O) and disodium hydrogen phosphate (Na2HPO4) were obtained from Fisher 

Scientific Co. (Fair Lawn, NJ). Regenerated bamboo fiber was used as the adsorbent because 

of its high wicking capability and natural yellowish impurities [308, 309]. Double deionized 
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water was used throughout the study. 

 

6.2.2 Fiber Preparation 

Regenerated bamboo fiber was kindly donated by Donghua University, China. It was 

treated in an aqueous solution containing 1 mL/L ammonia (28.4%) and 3 g/L nonionic 

detergent at 60°C for 30 min using a liquor-to-goods ratio of 100:1, rinsed thoroughly and 

then immersed in deionized water for three days and the water was changed every 24 h. The 

treated fiber was dried under ambient conditions. 

 

6.2.3 Ultraviolet-Visible Spectroscopy 

A stock solution (1000 mg/L) of TBBC was diluted with deionized water to a suitable 

concentration for measuring absorbance using a Varian Cary 300 UV-vis spectrophotometer 

and a calibration curve was generated at the maximum absorbance wavelength (Figure 6.1). 

 

6.2.4 Adsorption 

Two grams of scoured fiber was wetted in deionized water and then added to 100 mL 

TBBC solutions of varying concentration from 25 to 2000 mg/L at 25°C and mildly stirred 

using a magnetic stirrer. At a specific time (0, 1, 2, 5, 10, 15, 20, 30, 60, and 90 min), 1 mL 

solution was removed from each solution for spectrophotometric analysis. The rate of 

adsorption of TBBC was studied by evaluating the change in the concentration of TBBC in 

solution and, via back calculation, on the fiber. The equilibrium time was determined at the 
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point where the rate of adsorption of TBBC became zero. Three independent experiments 

were performed to validate the repeatability of the data. 

 

6.2.5 Bleaching Activation 

Two different TBBC-activated SPB bleaching processes were performed to 

investigate the potential role of TBBC adsorption on bleaching. However, prior to 

‘integrated’ and ‘screened’ bleaching processes, which are described below, two grams of 

wetted fiber was added to 100 mL aqueous solution containing 500 mg TBBC, allowing the 

adsorption to reach its equilibrium at 25°C. 

 

6.2.5.1 Integrated Bleaching Process 

TBBC (5000 mg/L) was first allowed to equilibrate on the fiber for 20 minutes at 

25°C, at which 50 mg EDTA was added to stabilize peroxide bleaching to metals [343, 344], 

and then the buffers shown in Table 6.1 were added. After adding 147 mg SPB (molar 

equivalent of TBBC, 14.7 mmol), the system was maintained at 25°C for 90 min. The 

bleached sample was thoroughly washed using deionized water and dried under ambient 

conditions. A control sample was processed under the same conditions except that TBBC was 

excluded from the experiment. 
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Table 6.1: Buffer Systems Used 

pH Concentration Buffer substances 

7.2 0.1 M 0.95 g Na2HPO4; 0.46 g NaH2PO4H2O 

9.0 0.1 M 0.21 g Na2CO3; 0.67 g NaHCO3 

 

6.2.5.2 Screened Bleaching Process 

TBBC (5000 mg/L) was first allowed to equilibrate on the fiber for 20 mins at 25°C, 

at which the fabric sample was removed from the bath and excess liquid was removed using 

a Werner Mathis AG laboratory padder to obtain a wet pick-up of less than 80%. The sample 

was soaked for 30 sec in a 100 mL fresh bath containing buffer, 1470 mg/L SPB and 500 

mg/L EDTA. The sample was sealed using a stoppered 125 mL Erlenmeyer flask and 

maintained at 25 °C for 90 min. The samples were thoroughly washed using deionized water 

and dried under ambient conditions. A control sample was processed under the same 

conditions except that TBBC was excluded from the experiment. Three independent 

experiments were performed to validate the repeatability of the data. 

 

6.2.6 Whiteness Measurement 

The whiteness values of bleached fibers were measured as described in Section 3.2.6. 
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6.3 Results and Discussion 

6.3.1 Absorbance Spectrum of TBBC 

It is known that the N-acyl groups in bleach activators are active and may be attacked 

by nucleophiles to hydrolyze in aqueous solution [326, 345, and also see Chapter 3]. TBBC 

is a selected cationic bleach activator with an enhanced hydrolytic stability and limited 

hydrolysis has been found in deionized water when stored for a short time [299]. Figure 6.1 

shows the UV-vis absorbance spectrum of TBBC in the wavelength range of 200 to 500 nm. 

The maximum absorbance wavelength was observed to be 228 nm. The calibration curve of 

TBBC shown in Figure 6.1 was employed for measuring the concentration of TBBC aqueous 

solution ([TBBC]), since no other reagents used had UV absorption at 228 nm. 

 

 

Figure 6.1: Absorbance spectrum of TBBC and a calibration curve 
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6.3.2 Adsorption Kinetics  

As a prerequisite to understand the interactions between TBBC and the fiber at 

equilibrium, adsorption kinetics was first investigated using a series of TBBC concentrations. 

Figure 6.2 presents the kinetic curves of adsorption. The initial rate of adsorption was fast in 

all cases, and the system reached its equilibrium after approximately 20 min. It is likely that 

TBBC quaternary ammonium cations are adsorbed onto cellulose fibers under an initial 

driving force provided by the slight negative surface charge due to ionization of hydroxy 

groups [346, 347]. The rapid adsorption is consistent with the cationic bleach activator 

hypothesis stated earlier and the rapid formation of equilibrium of TBBC adsorption 

potentially has significant practical importance in low temperature and rapid bleaching. 

 

Figure 6.2: Adsorption kinetics of TBBC in deionized water at 25°C with varying initial 

TBBC concentration 
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6.3.3 Adsorption Isotherm 

The adsorption isotherm provides an insight into the interaction between TBBC and 

the fiber. Figure 6.3 shows a scatter diagram of an isotherm by a plot of the equilibrium 

concentrations of TBBC on fiber ([TBBC]F) versus in solution ([TBBC]S). The adsorption 

capacity of regenerated bamboo fiber to TBBC increases with an increase in equilibrium 

concentration of TBBC in solution, following a trend along which no saturation adsorption 

value appears in the investigated concentration range of TBBC. 

 

 

Figure 6.3: Graph of concentration of TBBC in solution versus fiber at 25°C isotherm 

 

In order to investigate the adsorption behavior of TBBC on regenerated bamboo fiber, 

the experimental data was initially analyzed using the Langmuir isotherm which assumes that 
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a monolayer adsorption of TBBC molecules occurs on specific homogeneous sites in the 

fiber and that all the sites are identical and energetically equivalent and these sites are 

saturated and incapable of further adsorption once they are occupied by molecules [348]. The 

Langmuir isotherm is expressed in a linear form as given in Equation 6.1, 

 

[ ]
[ ] [ ]

[ ]
[ ]

1S

LF

TBBC TBBC
TBBC K S S

= + S                       (6.1) 

 

where KL is the Langmuir adsorption constant related to the affinity of the binding sites, and 

[S] is the saturation adsorption value of TBBC on fiber. 

 

 

Figure 6.4: Curve fitting using Langmuir adsorption equation for TBCC equilibrium isotherm 
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By fitting Equation 6.1 to the experimental data in Figure 6.3, a straight line was 

obtained as shown in Figure 6.4. It is observed that the Langmuir isotherm deviates from the 

linearity over the entire concentration range with a correlation coefficient of 0.9678. 

As an alternative model, the Freundlich isotherm was used for analysis of TBBC 

adsorption. The Freundlich isotherm assumes that the adsorbent has a heterogeneous surface 

with adsorption sites that have different energies of adsorption [349]. The linear form of 

Freundlich isotherm is given in Equation 6.2, 

 

10 10 10
1log [ ] log log [ ]F fTBBC K TBBC
n

= + S                   (6.2) 

 

where Kf is Freundlich adsorption constant, and 1/n is Freundlich heterogeneity factor of 

which a value closer to zero indicates that heterogeneous adsorption takes place on the 

adsorbent and there is a favorable adsorption of the adsorbate on the given adsorbent. Figure 

6.5 presents the fitting of Equation 6.2 to a plot of log10[TBBC]F versus log10[TBBC]S. A 

correlation coefficient of 0.9954 indicates that the adsorption of TBBC on cellulose fiber 

follows the Freundlich isotherm well. The heterogeneity factor of 0.4318 indicates that the 

regenerated bamboo fiber favorably takes up TBBC, probably via multilayer adsorption 

[350]. 
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Figure 6.5: Curve fitting using Freundlich adsorption equation for TBCC equilibrium 

isotherm data 

 

With the adsorption of TBBC following the Freundlich model, more TBBC molecules 

would be adsorbed onto the fiber surface with an increase in the equilibrium concentration of 

TBBC in aqueous solution. The adsorption capacity of TBBC reaches 9012 mg/kg for TBBC 

solution with an initial concentration of 2000 mg/L, which accounts for nearly 10% of the 

total amount of TBBC in the bath. 

 

6.3.4 Bleaching Activation 

Bleaching effectiveness directly depends on the formation of peracid by reaction of 

hydrogen peroxide with the chosen bleach activator [9-13]. Unlike other bleaching activators 
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whereby activating hydrogen peroxide dominantly takes place in aqueous solution [10], it is 

hypothesized that TBBC activates hydrogen peroxide via two approaches, namely activation 

in bulk solution and activation at or near a fiber surface. Because the surface activation and 

solution activation simultaneously take place in the same system, it is infeasible to determine 

the specific contribution of each to fiber bleaching. In the present study, an estimate of the 

effectiveness of surface activation was obtained by assessing the whiteness of samples 

treated in which the samples were first equilibrated with TBBC with and without removal of 

TBBC from the bulk solution prior to addition of SPB, using the screened bleaching process. 

Whiteness improvement was measured via comparison of reflectance spectra taken of the 

fabric samples and via CIE WI. This approach assumes the TBBC equilibrated on the fiber 

would not significantly change due to the addition of a new bath, SPB and EDTA to the 

integrated bleaching system. Using the screening technique, solution activation was removed 

by padding TBBC-treated samples to 78% wet pick-up, which accounted for only 1.56% of 

the total volume of solution, thereby minimizing TBBC in the bulk solution. The samples 

were then added to a new pH buffered bulk solution containing the requisite amount of SPB 

and EDTA. 

Figure 6.6 presents the surface reflectance of fibers bleached by different bleaching 

processes and Table 6.2 shows the associated CIE WI data. It shows that SPB alone provides 

no significant improvement in diffuse reflectance for fibers because it is only active at 

temperatures above 80°C and under alkaline conditions [331]. However, the reflectance was 

increased to a large extent when SPB was used with TBBC under the same conditions. This 

is because hydrogen peroxide liberated from SPB is activated by TBBC to produce the 
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stronger oxidizing peracid, which clearly bleaches under much milder conditions. 

 

 

Figure 6.6: Diffuse reflectance of fiber processed with TBBC-activated peroxide bleaching at 

pH (a) 7.2 and (b) 9.0. Symbol: —■— original substrate, —●—control sample (SPB only) of 
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screened bleaching process, —○— experimental sample of screened bleaching process, 

—▲—control sample (SPB only) of integrated bleaching process, —△—experimental 

sample of integrated bleaching process 

 
Table 6.2: CIE WI of Bleached Fibers 

pH Integrated Bleaching  Screened Bleaching 

Control Activated  Control Activated 

7.2 27.77 54.88  19.89 42.65 

9.0 28.54 56.78  25.30 45.53 

 

In Figure 6.6, the surface reflectance of the fiber bleached by the screened bleaching 

process approximates that by the integrated bleaching process. This indicates that the surface 

activation greatly contributes to the bleaching effectiveness. However, the reflectance in 

Figure 6.6 is not necessarily linearly correlated with whiteness perception. In general it is 

converted into the other scale, K/S, using Kubelka-Munk theory given in Equation 6.3, 
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−
=                            (6.3) 

 

where, R∞  is the reflectance at the wavelength from 360 to 700 nm shown in Figure 6.6. 

Then, the contribution of the surface activation (CS) is estimated by Equation 6.4, 
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where the subscripts S and I denote the fiber substrate bleached by the screened bleaching 

process and the integrated bleaching process, respectively; and the subscript O denotes the 

original fiber substrate. 

The contribution of surface activation to the perceived whiteness of the fiber is shown 

in Figure 6.7. It indicates that TBBC absorbed on fiber is responsible for the majority of the 

bleaching effectiveness, despite the apparent relatively low amount that is adsorbed onto the 

substrate (approximately 10% compared to the original bulk solution). It is hypothesized that 

the highly effective surface bleaching of TBBC is due to primary TBBC adsorption on the 

fiber surface. In other words, after the quaternary ammonium TBBC was adsorbed onto the 

negatively charged surface of the cellulose fiber, they reacted with hydrogen peroxide 

released from SPB to generate the peracid species which reacted with nearby colored 

impurities in fiber. 
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Figure 6.7: The contribution of surface activation to the perceived whiteness 

 

Figures 6.6 and 6.7 show an important feature of TBBC-activated peroxide bleaching 

that TBBC activates hydrogen peroxide at near neutral pH. The reflectance and the WI of 

fiber bleached at pH 7.2 are comparable to that at pH 9.0. The near neutral pH ensures a 

much benign aqueous medium, which avoids the possible decomposition of peracid 

generated from TBBC that occurs in an alkaline aqueous solution [315-320, 323, 329, 330]. 

 

6.3.5 Sorption-Activation Model 

A basic model can be developed based on the sorption and bleaching activation data. 

Scheme 6.2 shows a proposed model comprising three stages. The first stage is the sorption 

process of TBBC, which will depend on the nature of the substrate’s surface. Adsorption 
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isotherms show that TBBC favors a negatively charged surface, as expected. The second 

stage involves the reaction of hydrogen peroxide (which may or may not be dissociated from 

SPB) with TBBC to generate the peracid species in aqueous solution (IIsol.) and on fiber 

surface (IIsurf.), both of which contribute to bleaching the substrate, although IIsurf. is more 

effective than IIsol. The third stage is the oxidation of uncolored impurities within the fiber, 

the efficiency of which is a function of the alkalinity of aqueous solution (see also Chapters 4 

and 5); a neutral pH (7.2) has been confirmed to be adequate for TBBC working on fiber 

bleaching.  

 

 

Scheme 6.2: A proposed sorption-activation peroxide bleaching model for TBBC 
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The data generated supports this model and shows that successful TBBC-hydrogen 

peroxide bleaching can be undertaken under relatively benign conditions in a short time 

period. Near neutral pH, and relatively low temperature conditions over 90 minutes can thus 

be used for cellulose fiber bleaching and the TBBC-hydrogen peroxide bleaching system 

provide satisfactory bleaching performance under these conditions. The capability of working 

at near neutral pH (7.2) makes it possible for expanded bleaching applications as well. 

 

6.4 Conclusions 

The rate of TBBC adsorption was fast initially and reached equilibrium within 20 min. 

The adsorption follows a Freundlich isotherm, indicating a heterogeneous adsorption of 

TBBC on the cellulosic fiber. By removing TBBC from the bulk solution once the 

equilibrium was established, it was shown that the TBBC-sodium perborate bleaching system 

provided a simple means of peroxide bleaching by surface activation of hydrogen peroxide at 

pH 7.2 and 9.0. The TBBC exhausted onto the fiber was shown to contribute the majority of 

the bleaching performance when compared to TBBC in the bulk solution of the bleach bath.  

This experiment allowed development of a model approach to cationic bleach activators that 

support the original hypothesis that the cationic group brings the activator into close 

proximity to the fiber and its associated colored impurities that must be removed for effective 

bleaching to take place. 
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Chapter 7 Comparison of Bleaching Greige and Scoured 

Cotton Using a Hydrogen Peroxide - N-[4-(Triethyl 

ammoniomethyl)benzoyl]butyrolactam Chloride System 

 

7.1 Introduction 

As discussed in Chapters 4 and 5, N-[4-(Triethylammoniomethyl)benzoyl] 

butyrolactam chloride (TBBC) (4) bleaches both bamboo and cotton, in which the most 

important variables to affect whiteness are the TBBC concentration and pH. The unusually 

benign conditions under which cellulosic fibers can be bleached using TBBC means that 

potential for a new low energy combined scour and bleach system may be feasible. In 

addition, the study in Chapter 6 showed TBBC has inherent substantivity to negatively 

charged cellulosic fibers and readily reacts with hydrogen peroxide to remove colored 

impurities efficiently under relatively benign conditions.  

In general a bleach activated system comprises bleach activator and hydrogen 

peroxide at a molar ratio of around 1:10. It involves the use of 5 g/L to 10 g/L hydrogen 

peroxide (35% w/w) which also is a working concentration for a conventional peroxide 

bleaching system [14, 20, 23]. In this chapter, TBBC is used at the molar ratio of 1:1 to 

hydrogen peroxide for bleaching greige and scoured cotton. A comparison of bleaching 

greige and scoured cotton provides the potential of a combined scour and activator-based 

bleach process for cotton bleaching.  
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7.2 Experimental 

7.2.1 Materials 

TBBC was synthesized and purified according to a procedure reported previously 

[299]. The fabrics used in the experiments were 100% greige cotton (175 g/m2) provided by 

Procter & Gamble Co. (Cincinnati, OH) and 100% scoured cotton (107 g/m2) (Testfabrics, 

West Pittston, PA). Hydrogen peroxide (35% w/w) and EDTA disodium salt were purchased 

from Sigma-Aldrich Co. (St. Louis, MO). Sodium hydroxide, sodium dihydrogen phosphate 

and disodium hydrogen phosphate were purchased from Fisher Scientific Co. (Fairlawn, NJ) 

to prepare 0.1 M buffer solutions. The wetting agent (Kieralon MFB) was purchased from 

BASF (Charlotte, NC). To simulate real conditions in a production setting, Raleigh city water 

was used for bleaching and washing process. 

 

7.2.2 Bleaching 

The bleaching conditions used are listed in Table 7.1. All the bleaching experiments 

were performed using an Ahiba Nuance Infrared Laboratory Dyeing Machine (Datacolor 

International, USA) at a liquor-to-goods ratio of 20:1. After the temperature was raised to the 

target at the rate of 4 °C/min, the bleaching was maintained for a desired time. The bleached 

fabrics were thoroughly rinsed with copious amounts of cold water and dried under ambient 

conditions. Each bleaching experiment was followed by a control bleaching experiment that 

excluded TBBC. 
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Table 7.1: Bleaching Systems 

Conditions Cationic activated bleaching Conventional bleaching  

pH 7.2 11.5 

H2O2 (35% w/w) 0 - 2.87 g/L 6 g/L 

TBBC x g/L (1:1 molar ratio vs. H2O2) 0 

EDTA 0.5 g/L 0.5 g/L 

Wetting agent 1 g/L 1 g/L 

Temperature 50 °C 100 °C 

Time 0 - 180 min 30 min 

 

 

7.2.3 Whiteness Measurement 

The CIE Whiteness Index (CIE WI) was measured by the method described in 

Section 3.2.6. 

 

7.2.4 Fiber Damage 

The cotton fiber damage due to bleaching was evaluated by the degree of 

polymerization (DP) measured by the method described in Section 4.2.7. 
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7.3 Results and Discussion 

The optimized variables that were found from the designed experiment described in 

Chapter 5 were used as a basis for comparing the bleaching performance of TBBC on both 

greige and scoured cotton. Table 7.1 provides the bleaching conditions for both low 

temperature TBBC-H2O2 bleaching and conventional alkaline peroxide bleaching without 

activator. As shown in Figures 7.1 and 7.2, at 50 °C and pH value of 7.2, the system 

containing hydrogen peroxide alone (i.e. no activator) provided little whiteness improvement 

to the cotton fabrics regardless of time and concentration of hydrogen peroxide used . This is 

not surprising since the dissociation of hydrogen peroxide to the main oxidizing agent, the 

perhydroxyl anion, occurs at a pH value about 11.5 and usually effective bleaching is only 

attained at temperatures around 95 °C [293]. However, when TBBC was added to the system 

the whiteness values of cotton fabrics significantly improved. It was observed that a dosage 

of 5 g/L TBBC vs. 1.43 g/L H2O2 (35% w/w) was sufficient for a satisfactory whiteness 

value in a 30-min bleaching process at pH 7.2 and 50 °C.  
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Figure 7.1: Effect of TBBC dosage on whiteness of (a) greige and (b) scoured cotton 

bleached for 30 min 
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Figure 7.2: Effect of bleaching time on whiteness of (a) greige and (b) scoured cotton 

bleached using 10 g/L TBBC vs. 2.87 g/L H2O2 (35% w/w) 
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Figures 7.3 and 7.4 present comparisons of the whiteness values and the degree of 

polymerization (DP) of cotton fabrics bleached using the TBBC activated bleaching system 

(10 g/L TBBC vs. 2.87 g/L 35% H2O2, 30 min) and using the conventional bleaching system 

(Table 7.1), respectively. Figure 7.3 shows that the whiteness values obtained by the TBBC 

activated bleaching system are comparable to those obtained by the conventional bleaching 

system. It is known that cotton fibers are damaged due to oxidation at high pH and high 

temperature. As shown in Figure 7.4, the TBBC activated peroxide bleaching system has the 

advantage of reduced fiber damage compared to conventional peroxide bleaching, as 

measured by the DP values; a greater DP value indicates less fiber damage caused in 

bleaching. In fact, the TBBC activated peroxide bleaching system at neutral pH leads to 

insignificant fiber damage by comparison with the control fabric sample tested. This 

indicates that TBBC is capable of activating hydrogen peroxide at near neutral pH, 

conducting an effective bleaching system at a reduced temperature. 
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Figure 7.3: Comparisons of Whiteness Index of bleached cotton fibers 

 

Figure 7.4: Comparison of degree of polymerization of bleached cotton fibers 
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In previous work in our laboratory, and by others working on bleach activators, a 

molar ratio of bleach activator to H2O2 of 1:10 was used, assuming that both the perhydroxyl 

anions (OOH-) and the peracid species (COOOH or COOO-) contribute to the bleaching 

[14-27], with the latter responsible for enhancing bleaching performance and thereby 

enabling bleaching at reduced temperature and/or time. In the cationic bleaching system used 

here, however, a molar ratio of TBBC to H2O2 of 1:1 was used and the concentration of 

hydrogen peroxide was reduced from conventional levels of 8.85 g/L [23] to only 1.43 g/L 

for 35% w/w solutions. This approach was found to be sufficient for a satisfactory whiteness. 

No enhanced bleaching was evident when an excess amount of H2O2 was used in the cationic 

activated bleaching system due to the neutral pH and the relatively mild temperature of 50 °C 

employed. Increasing pH to increase the bleaching effectiveness of H2O2 could lead to the 

hydrolysis of TBBC as discussed in Chapter 4. Hence, it is unnecessary to use an excess of 

H2O2 in the cationic activated peroxide bleaching system. 

Figures 7.1 and 7.2 show that the TBBC-activated bleaching system provides a 

greater whiteness value for scoured cotton than for greige cotton. One reason is that the 

initial whiteness of the greige fabric is lower than the scoured cotton. In addition, the 

presence of waxes and proteins in the greige fabric prevents rapid wetting and therefore these 

must be removed during the process [2]. It is known that cellulose fibers can be negatively 

charged due to ionization of surface polar groups and their interactions with solvent 

molecules in aqueous solution [346, 347]. As shown in Chapter 6, the inherent substantivity 

of TBBC towards the negatively charged surface provides the driving force for TBBC to 

easily diffuse into the fibers, which likely enhances oxidation at the relevant sites on the 
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substrate. Since the greige cotton contains natural impurities such as wax, pectins, and 

proteins which are water repellent, exhibiting little water absorbency, the negative charge on 

the surface is substantially reduced and thereby reduces the affinity of TBBC to the untreated 

fiber. While a wetting agent was added to the bleach system to improve wettability of greige 

cotton to facilitate the interaction between TBBC and fibers, it does not increase the active 

sites of fiber to TBBC. As a result, some of the peroxy bleaching agents may hydrolyze in 

the bulk solution, thereby reducing efficiency. 

 

7.4 Conclusions 

The capability of TBBC activating hydrogen peroxide at a near neutral pH value and 

a lower temperature provides an effective bleaching system that overcomes some of the 

drawbacks of the conventional hydrogen peroxide bleaching system, especially energy 

consumption and strength loss. Compared with the conventional peroxide bleaching system, 

the cationic activated bleaching system provides a comparable whiteness but comparatively 

low fiber damage. The TBBC-based neutral bleaching system was found to be more effective 

in increasing whiteness when applied to scoured cotton than to greige cotton. A combined 

scour and activator-based bleach process, that includes cellulase and proteinase enzymes to 

aid removal of proteins and waxes, under neutral TBBC bleaching conditions described here 

is a worthwhile future experiment. 
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Chapter 8 Effect of UV Content on the Whiteness of 

Fluorescent White Materials 

 

8.1 Introduction 

Fluorescent white materials generally have better whiteness than non-fluorescent 

whitened materials due to the phenomenon of fluorescence by which a compound absorbs 

UV light and, through a process of quantum mechanical intersystem crossing, emits light at 

longer wavelength to that which was absorbed [28]. In the textile industry, fluorescent 

brightening agents (FBA), also known as optical brightening agents, are widely employed as 

an effective method to improve the white appearance of textile substrates, which can lead to a 

bright bluish white appearance [29], although other tints of whiteness are possible by varying 

the emission properties of FBAs. The whiteness of fluorescent white materials depends on 

the fluorescence properties of the FBA employed and the UV content of the incident light 

source(s) [30-33].  

In this chapter, the effects of the amount of FBA applied to a substrate and the UV 

intensity and spectra of standard light sources on whiteness are investigated by 

spectrophotometric and spectroradiometric methods. 
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8.2 Experimental 

8.2.1 Materials 

C.I. Fluorescent Brightener 28 was purchased from Sigma-Aldrich (St Louis, MO). 

Bleached cotton knit fabric (No. 460, 100%, 187 g/m2) was purchased from Testfabrics Inc. 

(West Pittston, PA). The AATCC Textile UV Calibration Standard (TUVCS) was purchased 

from AATCC (Research Triangle Park, NC). A polytetrafluoroethylene (PTFE) Diffuse 

Reflectance Standard (OL 55RS) was purchased from Optronic Laboratories, Inc. (Orlando, 

FL). A SpectraLight III Standard Viewing Booth (X-rite, Inc., Grand Rapids, MI) was 

equipped with filtered incandescent sources to simulate daylight (6500K), horizon lamps 

(2300K), incandescent lamps (2850K), cool white fluorescent lamps (4100K), and triband 

Ultralume 30 fluorescent lamps (3000 K). 

 

8.2.2 Preparation of Fluorescent Cotton Samples 

Cotton fabric samples (10 g) were whitened with C.I. Fluorescent Brightener 28 at 

95 °C for 40 min using 0%, 0.025%, 0.25% and 2.5% (owf) concentrations in an exhaustion 

process. The process was undertaken in an Ahiba Nuance Infrared Laboratory Dyeing 

Machine (Datacolor International, USA) at a liquor-to-goods ratio of 20:1. The fluorescent 

whitened cotton samples were separately mounted on 3×3 inches stiff cardboards. 

 

8.2.3 Spectrophotometric Measurements 

Spectrophotmetric reflectance measurements were performed using a Spectraflash SF 
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600 X (Datacolor International, USA) Reflectance Spectrophotometer. The 

spectrophotometer was calibrated for measuring the reflectance spectra and whiteness in two 

different settings: 

1) Normal calibration: large area view, specular included, CIE 10 degree 

supplemental standard observer, UV filter at “Calibrator” with remaining part of UV at 0, 25, 

50, 75 and 100%. 

2) AATCC recommended calibration for measurement of whiteness: large area view, 

specular included, CIE 10 degree supplemental standard observer, UV filter at “Illuminant 

D65” followed by the UV calibrated with TUVCS according to AATCC Evaluation 

Procedure 11-2007 [306]. 

CIE Whiteness Index (CIE WI) values were calculated from the reflectance spectra of 

each sample using AATCC Test Method 110-2000 [38]. 

 

8.2.4 Spectroradiometric Measurements 

Photometric and radiometric measurements of each of the light sources in the 

SpectraLight III were carried out using an Optronic Laboratories (Orlando, FL) OL 750 

Automated Spectroradiometer equipped with fiber optic probes and a reflex telescope. The 

spectroradiometer was calibrated for two modes of radiance and irradiance in the wavelength 

range of 250 to 850 nm with 1 nm interval according to instrument manufacturer instructions 

[351].  
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8.2.4.1 Radiance Measurements 

The reflex telescope was positioned at the distance of 100 cm from the SpectraLight 

III light sources. Setting the reflex mirror to the “View” position, the tested light source was 

focused by the telescope until a sharp image was seen through the reflex mirror. Using the 

eyepiece reticle, once the field of view (aperture) area was overfilled by the source, the reflex 

mirror was switched to the “Measurement” position for radiance measurement.  

 

8.2.4.2 Irradiance Measurements  

A PTFE Diffuse Reflectance Standard and the fluorescent whitened cotton samples 

were positioned on the floor of the SpectraLight III viewing booth, and were irradiated by 

each of the light sources at a 45° angle of incidence. The optical axis of the reflex telescope 

was normal to the measured samples at the distance of 100 cm. The samples were focused 

and measured in the irradiance mode, in the same way described in Section 8.2.4.1. 

 

8.3 Results and Discussion 

8.3.1 Effect of UV Content on the Measured Whiteness 

The effect of UV content on the reflectance spectra of samples of varying levels of 

FBA treatment is shown in Figures 8.1-8.6. The TUVCS is a fluorescent white fabric that is 

used as AATCC standard for UV calibration of light sources of spectrophotometers. The UV 

calibration method is used to improve inter-instrument agreement when measuring white or 

light to medium colored textiles that have been optically brightened with an FBA. The 
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TUVCS exhibits increased spectral reflectance as the relative UV content in the xenon flash 

light source is varied from 0% to 100% (Figure 8.1), demonstrating the potential effect of 

varying UV content of light sources in standard viewing booths on spectral radiance factor of 

fluorescent white textile samples. The PTFE, commonly used as diffuse reflectance standard, 

shows constant spectral reflectance regardless of the level of UV content in the light source 

(Figure 8.2), demonstrating the absence of fluorescence in the PTFE standard, as expected. 

Clearly, the level of UV in the light source is a key variable to the measured spectra of 

TUVCS, and all other fluorescent white materials (Figures 8.3-8.6). 

 

Figure 8.1: Spectral radiance curves of TUVCS at various relative UV intensities as 

measured via reflectance spectrophotometry. 
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Figure 8.2: Spectral radiance curves of PTFE at various relative UV intensities as measured 

via reflectance spectrophotometry. 
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Figure 8.3: Spectral radiance curves of Cotton containing 0% FBA at various relative UV 

intensities as measured via reflectance spectrophotometry. 
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Figure 8.4: Spectral radiance curves of Cotton treated with 0.025% FBA at various relative 

UV intensities as measured via reflectance spectrophotometry. 
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Figure 8.5: Spectral radiance curves of Cotton treated with 0.25% FBA at various relative 

UV intensities as measured via reflectance spectrophotometry. 
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Figure 8.6: Spectral radiance curves of Cotton treated with 2.5% FBA at various relative UV 

intensities as measured via reflectance spectrophotometry. 

 

Using the TUVCS calibration, 75.85% UV energy of the UV source in the 

spectrophotometer (using UV cutoff filter) was added to the daylight source for measuring 

samples. The spectra of the FBA treated textile samples and the PTFE measured with such a 

calibrated UV content are shown in Figure 8.7. It is seen in Figure 8.7 that the quantity of 

fluorescence is related to the amount of the FBA applied. However, there is a maximum 

spectral reflectance limit for the amount of the FBA that can be incorporated into textile 

materials. Cotton treated with 2.5% FBA shows a reduced spectral radiance factor than 

Cotton treated with 0.25% FBA, indicating that an overload of FBA causes fluorescence 

quenching and UV depletion. Either of these phenomena would result in reduction of 
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perceived whiteness of fluorescent white materials [34]. Figure 8.8 shows the whiteness 

values calculated from the spectra shown in Figures 8.1-8.7. It can be seen that the 

fluorescent white materials exhibit different whiteness as the UV content of the light source 

varies. In addition, the measured whiteness values of each sample when the source’s UV 

content is not calibrated deviates from the values measured when the UV content is 

calibrated. The whiteness of PTFE and Cotton-FBA 0% sample has not been affected by the 

UV content due to the absence of fluorescence. 

 

 

Figure 8.7: Spectral radiance curves of fluorescent whitened cotton measured with UV 

calibrated (75.85% UV content) and compared to TUVCS and PTFE standards. 
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Figure 8.8: CIE WI of white samples measured with a source filtered to contain various UV 

Contents. 

 

8.3.2 Spectroradiometric Measurements of Light Sources in a Viewing Booth 

The light sources installed in a SpectraLight III viewing booth were characterized by 

spectroradiometry. Their spectral radiance is shown in Figures 8.9-8.13. All the light sources 

in the viewing booth had lower UV emission compared to the UV content of the UV 

calibrated spectrophotometer’s source. While the daylight simulator contains the highest 

level of UV compared to the other sources, it is low compared with the defined standard 

illuminant D65, as shown in Figure 8.14, in which the relative spectral power distribution of 

the source was calculated using Equation 8.1, 
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=                          (8.1) 

 

where ( )E λ  is the spectral irradiance as defined in Equation 2.12, and 0( )E λ  is the 

spectral irradiance at a specific wavelength. 

 

 

Figure 8.9: Radiance curve of the daylight simulator in the SpectraLight III viewing booth 

examined. 
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Figure 8.10: Radiance curve of the incandescent lamps in the SpectraLight III examined. 

 

Figure 8.11: Radiance curve of the horizon lamps in the SpectraLight III examined. 
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Figure 8.12: Radiance curve of cool white fluorescent lamps in the SpectraLight III 

examined. 

 

Figure 8.13: Radiance curve of the Ultralume 30 fluorescent lamps in the SpectraLight III 

examined. 

 215



 

Figure 8.14: Comparison of the relative SPD curves of the filtered incandescent daylight 

simulator in the SpectraLight III examined and standard illuminant D65 normalized at 560 

nm. 

 

The relatively low levels of UV in these light sources lead to their incapability for 

accurate color matching of fluorescent white samples in the viewing booth. Figures 8.15-8.19 

show the spectral irradiance of light sources over the surface of fluorescent white samples, 

indicating the importance of UV light in light sources to the perception of fluorescent white 

materials by comparison with the spectral irradiance of these light sources over the PTFE. In 

order to make a clear comparison, the spectral irradiance in Figures 8.15-8.19 was 

normalized at a specific wavelength according to Equation 8.1 and the relative spectral 

irradiance is shown in Figures 8.20-8.24. 
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Figure 8.15: Spectral irradiance curves measured over the surface of fluorescent white 

materials irradiated by the daylight simulating lamp in a SpectraLight III viewing booth. 
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Figure 8.16: Spectral irradiance measured over the surface of fluorescent white materials 

irradiated by the incandescent lamp in a SpectraLight III viewing booth. 
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Figure 8.17: Relative spectral irradiance measured over the surface of fluorescent white 

materials irradiated by the horizon lamps in a SpectraLight III viewing booth. 
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Figure 8.18: Spectral irradiance measured over the surface of fluorescent white materials 

irradiated by the cool white fluorescent lamps in a SpectraLight III viewing booth. 
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Figure 8.19: Spectral irradiance measured over the surface of fluorescent white materials 

irradiated by the Ultralume 30 lamps in a SpectraLight III viewing booth. 
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Figure 8.20: Relative spectral irradiance measured over the surface of fluorescent white 

materials irradiated by the daylight simulating lamps in the SpectraLight III normalized at 

560 nm. 
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Figure 8.21: Relative spectral irradiance measured over the surface of fluorescent white 

materials irradiated by the incandescent lamps in the SpectraLight III normalized at 560 nm. 
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Figure 8.22: Relative spectral irradiance measured over the surface of fluorescent white 

materials irradiated by the horizon lamps in the SpectraLight III normalized at 560 nm. 

 224



 

 

 

 

 

 

Figure 8.23: Relative spectral irradiance measured over the surface of fluorescent white 

materials irradiated by the cool white fluorescent lamps in the SpectraLight III normalized at 

546 nm. 
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Figure 8.24: Relative spectral irradiance measured over the surface of fluorescent white 

materials and irradiated by the Ultralume 30 fluorescent lamps in the SpectraLight III 

normalized at 610 nm. 

 

In the Figure 8.15-8.19, the PTFE diffuse reflectance standard is a uniform diffuse 

reflector without fluorescence emission, and displays a perfect diffuse reflectance under each 

light source. Compared with the PTFE standard, the cotton samples always display 

absorbance or scattering of light under different sources. The presence of the FBA in these 

cotton samples, regardless of concentration, strengthened the absorbance of UV light and 

reflectance of visible light. For example, the samples did not modify the irradiance 

substantially compared to the PTFE standard when incandescent, horizon, cool white 

fluorescent and Ultralume 30 fluorescent lamps were used to irradiate the samples, due to the 
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low levels of UV in the sources.  In the case of the daylight simulator illuminating the 

fluorescent samples, the UV content in the simulator does affect the emission of the 

fluorescent samples, with proportional increase in the blue emission as a function of FBA 

concentration (Figure 8.15).  

In addition, Figure 8.15 shows that the UV light detected by spectroradiometry 

decreases as the quantity of fluorescent brighter increases in the cotton samples. However, 

despite an order of magnitude increase in FBA between the Cotton-FBA 2.5% compared to 

the Cotton-FBA 0.25%, only a slight change in the emission spectra in the visible region was 

observed. Additional experiments to ascertain the perceptual effect, if any, are needed in 

order to determine the significance of the emission data. 

 

8.4 Conclusions 

The UV content of the light source in a spectrophotometer has a significant effect on 

the spectral radiance factor and whiteness of fluorescent white materials. The UV content in 

a spectrophotometer does not appear to correlate with the levels incident on samples using a 

standard viewing booth with daylight simulation via a filtered incandescent lamp. While 

calibration of the UV content of a light source is important when measuring the whiteness 

index of fluorescent white materials, further work is required to correlate measurement to 

perceived whiteness, which will likely require appropriate calibration of the UV content in 

standard viewing booths when daylight is specified. However, under other light sources, the 

level of UV is sufficiently low that calibration may not be needed. However, further work is 

required to determine the level of variability in UV content between standard viewing booths 
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for all major standard light sources. Despite having higher UV emission compared with other 

light sources, the daylight simulating lamp in SpectraLight III does not correlate well in the 

UV region when compared to the CIE standard illuminant D65. Inadequate UV emission of 

light sources or excessive amounts of fluorescent brightener may limit the emission of 

fluorescence and thus limit the perceived whiteness of fluorescent white materials. 
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Chapter 9 Conclusions and Recommendations for Future 

Research 

 

A new bleaching system was developed at near neutral pH and 50 °C using TBBC 

and hydrogen peroxide for both cotton and bamboo fibers. The bleaching system produced 

comparable whiteness compared with conventional hot peroxide bleaching for bleaching 

regenerated bamboo fiber, scoured cotton, and even greige cotton.  

However, due to the presence of waxes and oils on greige cotton, the bleaching 

performance on greige cotton was lower than that for scoured cotton. A combined scour and 

TBBC activator-based bleach process that includes cellulase and proteinase enzymes to aid 

removal of proteins and waxes is a worthwhile future experiment, and is viable due to the 

near neutral pH and mild temperature conditions. The development of a combined bioscour 

and bleach system at near neutral pH and 50-70 oC would be a desirable method that reduces 

process time and energy consumption.   

A key factor to the improved bleaching performance over previous work using TBBC 

and other bleach activators was to employ a molar ratio of TBBC to H2O2 of 1:1.  Previous 

work used a large excess of H2O2 over the chosen activator. Further work is required to 

determine the basis of reduced efficiency of TBBC-hydrogen peroxide bleaching at higher 

pH and temperature, ideally via real-time analysis of the reaction conditions during a 

designed experiment. This work will likely aid the development of applications of TBBC in 

other areas.   
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 Compared with conventional peroxide bleaching, TBBC-activated peroxide 

bleaching provides comparable whiteness but reduced de-polymerization when applied to 

scoured cotton. An effective concentration of TBBC and hydrogen peroxide was found to be 

14.7 mmol/L, which is equivalent to 5 g/L TBBC and not likely to produce excessive cost for 

commercial applications. Further optimization of the method may be possible during scale-up 

of the bleaching of cotton and other cellulosic fibers. The data indicate that TBBC can be 

used to provide near neutral bleaching of cotton at 50 °C suitable for dyeing pale shades and 

bright colors, while at the same time preventing substantial loss of fiber strength. The 

quantity of 5 g/L TBBC can provide a satisfactory whiteness to cellulose fibers. However, 

this result was only confirmed for hot bleaching process at a small scale. A scale-up 

bleaching should be carried out for both hot and cold pad-batch processes, which will 

provide the evaluation for the potential industrial applications. In addition, a comparison of 

bleaching performance between TBBC and existing commercial bleach activators such as 

TAED and NOBS will provide evaluation for its practical importance. 

The inherent affinity of TBBC for cellulosic fibers was confirmed by analysis of the 

adsorption of TBBC on regenerated bamboo fiber, with exhaustion of the activator reaching 

equilibrium within 20 minutes at 20 °C.   

A new combined bleach activator and fluorescent brightening agent, disodium 

4,4’-bis((4-chloro,6-(4-(2-oxoazepane-1-carbonyl)phenylamino)-1,3,5-triazin-2-yl)amino)stil

bene-2-2’-disulfonate, was synthesized and employed for bleaching cotton. While effective 

bleaching was obtained, the fluorescence efficiency was relatively low compared to 

conventional FBAs. In addition, liquid chromatography mass spectrometry analysis showed 
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that hydrolysis of the diacyl compound occurred when the compound was modified for 

improved fluorescence by introducing 3-aminobenzenesulfonic acid. In order to avoid the 

hydrolysis, future research should focus on the synthesis carried out using polar aprotic 

solvents, such as DMF. 

The spectrophotometric measurements of fluorescent white materials showed the 

significant effect of UV content of the light source on the measured spectra and CIE 

whiteness index. The UV content in a spectrophotometer does not appear to correlate with 

the levels incident on samples using a standard viewing booth with daylight simulation via a 

filtered incandescent lamp. While spectrophotemetric calibration of the UV content of a light 

source is important when measuring the whiteness index of fluorescent white materials, 

further work is required to correlate measurement to perceived whiteness, which will likely 

require appropriate calibration of the UV content in standard viewing booths when daylight 

is specified such that the calibration will correlate between viewing booth and 

spectrophotometric measurement. Under other light sources, the level of UV is sufficiently 

low that calibration may not be needed as the effect on fluorescence of the optically whitened 

samples analyzed was low for these light sources. Further work is required to determine the 

level of variability in UV content between standard viewing booths for all major standard 

light sources.   

Despite having higher UV emission compared with other light sources, the daylight 

simulating lamps in SpectraLight III do not correlate well in the UV region when compared 

to the CIE standard illuminant D65. Finally, it was shown that inadequate UV emission of 

light sources, or excessive amounts of fluorescent brightener, may limit the emission of 
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fluorescence and thus limit the perceived whiteness of fluorescent white materials. In order to 

investigate this, a standard viewing booth with variable UV content that is adequate for 

visually matching fluorescent white materials should be investigated to aid development of a 

correlation between the UV content of the viewing booth, CIE standard illuminants and 

spectrophotometric UV calibration. This level of control of fluorescent textile materials has 

yet to be realized. 
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