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 9 

Abstract 10 

An analysis is provided of the various concepts and theories that have been proposed to account for 11 

the manner by which added NaCl or Na2SO4 promotes the uptake of direct dyes on cellulosic fibres. 12 

Although conventional approaches to describe the mechanism by which direct dye adsorption 13 

occurs entail the use of complex mathematical interpretations of isothermal equilibrium dye 14 

adsorption data, such interpretations are unable to satisfactorily explain not only why direct dyes 15 

display inherently low uptake on cellulosic fibres in the absence of added inorganic electrolyte but 16 

also why added inorganic electrolyte is so effective in promoting dye uptake. 17 

 18 

Highlights 19 

•  inorganic electrolyte is widely used in cellulosic fibre dyeing 20 

•  various theories have been proposed to explain the role of electrolyte 21 

•  such theories provide only approximate explanations 22 

 23 

keywords: dyeing cotton; dyeing auxiliaries; electrolyte; direct dyes; salt-free dyeing 24 

 25 

abbreviations 26 

CLY: lyocell; CV: viscose; PES polyethylene terephthalate; omf: on mass of fibre 27 
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1 Introduction 28 

This paper concerns the application of dyes to textile fibres from aqueous dyebaths using immersion 29 

dyeing processes and the role of some of the common auxiliaries that are employed in such dyeing 30 

processes. Although dyeing auxiliaries have enjoyed widespread usage for many centuries and a 31 

substantial number of different types of auxiliary are nowadays available, the precise mode of action 32 

of many auxiliaries has not been fully resolved. This paper seeks to examine the mechanism of 33 

action of common auxiliaries that are used in the application of dyes to textile fibres from aqueous 34 

dyebaths using immersion processing 35 

 36 

From a global perspective, considerable amounts of dyeing auxiliaries are consumed annually; 37 

indeed, the consumption of dyebath auxiliaries is considered to be 60-70% of that of dyes (1). Whilst 38 

detailed statistics relating to global dye usage are unavailable in the public domain, an estimate can 39 

be made (2) based on published figures for world fibre production and assuming that an average of 40 

2% on mass of fibre (omf) dye is used for textile coloration. According to this particular approach, as 41 

world textile fibre production in 2015 was 90.6 x 106 T (3), of which cotton & man-made cellulosic 42 

fibres accounted for ~31% (28.1 x 106 T) and PES fibres ~58.5% (53.1 x 106 T), with wool, silk and 43 

other natural fibres making up only a very small proportion (~1.4%; 1.2 x 106 T) and other man-44 

made and synthetic fibres comprising ~9.1% (~8.2 x 106 T), then, of the estimated global dye 45 

consumption of ~1.8 x 106 T in 2015, some 1.1–1.3 x 106 T of auxiliary would have been consumed 46 

in textile dyeing.  47 

 48 

In the first part of the paper (4) the different types of auxiliary and the nature of the assistance they 49 

impart to immersion dyeing processes were discussed, together with both environmental and 50 

financial aspects associated with their use, as well as a discussion of the relationship between liquor 51 

ratio and the use of auxiliaries in immersion dyeing. In view of the enduring global popularity of 52 

cotton and other cellulosic fibres such as lyocell (CLY) and viscose (CV) [usage in 2015 being ~28.1 53 

x 106 T (4)], this part of the paper will consider the role of the most fundamentally important dyeing 54 
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auxiliary utilised in the dyeing of cotton and other cellulosic fibres with direct dyes, namely inorganic 55 

electrolyte, in the form of either sodium chloride or sodium sulfate. 56 

 57 

By way of brief introduction, added inorganic electrolyte is routinely added to direct dye dyebaths in 58 

order to promote both the rate and extent of uptake on cellulosic fibres; indeed, added NaCl or 59 

Na2SO4 has been an essential constituent of all exhaust direct dyeing processes for cellulosic fibres 60 

for well over a century. The use of inorganic electrolyte in direct dyeing has attracted considerable 61 

research interest and many theories have been proposed to explain its effect upon dye uptake 62 

promotion. However, none of these theories adequately describes the promotional effect of 63 

inorganic electrolyte upon direct dye uptake; furthermore, none of the proposed theories can be 64 

interpreted in terms of the currently accepted physico-chemical mechanism by which direct dyes are 65 

adsorbed onto cellulosic fibres.  66 

 67 

The primary objective of the work described in this part of the paper was to clarify the precise 68 

manner by which added inorganic electrolyte influences direct dye uptake on cellulosic substrates. 69 

As such, this part of the paper presents a critical analysis of published research studies relating to 70 

the influence of added inorganic electrolyte on the uptake of direct dyes on cellulosic substrates.  71 

 72 

Subsequent parts of the paper will discuss how the findings from this analysis can be used to 73 

develop a theoretical model which explains the promotional effect imparted by added inorganic 74 

electrolyte on the uptake of direct dyes on cellulosic fibres. It will also be subsequently 75 

demonstrated that the same theoretical model can be employed to describe the promotional effect 76 

on direct dye uptake imparted by a reduction in the liquor ratio utilised for dyeing. In a later part of 77 

the paper, it will be shown that when experimental results obtained for the application of direct dyes 78 

to cotton are interpreted using these two theoretical models, it is possible to explain why cotton (and 79 

other cellulosic fibres) can be dyed using direct dyes employing an immersion process in the 80 

complete absence of added electrolyte at low liquor ratio.  81 

 82 
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2. added electrolyte in the dyeing of cellulosic fibres 83 

Five classes of dye can be used to dye cotton and other cellulosic fibres namely reactive dyes, 84 

sulphur dyes, vat dyes, azoic colorants and, of relevance to this part of the paper, direct dyes. As a 85 

corollary of the continued growth in the popularity of reactive dyes over the past 60 or so years 86 

since their commercial introduction, global consumption of the other four classes of dye has 87 

declined and direct dyes nowadays account for around 11% of global dye consumption for cellulosic 88 

fibres (Figure 1). Of the previously mentioned estimated global dye consumption of 1.81 x 106 T in 89 

2015, the proportion that was used to dye cellulosic fibres would have been ~560,000 T, with ~10-90 

12% of this amount, equivalent to some 56,000-67,000 T, being direct dyes.  91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

Figure 1 estimated consumption of dyes for cellulosic fibres 103 

 104 

Despite the seemingly unstoppable growth in the popularity of reactive dyes over the past six or so 105 

decades and the fact that direct dyes account for only ~10-12% of the dyes that are used on 106 

cellulosic fibres, the amount of direct dye employed globally in dyeing, is, nonetheless, substantial. 107 

The reasons for the commercial resilience of direct dyes include the inherent simplicity of the 108 

immersion dyeing process as well as the ability of the dyes to furnish typically low cost, bright 109 

shades in pale/medium depths of moderate-good light fastness. Although dyeings on cellulosic 110 
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fibres typically display only poor-moderate wet fastness (eg towards washing, water, etc.), an 111 

aftertreatment of the dyeing with a cationic fixing agent can secure much improved levels of wet 112 

fastness. 113 

 114 

The above mentioned five classes of dye vary not only in terms of both their aesthetic and technical 115 

characteristics on cellulosic fibres (eg brightness, shade range, fastness, etc.) but also in terms of 116 

the conditions that are used for their exhaust application (eg temperature, pH, etc.). Nevertheless, 117 

the five dye classes share one inherent feature, namely that the immersion application of selected 118 

azoic coupling components, leuco vat anions and sulphur anions, as well as reactive dyes and 119 

direct dyes to cellulosic fibres, routinely entails the addition of added electrolyte (NaCl or Na2SO4) to 120 

the dyebath in order to promote dye uptake; in the case of reactive dyes, the added electrolyte also 121 

promotes dye fixation. The amount of electrolyte employed in dyeing varies not only between 122 

different classes of anionic dye, as exemplified by the data shown in Table 1 for direct dyes and 123 

reactive dyes, but also between different members of the same dye class.  124 

 125 

Table 1 Typical electrolyte usage for direct and reactive dyes on cotton (5) 126 

depth of shade amount of dye/ %omf 
amount of electrolyte / g l-1 

direct dyes  reactive dyes  

pastel/light <1.5 2.5-7.5 30-50 

medium 1.0-2.5 7.5-12.5 70-80 

dark >2.5 12.5-20.0 80-100 

 127 

The latter aspect is illustrated by the findings that different amounts of added NaCl, ranging from 0 128 

to 30% omf, were required to achieve the same level (50%) of exhaustion of different direct dyes on 129 

CV (6); furthermore, the uptake of various, purified direct dyes onto both cotton and CV in the 130 

presence of 5 gl-1 NaCl demonstrated similar, considerable variation (6).  131 

 132 

 133 
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 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

Figure 2 Effect of added electrolyte on adsorption of purified C.I. Direct Blue 1 on CV sheet; 0.05 gl-1 dye; 143 

0.0855M electrolyte; 98oC; plotted using data from (7) 144 

 145 

Three types of inorganic electrolyte are commonly used in cellulosic fibre dyeing namely anhydrous 146 

(aka calcined) sodium sulfate, Na2SO4, sodium sulfate decahydrate (Glauber’s salt) Na2SO4 x 10 147 

H2O and sodium chloride (1 kg of NaCl ≡ 1.22 kg Na2SO4 or 2.78 kg Na2SO4 x 10 H2O). Despite the 148 

widespread popularity of NaCl and Na2SO4 in the immersion application of direct dyes to cellulosic 149 

fibres, the use of other inorganic electrolytes has received attention from the viewpoint of the 150 

promotion of dye uptake [eg (7-12)]. In essence, whilst similar levels of dye adsorption are generally 151 

achieved using equivalent amounts of univalent cations, divalent cations impart greater levels of 152 

adsorption [eg (7, 8)], as illustrated by the data shown in Figure 2 and the finding (7) that upto 153 

concentrations of 0.1M electrolyte, the promotion of uptake of purified C.I. Direct Blue 1 (I) on CV 154 

sheet imparted by the added electrolyte, followed the order: 155 

 156 

BaCl2 > CaCl2 > ZnSO4 > MgCl2 > NH4CI > NaCl > KH2PO4 > Na2HPO4 157 

 158 

An estimate can be made of the scale of NaCl and Na2SO4 usage in cellulosic fibre dyeing, as well 159 

as the magnitude of the sizeable environmental and economic burdens posed by treatment of the 160 

ensuing saline dyeing wastewater. Although precise figures for the amount of water used globally 161 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

7 
 

for dyeing are unavailable, an indicative estimate can be obtained by assuming an average liquor 162 

ratio for immersion dyeing of 1:8 (2). In this context, as world production of cotton & man-made 163 

cellulosic fibres in 2015 was 28.1 x 106 T (3), of which 10-12% was dyed using direct dyes, if dyeing 164 

had been carried out using immersion processes employing a 1:8 liquor ratio then between 22.5 x 165 

106 T and 26.9 x 106 T of water would have been consumed in dyeing using direct dyes. In terms of 166 

current commercial practice, as the exhaust application of direct dyes to cellulosic fibres is carried 167 

out in the presence of between 5 gl-1 and 20 gl-1 added NaCl or Na2SO4, then this would mean that 168 

between ~112,000 and 540,000 T of added inorganic electrolyte would have been used in the 169 

exhaust dyeing of cellulosic fibres with direct dyes in 2015. However, this sizeable usage of added 170 

inorganic electrolyte consumed in direct dyeing is spectacularly eclipsed by that encountered in the 171 

dyeing of cellulosic fibres with reactive dyes, since, by some margin, the majority of global cellulosic 172 

fibre production is dyed using this dye class (Figure 1) and upto 100 gl-1 added NaCl or Na2SO4 can 173 

be used for exhaust dyeing (Table 1). In this case, assuming that all reactive dyeing had been 174 

carried out using immersion application at a 1:8 liquor ratio in the presence of 100 gl-1 added salt 175 

then 120 x 106 T of water and 12 x 106 T of added electrolyte would have been consumed in 2015. 176 

However, as mentioned, three other classes of dye can be used to dye cotton and other cellulosic 177 

fibres, namely sulphur dyes, vat dyes and azoic colorants. Since the immersion application of each 178 

of these three dye classes to cellulosic fibres also commonly entails the addition of added NaCl or 179 

Na2SO4 to the dyebath to promote dye uptake, then this electrolyte usage will increase the already 180 

unacceptably high levels of inorganic electrolyte that are consumed in the immersion application of 181 

direct dyes and reactive dyes. 182 

 183 

Despite the overly simple approach adopted in the above calculations, it is apparent that from a 184 

global perspective, the immersion dyeing of cellulosic fibres using direct dyes (and reactive dyes) 185 

nevertheless involves the use of outrageously high levels of added electrolyte; the magnitude of the 186 

ensuing environmental challenges that treatment of the resulting saline wastewater present is also 187 

evident. As discussed in the first part of the paper (4), added electrolyte in cellulosic fibre dyeing 188 

poses both major economic and environmental problems not only because of the large amounts of 189 
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electrolyte that are routinely employed in dyeing but also because of the significant environmental 190 

hazard that both NaCl and Na2SO4 present in terms of the treatment and disposal of dyeing 191 

wastewater. Although a wide range of possible methods have been examined for treating dyeing 192 

effluent (4) no single method has yet been identified that can deal with the complex and varied 193 

nature of dyeing wastewater. In this context, the impact of dyeing auxiliaries on the effectiveness of 194 

wastewater decolourisation and re-use has attracted attention [eg (13-15)].  195 

 196 

From this very brief discussion of the magnitude of inorganic electrolyte usage in cellulosic fibre 197 

dyeing and the consequent environmental problems posed by the ensuing saline wastewater, it 198 

seems reasonable to proffer that if it was possible to apply direct dyes (as well as other types of 199 

anionic dyes and dye precursors) to cellulosic fibres in the absence of added electrolyte, 200 

considerable environmental and economic advantages might be achieved. 201 

 202 

3 why is inorganic electrolyte used in the dyeing of cellulosic fibres with direct dyes? 203 

The use of added electrolyte to promote the uptake of direct dyes onto cotton and other cellulosic 204 

fibres dates from the latter part of the C19th. Briefly, in 1883, the young chemist Paul Böttiger 205 

synthesised a novel, red azo dye from tetrazotised benzidine coupled to two moles of sodium 1-206 

naphthylamine-4-sulfonate, and observed that the dye could be applied to cotton in the presence of 207 

added electrolyte. In 1884, Böttiger obtained a patent for the dye and, in the following year, AGFA 208 

began selling the colorant under the trade name Congo Red (16-18). As such, Böttiger had invented 209 

the first azo dye that could be applied directly to cotton without the need for a mordant and the dye 210 

that he had invented, Congo Red (C.I. Direct Red 28), became the first member of the dye class 211 

known in the Colour Index as direct dyes (2, 19).  212 

 213 

 214 

 215 

 216 

 217 
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 218 

The marked promotional effect which added electrolyte has upon the uptake of direct dyes on 219 

cellulosic fibres, as first observed by Böttiger in the case of C.I. Direct Red 28 on cotton, has been 220 

the subject of considerable investigation and debate, and is illustrated by the results shown in 221 

Figure 3 which reveal that added electrolyte, in this case calcined sodium sulfate, increased both 222 

the rate and extent of uptake of the six direct dyes studied. This characteristic response of direct 223 

dyes to added electrolyte is one aspect of the well-known structure-dependent dyeing behaviour of 224 

direct dyes on cellulosic fibres that is embodied in the ABC classification system for direct dyes 225 

devised by the Society of Dyers and Colourists (SDC) (20, 21), which considers the migrating ability, 226 

response to temperature, as well as influence of liquor ratio and behaviour towards added 227 

electrolyte of direct dyes on cellulosic fibres. Owing to differences in the dyeing behaviour of 228 

individual direct dyes on cellulosic substrates, dye makers commonly specify optimum application 229 

conditions (temperature, electrolyte concentration, etc.) for their particular range(s) of direct dyes.  230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

Figure 3 Effect of calcined Na2SO4 on the uptake of direct dyes on cotton; 1% omf dye; 240 

90oC; 1:60 liquor ratio; plotted using data from (22) 241 

 242 

The vast majority of direct dyes are non-metallised, dis-, tris- and poly-azo structures, although 243 

metallised azo dyes as well as a few non-azo dye classes are represented, as exemplified by C.I. 244 

Direct Yellow 59, C.I. Direct Blue 71 and C.I. Direct Blue 86 [eg (23-26)].  245 
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SO3Na

NaO3S

N

N N

N N

H

N

NH2

O

SO3Na

NaO3S

C.I. Direct Blue 71

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

Structurally, modern azo direct dyes bear an uncanny resemblance to the first member of this dye 270 

particular class, Congo Red (C.I. Direct Red 28) [which nowadays enjoys little usage because of the 271 

low fastness displayed by the dye on cellulosic fibres], insofar as one or more of the substituted 272 
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aromatic rings carry sulfonate groups that confer water-solubility upon the dye molecules; generally, 273 

modern non-azo direct dyes also tend not to stray too far from this well-trodden, structural path.  274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

As such, direct dyes are, in essence, long, planar, anionic molecules that are solubilised by one or 282 

more sulfonate/sulfonic acid groups (commonly as the Na salt).  283 

 284 

This brief excursion into the fundamental structural features of direct dyes enables an initial, cursory 285 

response to be given to the question posed by the title of this section, namely why is inorganic 286 

electrolyte used in the dyeing of cellulosic fibres with direct dyes? Essentially, the addition of either 287 

NaCl or Na2SO4 to a direct dye dyebath increases the inherent low substantivity displayed by direct 288 

dyes towards cellulosic fibres with the result that dye uptake is promoted. As dicussed later in this 289 

paper, the reasons why direct dyes display low substantivity in the absence of added electrolyte 290 

and, also, why added electrolyte so effectively promotes dye uptake, stem from the dye’s distinctive 291 

architecture, namely the presence of one or (most usually) more sulfonate groups which impart both 292 

water solubility and anionicity, couped with with their long, linear structure. 293 

 294 

From the viewpoint of the nature of the interactions between direct dyes and cellulosic substrates in 295 

the presence of added electrolyte, just as the chemistry of direct dyes has witnessed few major 296 

developments since their commercial introduction some 130 or so years ago, so too, theoretical 297 

studies concerning the physicochemical mechanism of direct dye adsorption on cellulosic fibres 298 

have enjoyed only modest elaboration since the advent of the first elegant, detailed studies in the 299 

early 1930’s and subsequent investigations over the next decade or so, which formed the basis of 300 
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NC2H5O

N

SO3Na

NaO3S

N

N OC2H5

H

H

C.I. Direct Yellow 12

the above mentioned SDC classification system for direct dyes [eg (8, 22, 27-36)]. Indeed, our 301 

current understanding of the thermodynamics and kinetics of direct dye adsorption on cellulosic 302 

fibres is mostly based on work carried out using remmarkably very few, usually purified direct dyes 303 

(ie non-commercial grade samples), as exemplified by the tetrasulfonated C.I. Direct Blue 1 and 304 

disulfonated C.I. Direct Yellow 12 and C.I. Direct Red 2, all of which nowadays enjoy limited industry 305 

usage because of fastness limitations. As discussed in section 5.4, despite considerable attention, 306 

the precise nature of the mechanism of adsorption of direct dyes on cellulosic fibres has not been 307 

adequately resolved.  308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

As recounted above, characteristically, direct dyes typically contain several sulfonate groups, which 324 

confer commercially acceptable levels of water solubility. As the aqueous solubility of direct dyes is 325 

difficult to determine accurately owing to practical difficulties of separating the dissolved solute from 326 

the saturated solution (37), unsurprisingly, the effect of added electrolyte on the aqueous solubility 327 

of direct dyes (as well as that of anionic dyes in general) has received modest attention. 328 
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Nonetheless, it has been reported that the solubility of purified C.I. Direct Blue 1 and purified C.I. 329 

Direct Yellow 12 was markedly reduced in the presence of NaCl (Table 2), a similar finding being 330 

made in the case of purified C.I. Acid Orange 7 in the presence of both NaCl and Na2SO4 at 25oC 331 

(38). 332 

 333 

Table 2 Solubility of purified C.I. Direct Blue 1 and C.I. Direct Yellow 12 (39) 334 

dye Temperature/oC NaCl/ gl-1 solubility/ gl-1 

C.I. Direct Blue 1 50 

0 6.18 

2 3.49 

4 2.30 

10 1.88 

40 0.85 

C.I. Direct Yellow 12 

35 

0 7.61 

2 1.47 

4 0.19 

10 0.069 

20 0.024 

40 0.015 

45 

4 1.412 

10 0.225 

20 0.086 

40 0.039 

60 0.025 

 335 

The solubility of commercial direct dyes ranges from ~5 to 200 gl-1 at 98oC (40) and is increased by 336 

increases in both temperature (39, 41) and pH (40). Although such a high level of aqueous solubility 337 

is the major reason for the celebrated simplicity and inherent robustness of the exhaust direct 338 
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dyeing process, the characteristic high solubility of direct dyes is of far more fundamental 339 

significance in terms of their application to cellulosic fibres, insofar as, it is responsible not only for 340 

the dye’s inherent low substantivity towards cellulosic fibres but also is the reason why added 341 

inorganic electrolyte is so effective in promoting dye uptake. Another corollary of the high aqueous 342 

solubility of direct dyes is that the amount of water employed in immersion dyeing, as expressed by 343 

liquor ratio, has a remarkably pronounced effect on both the rate and extent of direct dye uptake; 344 

importantly, liquor ratio also influences the effectiveness with which added electrolyte promotes dye 345 

uptake. As such, the particular liquor ratio that is utilised in direct dye application is of crucial 346 

significance as it directly influences the level of substantivity displayed by the direct dye towards the 347 

substrate within the dye-electrolyte-fibre dyeing system. This is because liquor ratio not only 348 

determines the amount of water available in the dyebath for dye dissolution and, thus, the amount of 349 

dye adsorbed by the fibre, but it also governs the effective dye concentration within the dyebath 350 

and, therefore. the relative intensity of the dye-electrolyte interactions that result in dye uptake. 351 

 352 

Indeed, in commercial immersion procedures for applying direct dyes to cellulosic fibres, the level of 353 

substantivity displayed by the dye towards the cellulosic substrate is manipulated by the dyer so that 354 

uniform dyeings of the required depth of shade are secured within the allotted dyeing time. This is 355 

achieved by regulating the amount of inorganic electrolyte that is added to the direct dye dyebath in 356 

cognisance of the particular liquor ratio used for dyeing. Thus, a given amount of added inorganic 357 

electrolyte is used in combination with a particular liquor ratio (and at a given temperature), so that 358 

the relative contributions which added electrolyte and liquor ratio each make towards dye-fibre 359 

substantivity are strictly controlled. If the liquor ratio utilised for dyeing is changed then the amount 360 

of added electrolyte employed for dyeing must be altered accordingly, so as to achieve a particular 361 

level of dye-fibre substantivity that is consistent with producing uniform dyeings of the desired depth 362 

of shade (within the prescribed time frame).  363 

 364 

The substantivity of a direct dye towards a particular cellulosic fibre, and, thereby, the extent of dye 365 

uptake achieved, can therefore be conveniently controlled by adjusting the amount of water in the 366 
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dyebath (ie altering the liquor ratio employed for dyeing) and/or adjusting the amount of added 367 

inorganic electrolyte in the dyebath. Hence, the two seemingly disparate facets of direct dyeing, 368 

namely the amount of added electrolyte used and the liquor ratio employed for dyeing, each 369 

influence dye substantivity and, thereby, dye uptake. In terms of the physical attributes of direct 370 

dyes that might be affected both by liquor ratio and electrolyte, the most likely contender is the 371 

aqueous solubility of the dye. 372 

   373 

Unfortunately, despite the fact that the effect of liquor ratio on dye uptake in immersion dyeing 374 

processes in general is a much studied subject, and the role of liquor ratio in direct dyeing has 375 

attracted considerable attention, the promotional effect of reducing the liquor ratio utilised in dyeing 376 

on direct dye uptake has not been adequately described in terms of currently accepted dyeing 377 

theory, namely, in terms of the physico-chemical mechanism by which direct dyes are adsorbed on 378 

cellulosic substrates. Furthermore, the vitally important combinatorial nature of the effects of liquor 379 

ratio and added inorganic electrolyte on direct dye uptake has not been addressed from the 380 

viewpoint of the mechanism of direct dye adsorption on cellulosic fibres. Indeed, as discussed 381 

below, in order to understand the mechanism by which added electrolyte promotes direct dye 382 

uptake on cellulosic fibres, it is also necessary to elucidate the mechanism by which liquor ratio 383 

influences dye uptake.  384 

 385 

Consequently, in terms of the question posed by the title of this section why is inorganic electrolyte 386 

used in the dyeing of cellulosic fibres with direct dyes?, the simple answer is because the added 387 

electrolyte reduces the aqueous solubility of the dye in the dyebath. As discussed below, reduction 388 

in dye solubility imparted by adding electrolyte to a direct dyebath can also be achieved by, and is 389 

analogous to, reducing the liquor ratio used for dyeing.  390 

 391 
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4 why has the use of inorganic electrolyte in the dyeing of cellulosic fibres with direct dyes 392 

not been eradicated? 393 

Without wishing to be overly sceptical, it appears that the dyeing industry must consider inorganic 394 

electrolyte as entirely indispensable in the exhaust dyeing of cellulosic fibres using direct dyes, 395 

reactive dyes, etc., since there doesn’t seem to be any industry-led strategy to stop using NaCl or 396 

Na2SO4; furthermore, attempts to reduce the amount of electrolyte used in dyeing can, at best, be 397 

described as modest. In contrast, wastewater treatment professionals and environmental authorities 398 

will likely, and rightly, contend that the use of either NaCl or Na2SO4 in cellulosic fibre dyeing is 399 

entirely unacceptable and only the elimination of such environmentally objectionable compounds 400 

from cellulosic dyeing is appropriate. 401 

 402 

Indeed, the neutral observer can be excused for thinking that the use of either NaCl or Na2SO4 in 403 

cellulosic fibre dyeing is, and always has been, acceptable, since, if this were not the case, then 404 

surely, over the past 130 or so years since the commercial introduction of direct dyes, dye makers 405 

would have developed direct dyes that did not require the use of added inorganic electrolyte. 406 

Unfortunately, commercial developments in both dye chemistry and dye application were instead 407 

directed towards overcoming the major end-use deficiency of direct dyes, namely their inherent very 408 

poor wet fastness properties on cellulosic fibres, with the upshot that the (severe) environmental 409 

and economic problems posed by using inorganic electrolyte in the dyeing of cellulosic fibres with 410 

direct dyes remain to the present day. The developments in dye chemistry and dye application 411 

alluded to above were, nonetheless, remarkable, as they combined outstanding research in dye 412 

chemistry and remarkable innovation in dye application that resulted in the commercial introduction 413 

of reactive dyes for cellulosic fibres in the mid-1950’s. Indeed, the ingenuous elegance of the dyeing 414 

process that was developed to apply this new type of dye to cellulosic fibres enabled the dyes to 415 

form a covalent bond with the cellulosic substrate, so that the newly-introduced reactive dyes 416 

displayed outstanding levels of fastness to wet treatments (washing, perspiration, water, etc.) on 417 

cellulosic fibres, and, as such, overcame the inherently very low wet fastness properties exhibited 418 

by direct dyes on such fibres.  419 
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 420 

However, the problem of added electrolyte in cellulosic dyeing was not diminished by the 421 

introduction of reactive dyes. The majority of reactive dyes are non-metallised, mono- and dis-azo 422 

compounds, although metallised azo dyes and several non-azo types are available. In a reactive 423 

dye, the azo (or other type of) chromogen contains one or more substituted aromatic rings that carry 424 

one or (most commonly) more sulfonate/sulfonic acid groups; attached to the chromogen is a 425 

reactive system that enables the dye to form a covalent bond with the cellulosic substrate during 426 

dyeing. Structurally, reactive dyes are long, planar, anionic molecules, solubilised by one or more 427 

ionised sulfonate groups, and, as such, reactive dyes bear a very close structural resemblance to 428 

direct dyes. Indeed, such is the closeness of this architectural similarity, that prior to the reactive dye 429 

forming a covalent reaction with the cellulosic fibre (ie in the absence of dye-fibre reaction), the 430 

adsorption of reactive dyes onto cellulosic fibres is considered to occur in a manner analogous to 431 

that of direct dyes  (2). Thus, added inorganic electrolyte is used to promote the uptake of reactive 432 

dyes on cellulosic fibres. Unfortunately, the amount of NaCl or Na2SO4 required to promote uptake 433 

of reactive dyes on cellulosic fibres is several orders greater than that typically employed for direct 434 

dyes (Table 1). As reactive dyes are nowadays by far the most popular class of dye used for dyeing 435 

cellulosic fibres (Figure 1) and this popularity has resulted in worldwide consumption of direct dyes 436 

(and that of the other three classes of dye for cellulosic fibres) having declined, it is not only 437 

unfortunate but more importantly, unacceptable, that the severe problems posed by the use of 438 

added NaCl or Na2SO4 in cellulosic fibre dyeing using direct dyes were exacerbated, rather than 439 

alleviated, because of the introduction and global popularity of reactive dyes. Subsequent parts of 440 

the paper will report investigations of the role of added inorganic electrolyte in the application of both 441 

commercial grade and purified reactive dyes to cotton. 442 

 443 

From the perspective of eliminating added inorganic electrolyte in cellulosic fibre dyeing, attempts 444 

have been made to enhance the inherent low substantivity displayed by direct dyes and other 445 

anionic dyes towards cellulosic fibres, by pre-treating the substrate prior to dyeing so as to introduce 446 

either quaternary amines or aliphatic amino groups (amination) in the fibre. Although such 447 
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cationisation (quaternary amines) and amination (aliphatic amino groups) pre-treatments have 448 

received attention over several decades [eg (26, 42-46)], neither of the approaches enjoy general 449 

commercial success, for a variety of reasons, that include, for example, alteration of hue, and the 450 

tendency of such pre-treatments to promote ring dyeing and reduced fastness to light and rubbing. 451 

 452 

Whilst it is unlikely that any dyeing industry practitioner would deny that the use of NaCl or Na2SO4 453 

in cellulosic fibre dyeing is environmentally unacceptable, large amounts of these inorganic 454 

electrolytes continue to be routinely employed commercially in the immersion application of direct 455 

dyes (and reactive dyes) to cellulosic fibres. Sadly, given the current gaps in our knowledge of the 456 

role of NaCl and Na2SO4 in such dyeing processes, this situation seems unlikely to change without 457 

fundamental advances in our understanding of the highly complex function of added electrolyte in 458 

such dyeing processes. Furthermore, as discussed below, in order to understand the mechanism by 459 

which added electrolyte promotes direct dye uptake on cellulosic fibres, it is also necessary to 460 

elucidate the mechanism by which liquor ratio influences dye uptake, so that the vitally important 461 

combinatorial nature of the effects of liquor ratio and added inorganic electrolyte on direct dye 462 

uptake can be resolved. 463 

 464 

5 current views of the role of added electrolyte in the dyeing of cellulosic fibres using direct 465 

dyes 466 

As recounted, although the mechanism by which added electrolyte promotes both the rate and 467 

extent of uptake of direct dyes (and other dye anions) onto cellulosic fibres has received 468 

considerable attention [eg (9, 30, 32, 33, 35, 47-56); see (2) for a summary], our understanding of 469 

this highly complex subject leaves much to be desired. However, such a situation deserves to be 470 

placed in context.  471 

 472 

In essence, whilst the structure of liquid water (as well as that of the other three physical forms of 473 

water namely, solid, vapour and supercritical fluid) has enjoyed extensive investigation over a long 474 

period of time and a great many water models have been proposed, the precise structure of liquid 475 
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water is still not entirely resolved. Furthermore, although the interactions between electrolytes 476 

(including NaCl and Na2SO4) and liquid water have also received significant examination over many 477 

decades within several scientific disciplines, the exact nature of such interactions are not fully 478 

understood. Consequently, a variety of mechanistic theories have been suggested for electrolyte-479 

water interactions and several systems have been developed that seek to classify ions according to 480 

their effects on the three-dimensional, H-bonded structure of liquid water (ie as either structure-481 

making or structure-breaking ions) or their ability to precipitate proteins, as exemplified by the 482 

Hofmeister series (2).  483 

 484 

Hopefully, this, necessarily very brief, discussion of our current understanding of the highly complex 485 

areas of water structure and water-electrolyte interactions goes some way to explain why the 486 

mechanism by which added electrolyte promotes both the rate and extent of uptake of direct dyes 487 

(and other dye anions) onto cellulosic fibres is not fully resolved. 488 

 489 

As intimated above, because of the importance of added inorganic electrolyte in the dyeing of 490 

cellulosic fibres, the effects which NaCl and Na2SO4 have upon direct dye uptake (and that of other 491 

types of dye anion) have been studied by many workers and manifold theories have been proposed 492 

to explain the promotional effect exerted by added electrolyte on the uptake of anionic dyes on 493 

cellulosic fibres that favour/disfavour, for example, electrical repulsive effects, dye solubility, 494 

colloidal stability, electrostatic effects, water structure changes, increased water imbibition and dye 495 

aggregation. Of these theories, three have attracted most discussion, namely, that the added 496 

inorganic electrolyte influences: 497 

- electrical repulsion effects between dye anions and the negatively charged fibre; 498 

- the state of aggregation of the dye in solution; 499 

- the solubility of the dye in the solution. 500 

However, as mentioned, none of these (or other) theories adequately explains the promotional 501 

effect of added electrolyte on direct dye uptake in terms of the currently accepted mechanism by 502 

which the dyes are adsorbed on cellulosic fibres. In the following sections, the above three most 503 
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popular mechanistic theories are discussed in terms of a re-analysis of experimental observations 504 

reported by several workers as a means of developing a theoretical model of the mode of action of 505 

added inorganic electrolyte on direct dye uptake. 506 

 507 

5.1 electrical repulsion effects 508 

As cellulosic fibres acquire a negative charge when placed in water (as do all other common types 509 

of textile substrate) it is widely held that this charge is lowered in the presence of electrolytes such 510 

as NaCl and Na2SO4, and, as a consequence, long-range repulsive forces operating between the 511 

negatively charged cellulosic fibre surface and the negatively charged direct dye anions in the 512 

dyebath are reduced, thereby resulting in promotion of dye uptake. It has been suggested that 513 

according to this particular concept, it should not be possible to dye cellulosic fibres using anionic 514 

dyes in the absence of added electrolyte, as exemplified by Knecht and Batey (57), who recorded in 515 

1909 that for many direct dyes, dyeing did not occur in the absence of added electrolyte. Such early 516 

views were subsequently confirmed in detailed studies undertaken using purified direct dyes on 517 

cellulosic substrates (8, 36, 58), as illustrated by the results shown in Figure 4 for C.I. Direct Blue 1 518 

and C.I. Direct Red 2. 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

Figure 4 effect of NaCl on uptake of purified direct dyes on CV film; 101oC; 0.05 gl-1 dye; plotted 529 

using data from (36) 530 

 531 
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The lack of dye uptake in the absence of added electrolyte was attributed (35, 59, 60) to the high 532 

negative potential of the cellulosic fibre surface having prevented sorption of the dye anions. Indeed, 533 

it was proposed (54, 60) that pure direct dyes display zero or negligible substantivity towards 534 

cellulose because of repulsion between the like (anionic) charges on the dye and substrate.  535 

However, several purified direct dyes display meaningful substantivity towards cellulosic fibres when 536 

applied to in the absence of added electrolyte (32, 33). From observations that dye uptake in the 537 

absence of added electrolyte occurred in the case of the dibasic dye C.I. Direct Yellow 12 (32), it 538 

was concluded that the effect was related to dye basicity (33, 58). An alternative view (2) sought to 539 

link the extent of dye uptake achieved in the absence of added electrolyte to the aqueous solubility 540 

of the dyes and their aggregation behaviour in solution, insofar as high solubility direct dyes such as 541 

the tetrasulfonated C.I. Direct Blue 1 will tend to display a corresponding low propensity to 542 

aggregate in solution and, as a corollary, will likely exhibit lower uptake than dyes of lower aqueous 543 

solubility, such as the dibasic dyes C.I. Direct Red 2 and C.I. Direct Yellow 12. Thus, whilst some 544 

pure direct dyes may exhibit little if any substantivity towards cellulosic fibres in the absence of 545 

added electrolyte, other dyes may well display meaningful uptake and such difference in dyeing 546 

behaviour will likely result from structural characteristics, such as their aqueous solubility. Indeed, as 547 

will be discussed in subsequent parts of this paper, cotton and other cellulosic fibres can be dyed to 548 

commercially realistic depths of shade using both pure and commercial anionic dyes in the complete 549 

absence of added inorganic electrolyte.  550 

 551 

In the context of the surface potential of cellulosic fibres, it is widely held that zeta potential (ζ-552 

potential), which is an experimentally determinable attribute of the electric double layer [see (2) for a 553 

discussion], can furnish information regarding electrostatic interactions between charged surfaces 554 

and particles (ie fibres and dyes) that arise from overlap of their respective electric double layers 555 

under aqueous conditions. Characteristically, cellulosic fibres exhibit a pH-dependent, negative ζ-556 

potential in aqueous solution [eg (61, 62)] that arises from the presence of ionised carboxyl groups 557 

(ie –COO-) in the substrate, the distinctive plateau in zeta potential within the alkaline pH region 558 

being attributable to complete dissociation of these acidic groups. In this context, whilst cellulose 559 
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contains a very large amount of ionisable hydroxyl groups, which, theoretically, could contribute to 560 

the pH-dependent zeta potential displayed by cellulosic fibre surfaces in aqueous solution, the 561 

negative zeta potential of cellulose materials is commonly attributed only to the presence of -COO- 562 

groups. 563 

 564 

Neale and Peters (63) first demonstrated that the negative surface potential developed at a cotton 565 

fibre surface decreased in the presence of increasing amounts of added NaCl as well as other 566 

inorganic monovalent electrolytes. However, analysis (2) of this data revealed that the relatively low 567 

amount of added monovalent electrolyte that would be needed to ‘neutralise’ the negative surface 568 

potential on the cotton fibre surface by the adsorption of an equivalent number of Na+ cations from 569 

the added electrolyte, represented only a small proportion of the amount of added electrolyte that is 570 

typically utilised in dyeing cotton (and other cellulosic fibres) with anionic dyes such as direct dyes, 571 

and especially, reactive dyes. Furthermore, in terms of the notion that added electrolyte ‘neutralises’ 572 

the negative surface charge of cellulosic fibres in aqueous solution, it was argued that, even if it was 573 

assumed that the negative surface charge developed in the cellulosic substrate arose from 574 

ionisation of all potentially ionisable groups in cellulose (ie both -COOH and -OH groups) then the 575 

amount of added NaCl that would achieve ‘neutralisation’ of all of these accessible, completely 576 

ionised acidic groups in cellulose (ie both -COO- and -O-) was much lower than that typically 577 

employed in the application of, for example, reactive dyes to cotton (2). In view of the difference in 578 

the amounts of added electrolyte, such as NaCl, that would be required theoretically to achieve 579 

‘neutralisation’ of surface charge and those typically utilised in practical dyeing, it was concluded (2) 580 

that the role of added electrolyte in promoting anionic dye uptake on cellulosic fibres cannot simply 581 

be attributed to reduced fibre surface charge.     582 

 583 

Thus, despite the widely held view that added electrolyte promotes anionic dye uptake on cellulosic 584 

fibres by reducing electrical repulsion between the dye anions and the negatively charged cellulosic 585 

fibre, additional/alternative explanations have been proposed. For example, in 1958, Boulton (54) 586 

proposed a two-stage mechanism in which the added electrolyte initially suppresses repulsive 587 
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forces operating between the dye and the cellulosic fibre surface and, thereafter, further added 588 

electrolyte lowers the solubility of the dye and shifts dye adsorption in favour of the fibre. A more 589 

recent analysis of publications relating to the role of inorganic electrolyte in cellulosic fibre dyeing (2) 590 

suggested that a dual-mode mechanism likely applies, in which the added NaCl or Na2SO4 591 

promotes dye aggregation and/or reduces the aqueous solubility of the dye in the dyebath and also 592 

lessens the repulsive forces that are present between the dye anions and the negatively charged 593 

cellulosic fibre surface under aqueous conditions. In proposing this particular dual-mode mechanism 594 

(2), it was considered that because of the marked propensity of direct dyes to aggregate in aqueous 595 

solution, reduced dye solubility resulting from increased dye aggregation was likely to be of more 596 

significance than lessening of dye-fibre repulsion effects. 597 

 598 

5.2 dye aggregation/dye solubility effects in solution 599 

Most chemical classes of dye display a pronounced predisposition to aggregate in aqueous solution 600 

whereby identical dye molecules/dye ions or molecules/ions of different dyes associate, forming 601 

aggregates that comprise dimers and higher aggregates; indeed, dye self-association is a 602 

commonly encountered phenomenon in immersion dyeing processes. The tendency of dye 603 

molecules to aggregate is a consequence of the structural features of the amphiphilic molecules, 604 

notably the presence of phenyl rings and the ability to adopt a planar structure, and is influenced by 605 

several dyebath elements including liquor ratio, temperature and dyeing auxiliaries, including 606 

surfactants and, most notably, inorganic electrolytes. Dye aggregation in solution is an especially 607 

well-researched phenomenon and many review articles are available, owing to its application in 608 

many areas other than textile dyeing [eg (64-78); see (2) for a brief summary].  609 

 610 

As mentioned, characteristically, direct dyes are long, planar molecules that carry sulfonate/sulfonic 611 

acid groups (as exemplified by the dye structures presented above) as a result of which, they are 612 

characterised by a distinct propensity to aggregate in aqueous solution via coplanar association; 613 

indeed, evidence suggests that several direct dyes, such as C.I. Direct Blue 1 and C.I. Direct Red 614 

28, aggregate in aqueous solution even in the absence of added electrolyte (79, 80). The innate 615 
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predisposition of direct dyes to self-associate in solution is encouraged at high dye concentrations 616 

as well as by the addition of electrolyte, but is reduced by increasing temperature. The ability of 617 

electrolytes such as NaCl to induce aggregation of direct dyes in aqueous solution is a readily-618 

observed phenomenon in which, typically, increasing amounts of added electrolyte initially induce 619 

turbidity within the aqueous dye solution and, eventually, precipitation of the dye. The amount of 620 

electrolyte required to flocculate direct dyes from aqueous solution varies for different dyes and for 621 

different types of electrolyte (37). Neale and Stringfellow (34) sought to establish whether direct dye 622 

uptake on cellulosic materials reached a limiting value at high amounts of added electrolyte, prior to 623 

electrolyte-induced precipitation of the dye. Using purified C.I. Direct Blue 1 and CV film, these 624 

workers observed that at an initial concentration of 1 gl-1 dye and ≤100 gl-1 added NaCl, dye uptake 625 

increased rapidly and then remained reasonably constant (Figure 5).  626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

Figure 5 Effect of electrolyte on uptake of 1 gl-1 purified C.I. Direct Blue 1 on CV film at 90oC; plotted 637 

using data from (34) 638 

 639 

At higher electrolyte concentrations, initial dye uptake proceeded more slowly and, even after 640 

prolonged dyeing times, uptake continued to increase slowly. These workers (34) suggested that up 641 

to an electrolyte concentration of 100 gl-1 the dye was in molecular dispersion whereas at higher 642 

amounts of added electrolyte, dye aggregates formed. Whilst aggregation did not result in visible 643 
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dye precipitation at the dyeing temperature used (90oC), it was assumed that dye aggregation 644 

impeded dye diffusion within the CV film, resulting in slower initial rates of dye uptake (34). It was 645 

also considered (34) that at high amounts of added electrolyte, the dye likely became deposited as 646 

multi-molecular layers either within or on the film, a situation that would account for the observed 647 

slow increase in dye uptake (Figure 5). 648 

 649 

The phenomenon can be considered to arise as a consequence of the long, linear structure of the 650 

dye molecules and the presence of sulfonate/sulfonic acid groups. The outstanding ability of NaCl 651 

and Na2SO4 to induce direct dye self-association in aqueous dyebaths can be attributed to the 652 

added inorganic electrolyte ions promoting hydrophobic interaction between planar aromatic regions 653 

in adjacent direct dye molecules.  654 

 655 

In effect, dye aggregation is favoured because the counterions (ie Na+) derived from the added 656 

inorganic electrolyte screen the anionic charge (usually derived from -SO3
- groups) on the dye 657 

anions, thus reducing electrostatic repulsion between neighbouring charged dye anions, which 658 

promotes dye-dye interactions that favour dye self-association. In this context, the electrolyte ions 659 

act as kosmotropes (small, high charge density ions that bind water molecules strongly) (2) which 660 

impart conformational changes to the dye molecules that promote hydrophobic interaction between 661 

the planar aromatic rings in neighbouring dye molecules; it seems likely that the π-π interactions 662 

between aromatic regions in the dye molecules will be expedited by the screening of the anionic 663 

charge on the dye anions by the electrolyte counterions. Several workers favour the notion that 664 

hydrophobic interaction contributes to dye self-association in solution [eg (2, 81-83)], which seems 665 

reasonable in view of the planar nature of direct dye anions and the likelihood of π-π interactions 666 

operating between aromatic centres within neighbouring dye molecules. The driving force for such 667 

hydrophobic interaction, of which dye aggregation is a consequence, is the need for the surrounding 668 

water molecules to minimise their interaction with the amphiphilic direct dye solutes, so that 669 

disruption of the surrounding water structure by the dye molecules is minimalised.  670 

 671 
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Because of the strong dye-dye interactions between neighbouring dye molecules and the screening 672 

of the -SO3
- groups by the Na+ counterions, ionisation of the direct dye molecules will be supressed 673 

and, therefore, the dye molecules that are present within the dye dimers, trimers, n-mers, etc. will 674 

possess lower aqueous solubility than their monomolecular direct dye counterparts within the 675 

aqueous dye solution in the dyebath. Furthermore, as the amount of water in the dyebath that is 676 

available to the dye aggregates will be reduced because of hydrophobic interaction, so that the 677 

aggregates will likely combine to form particles that will constitute a dye dispersion within the 678 

aqueous dyebath. Thus, because of electrolyte-induced dye self-association, the concentration of 679 

dye in solution in the dyebath will be reduced; therefore, the addition of NaCl or Na2SO4 to a direct 680 

dye in solution reduces the solubility of the dye, as indeed has been observed (Table 2). As the 681 

suppression of dye solubility imparted by added inorganic electrolyte will increase with increasing 682 

amounts of added electrolyte, so the extent of electrolyte-induced dye aggregation will also increase 683 

with increasing amount of electrolyte, as observed in practice (30, 84, 85), with the result that, at 684 

sufficiently high amounts of added electrolyte, dye precipitation will likely occur, as again, has been 685 

recorded (34). In effect, the process of applying direct dyes in the presence of added inorganic 686 

electrolyte is akin to controlled dye precipitation onto the cellulosic substrate, insofar as the amount 687 

of added electrolyte is adjusted so as to induce the formation of a dispersion of dye particles in the 688 

aqueous dyebath whilst avoiding flocculation of the dye. 689 

 690 

In view of the marked proclivity of direct dye molecules to aggregate in solution, it is of course 691 

possible that for some direct dyes, self-association and, thus, reduced aqueous solubility, may occur 692 

in the absence of added electrolyte, as has been observed (79, 80). Since, as mentioned, because 693 

the predisposition of direct dyes to self-associate in solution is encouraged at high dye 694 

concentrations, it follows that such concentration-induced aggregation is a likely consequence of 695 

reducing the liquor ratio used for dyeing; this is discussed in the next part of the paper. 696 

 697 

Many workers consider that such observations explain the nature of the promotional effect of added 698 

electrolyte on direct dye uptake, as exemplified by the previously mentioned Knecht and Batey (30), 699 
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who proffered that added electrolyte ‘salted out’ direct dyes from aqueous solution, resulting in 700 

precipitation of the dye in the fibre, or, in the absence of precipitation, the added inorganic 701 

electrolyte induced dye aggregation. However, although electrolyte-induced dye aggregation may 702 

well seem to offer a reasonable explanation as to why added inorganic electrolyte promotes direct 703 

dye aggregation, this physical act of dye molecule self-association in solution cannot be described 704 

using the currently accepted physico-chemical mechanism (which is discussed in section 5.4) by 705 

which direct dyes are adsorbed on cellulosic fibres. 706 

 707 

5.3 dye aggregation/dye solubility effects in the fibre 708 

Whilst the above discussion relates to the promotional effects imparted by added inorganic 709 

electrolyte in terms of electrolyte-induced dye aggregation in solution, the possible effects of added 710 

electrolyte on the physical state of the dye within the fibre merits consideration. In this context, dye 711 

aggregates within dyed fibres have been identified for several dye-fibre systems [see (2) for a 712 

summary], including cellulosic fibres dyed using direct dyes (86-88), reactive dyes (89), azoic 713 

colorants (86, 90) and vat dyes (91). Furthermore, from the viewpoint of cellulosic fibre dyeing, it 714 

has been proposed (92) that direct dye aggregates concentrate at the fibre-dyebath interface and, 715 

subsequently, additional self-association of the adsorbed dye molecules takes place within the fibre 716 

in the form of either aggregates or micelles; the dimeric form of C.I. Direct Blue 1 in CV sheet was 717 

found to be of the same shape as that in solution (93). In contrast, it has been suggested that dye 718 

adsorption proceeds without the formation of aggregates (94) and, also, that dye aggregates 719 

present in solution are broken up upon adsorption onto cellulosic fibres (93). Other workers suggest 720 

that direct dyes are adsorbed by cellulosic fibres in monomolecular form and subsequently 721 

aggregate after the associated water of solvation has been removed (95). 722 

  723 

Such contradictory findings highlight the fact that our understanding of the self-association of all 724 

types of dye, including direct dyes, within textile fibres leaves much to be desired; indeed, the 725 

physical state of dyes in solid materials in general has received much less attention than in solution, 726 

mainly because of experimental difficulties. Nevertheless, although relatively little is known about 727 
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the nature of dye self-association within fibres and the interactions that might occur between such 728 

dye particles and the component polymer chains within fibres, it has been suggested (2) that dye 729 

aggregation may well be a common occurrence within dyed substrates because of the inherent 730 

planarity and amphiphilicity of dye molecules in general.  731 

 732 

As an aqueous environment is utilised in immersion dyeing processes, all of the essential 733 

components of the direct dye/electrolyte/cellulosic fibre system will be hydrated, namely the dye, 734 

inorganic electrolyte and the fibre. It follows, therefore, that during aqueous dyeing, the fibre is 735 

immersed in and contains dyebath solution that comprises both dye and added electrolyte. Thus, 736 

the effects of added electrolyte on the self-association of direct dye molecules in solution extends to 737 

all parts of the direct dye/electrolyte/fibre system, including dyebath solution present within the 738 

interstitial regions of the fibre. Accordingly, irrespective of both the nature of the physical state in 739 

which direct dye molecules are adsorbed by cellulosic fibres (ie whether in monomolecular form or 740 

as aggregates, micelles, etc.) and the manner by which the dye molecules diffuse within the 741 

substrate (as discussed in section 5.5), the effect of the added inorganic electrolyte on the physical 742 

state of the direct molecules in the dyebath will extend to the proportion of the dyebath that resides 743 

within the substrate. Therefore, the state of the dye molecules as detected in a dyed substrate at the 744 

end of dyeing may or may not reflect that which prevails in the dye solution during aqueous dyeing. 745 

This situation would go some way to explain why our understanding of the physical state of dyes in 746 

solid materials is far from extensive and also, that the findings of studies often are contradictory.  747 

 748 

5.4 thermodynamics of dyeing 749 

In essence, thermodynamic analysis of dyeing processes involves measuring the distribution of a 750 

dye between the fibre phase and the solution phase (ie the dyebath) at a given, constant 751 

temperature (ie under isothermal conditions) when the immerison dyeing system is at equilibrium. 752 

As such, the thermodynamics of dyeing provides a quantitative description of the propensity of the 753 

dye to transfer from the solution phase to the fibre phase. The ensuing equilibrium adsorption 754 

isotherm data, such as that displayed in Figure 6, is then interpreted in terms of its correlation with a 755 
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particular isotherm equation, so that the physic-chemical mechanism of dye adsorption can be 756 

established. 757 

 758 

In simple terms, the aqueous dyeing process is heterogeneous in that it comprises a fibre phase 759 

which, at the start of dyeing, comprises the textile substrate, as well as an aqueous phase that 760 

comprises dye solution. When undyed fibre is placed in an aqueous dyebath, dye molecules 761 

spontaneously move from the aqueous phase (dyebath) to the solid phase (fibre). 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

Figure 6 Adsorption isotherms for C.I. Direct Yellow 12 on CV sheet at 40oC in the  773 

presence of different amounts of NaCl (drawn using data from (32)) 774 

 775 

Dyeing continues until either all of the dye in the dyebath has transferred to the substrate or until an 776 

equilibrium is achieved wherein dye molecules constantly exchange between the aqueous phase 777 

and fibre phase and the process of dye adsorption onto the fibre and the process of dye desorption 778 

from the fibre are equal. Once equilibrium has been achieved, the partition of the dye between the 779 

fibre phase and the solution phase is described by Eq 1, where [D]f is the amount of dye present in 780 

the fibre phase (ie the substrate) relative to the amount of fibre and [D]s is the amount of dye in 781 

solution (ie the dyebath) relative to the amount of solution (see the Appendix for a discussion of the 782 

consequences of using the same or different units for measuring values of [D]f and [D]s). 783 
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 784 

 � = 	
[�]�

[�]�
          1 785 

 786 

In Eq 1, K is the equilibrium partition coefficient which describes the distribution of the dye between 787 

the dyebath, s and fibre, f, phases; the higher the value of K then the greater is the partition of the 788 

dye in favour of the fibre phase (ie [D]f > [D]s) and the greater is the extent of dye uptake onto the 789 

substrate. The predisposition of the dye to partition between the fibre and solution phases is 790 

commonly expressed in terms of the thermodynamic standard affinity of the dye, -∆µθ, which is 791 

calculated from the equilibrium dye adsorption data, using an equation that takes the form of some 792 

or other mathematical interpretation of Eq 1. 793 

 794 

As mentioned, although the equilibrium adsorption of direct dyes on cotton and other cellulosic 795 

substrates has received considerable attention from many researchers over a long period of time, 796 

the precise nature of the mechanism by which such adsorption on cellulosic fibres occurs has not 797 

been fully elucidated [see, for example (2, 58, 96-98) for accounts]. In recent times, the removal of 798 

direct dyes (as well as that of other anionic dyes including reactive dyes) from dyeing wastewater by 799 

adsorption onto various cellulosic substrates has also attracted much research activity, and the 800 

mechanism by which such adsorption proceeds has received interest [eg (99, 100)].  801 

 802 

5.4.1 adsorption isotherms 803 

As recounted, the search to find the mechanism by which direct dyes are adsorbed on cellulosic 804 

fibres began in earnest in the 1930’s, taking the form of, often elegant, detailed studies of dye 805 

sorption onto various types of cellulosic materials. The equilibrium adsorption of direct dyes onto 806 

cellulosic substrates is most commonly interpreted using a Freundlich-type isotherm equation (2). 807 

According to the IUPAC system of classification of adsorption isotherms (101), the characteristically 808 

sigmoidal-shape of the Freundlich isotherm is representative of unrestricted monolayer-multilayer 809 

adsorption at non-specific sites within the cellulosic material and describes adsorption on 810 
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macroporous adsorbents that involve weak and strong intermolecular interactions. In terms of direct 811 

dye adsorption on cellulosic fibres proceeding via a Freundlich-type mechanism, as represented by 812 

the data shown in Figure 6 (32), the initial stages of dye adsorption that result in the formation of 813 

monolayers of adsorbed dye molecules is indicative of the adsorption of monomolecular dye ions. 814 

The subsequent formation of multilayers of adsorbed dye molecules at non-specific sites in the fibre 815 

is symptomatic of self-association of adsorbed dye molecules within the fibre: for example, 816 

adsorbing dye molecules may associate with previously adsorbed molecules within the substrate or 817 

aggregated dye molecules from the dyebath may be adsorbed. Dye aggregation within the fibre 818 

and, thus the formation of multilayers of adsorbed dye, seems likely, in view of the previously 819 

discussed marked tendency of the long, planar, direct dye molecules to self-associate in solution via 820 

π-π interactions between neighbouring dye molecules, and the promotional effect of added 821 

inorganic electrolyte on aggregation and suppression of dye solubility.  822 

 823 

However, several workers have found that the equilibrium adsorption data secured for direct dyes 824 

on cellulosic fibres better correlates with an IUPAC type 1 or Langmuir-type equation [see (2)] which 825 

describes adsorption on microporous adsorbents via the formation of a monolayer on a fixed 826 

number of specific sites (101). Thus, in contrast to the Freundlich-type adsorption mechanism, 827 

adherence of direct dye adsorption to a Langmuir-type model requires that the cellulosic fibre 828 

contains a limited number of specific sites at which the direct dye molecules interact, that such sites 829 

are equivalent in terms of their interaction with adsorbing dye molecules and, also, that there is no 830 

interaction between either the sites or between the dye molecules which occupy the sites; 831 

furthermore, the occupation of an adsorption site by a dye molecule renders that particular site 832 

incapable of interaction with further adsorbed dye molecules. Whilst all of these explicit site and 833 

site/adsorbate requirements that are a prerequisite of a Langmuir-type mechanism may well be met 834 

in the case of cellulosic substrates and direct dye molecules, given our current lack of 835 

understanding of both cellulose structure and the manner of dye-substrate interactions, the precise 836 

nature of such dye sites is unclear. Of course, owing to the proliferation of -OH groups in cellulose, it 837 

seems likely that the specific sites in cellulose with which direct dye molecules could interact are -838 
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OH groups. However, adherence of direct dye adsorption to a Langmuir-type mechanism implies 839 

some form of pronounced selectivity of the interacting -OH groups insofar as, the dye molecules 840 

may interact only with a particular type of –OH group or some –OH groups in the fibre may be 841 

differently accessible to dye molecules (2). Importantly, a Langmuir-type adsorption mechanism 842 

precludes interaction between adsorbed dye molecules present at a specific site within the 843 

substrate, which clearly means that dye aggregation cannot play any part in dye-fibre interaction, 844 

which appears somewhat surprising, bearing in mind the marked predisposition of direct dyes to 845 

self-associate. 846 

 847 

Of course, the better correlation observed between experimentally obtained direct dye adsorption 848 

data and a Langmuir-type equation does not necessarily mean that the sigmoidal-shaped 849 

adsorption curves that are characteristic of direct dye adsorption on cellulosic substrates (eg Figure 850 

6) are not obtained. It simply means that the interactions between the direct dyes and the substrate 851 

are specific, which is indicative of homogeneity of adsorption site. This contrasts with the situation 852 

that prevails in the case of adherence to a Freundlich-type adsorption mechanism, in that the 853 

cellulosic substrate would be heterogeneous and dye-fibre interactions would be diffuse in nature. 854 

Essentially, the discrepancies between theoretically derived interpretations of experimentally 855 

obtained equilibrium adsorption data reflect the highly complex nature of both dye-dye and dye-856 

electrolyte interactions, as well as the inherent difficulties that attend experimental investigation of 857 

the environment that exists within solid textile substrates. 858 

 859 

In this context, as mentioned above, in immersion dyeing, all of the constituents of the direct 860 

dye/electrolyte/cellulosic fibre system (ie the dye, inorganic electrolyte and fibre) are hydrated and, 861 

therefore, during aqueous immersion dyeing, dyebath solution surrounds the fibre and is present in 862 

the interstitial volume within the fibrous substrate (ie the volume or space between the constituent 863 

polymer macromolecules). The physical state of the dye within the dyebath therefore applies to the 864 

whole of the dye/fibre system, including dyebath solution that is present within the substrate in/from 865 

which dye diffusion/adsorption occurs. Consequently, the promotion of direct dye aggregation in 866 
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solution by added electrolyte will permeate all regions of the dye/electrolyte/fibre system, including 867 

the dyebath solution that resides within the interstitial regions of the fibre (a detailed account of the 868 

concept of interstitial dye solution and its relevance to direct dye adsorption is presented in the 869 

following part of the paper). Thus, if dye adsorption proceeds via a Langmuir-type mechanism, the 870 

ensuing monolayer of adsorbed dye molecules in the fibre would imply adsorption of monomolecular 871 

dye molecules. Furthermore, according to the precepts of the Langmuir-type adsorption mechanism, 872 

dye adsorption cannot occur via the formation of multilayers of adsorbed dye molecules, since there 873 

can be no interaction between adsorbed dye molecules. Therefore, the adsorption of dye via 874 

association with previously adsorbed molecules in the substrate or that of aggregated dye 875 

molecules from the dyebath, can play no part in the sorption process.  876 

 877 

Thus, Freundlich-type and Langmuir-type adsorption mechanisms differ fundamentally in terms of 878 

both their interpretation of the likely contribution of dye aggregation to dye-fibre interaction and, 879 

therefore, the role of added electrolyte in direct dyeing. According to the former mechanism, dye 880 

aggregation is a likely inherent characteristic of dye-fibre interaction and, therefore, added 881 

electrolyte may well expedite such dye-fibre interaction. In contrast, according to a Langmuir-type 882 

adsorption mechanism, added inorganic electrolyte is unlikely to influence the way in which direct 883 

dyes interact with the cellulosic substrate as dye self-association can play no part in dye-fibre 884 

interaction. 885 

 886 

In terms of the mechanism of direct dye adsorption, the sizeable, innate differences between the 887 

Freundlich-type and Langmuir-type interpretations of experimentally obtained equilibrium direct dye 888 

adsorption data can be attributed to the highly complex nature of dye-dye, dye-electrolyte and dye-889 

fibre interactions as well as our general lack of understanding of these important elements of dye 890 

sorption. 891 

 892 
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5.4.2 mathematical models  893 

In this context, because NaCl or Na2SO4 is added to direct dyebaths, several mathematical models 894 

of direct dye adsorption have been developed over many decades, based on both Freundlich-type 895 

and Langmuir-type mechanisms. Such models have also been employed to evaluate the effect of 896 

electrolyte on equilibrium adsorption of anionic dyes from wastewater onto various cellulosic 897 

adsorbents [eg (102, 103)]. The most widely accepted thermodynamic model of the direct 898 

dye/inorganic electrolyte/cellulosic substrate system (2) is that of Marshall and Peters (51). In this 899 

particular diffuse adsorption model, the dye-fibre system is divided into two parts, namely an 900 

external solution phase and an internal solution phase located within the fibre; adsorbed dye anions 901 

and electrolyte ions are dissolved in these two phases. The mathematical treatment of this system is 902 

complicated because of the need to account for the effect of added inorganic electrolyte on dye 903 

equilibrium. In essence, according to this model, in the case of a dye of the form NazD
-, the 904 

thermodynamic standard affinity of the dye, -∆µθ, is expressed in the form of Eq 2, in which the 905 

concentration of dye anions, [D-], and sodium cations, [Na+]z, in the fibre is quantified on a volume 906 

basis (eg g l-1 or mol l-1) of internal aqueous phase (an explanation of the consequences of using the 907 

same or different units for measuring [D]f and [D]s is provided in the Appendix). All of the amounts in 908 

Eq 2 are measurable except for [Na+]f, which must be calculated using Donnan membrane 909 

equilibrium theory (2).  910 

 911 

 −Δ�� = 
���
[���]�

�[��]�

[���]�
�[��]�

         2 912 

 913 

In general, regardless of the particular thermodynamic model adopted, the agreement between 914 

experimentally determined data and theoretically derived isothermal plots is far from ideal, 915 

especially when high electrolyte concentrations are employed in dyeing. This divergence between 916 

theoretical calculations and experimental observations arise primarily because of the complex 917 

nature of direct dye-inorganic electrolyte interactions, which is exacerbated by a diffuse 918 

understanding of the precise mechanism by which added electrolyte influences dye-fibre 919 
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substantivity and, perhaps more significantly, because of the vitally important combinatorial nature 920 

of the effects of liquor ratio and added inorganic electrolyte on direct dye uptake. Indeed, the major 921 

difficulty encountered in the use of Eq 2 and other related equations, is determining precise values 922 

for [Na+]f, which is complicated because of the need to invoke the concept of (fibre) internal volume 923 

(usually expressed in terms of the Volume Term, V, l kg-1) and its mathematical interpretation (2). A 924 

further major contributor to the difficulties that are encountered when deriving theoretical equations 925 

that adequately fit observed adsorption data stems from the likely prominent role that dye 926 

aggregation in solution plays in direct dye uptake (section 5.2) and our imprecise understanding of 927 

this phenomenon.  928 

 929 

From the foregoing, it follows that if it were possible to dye cellulosic fibres in the absence of added 930 

electrolyte then a much simpler thermodynamic treatment of the ensuing, simpler, direct 931 

dye/cellulosic fibre dyeing system could be developed that may provide better agreement between 932 

theoretical calculations and experimentally determined data.  In this context, a subsequent paper 933 

will present a thermodynamic model that attempts to rectify the experimental-theoretical 934 

discrepancies displayed by current thermodynamic treatments of the direct dye/added 935 

electrolyte/cellulosic fibre system, such as that described by Eq 2. 936 

 937 

5.5 kinetics of dyeing 938 

Traditionally, the mechanism by which dyeing occurs is interpreted using two approaches namely, 939 

studying the dye-fibre system at equilibrium (ie the thermodynamics of dyeing) or before equilibrium 940 

is achieved (ie the kinetics of dyeing). In the latter context, because commercial exhaust dyeing 941 

processes are rarely carried out to equilibrium, but instead, are designed to provide dyeings within 942 

as short a time as possible, the kinetic aspects of dye adsorption have received much attention, 943 

since they provide information about the rate at which dyes diffuse within the dyebath and fibre 944 

phases. 945 

 946 
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Briefly, diffusion is the process by which all matter (including dye molecules) transfer within a 947 

system from a region of higher concentration to one of lower concentration. Diffusion proceeds in 948 

the direction of the concentration gradient that exists between the region of higher concentration 949 

and the region of lower concentration. The driving force behind this random molecular motion of 950 

individual molecules is the difference in concentration between the two regions. 951 

 952 

The diffusional behaviour of direct dyes within cellulosic fibres is commonly described in terms of 953 

the pore model of dye diffusion that was devised in the 1930’s (104-106) and subsequently 954 

developed. In this model, the dye molecules are assumed to diffuse within a network of water-filled, 955 

interconnecting pores within the fibre and, at the same time, become adsorbed onto the pore walls. 956 

However, debate has attended the precise nature of the diffusional processes that occur within the 957 

substrate, in particular the relative contributions of diffusion along pore surfaces and diffusion within 958 

pores; essentially, various transport mechanisms have been developed that invoke diffusion along 959 

both pores and pore surfaces [(2)]. 960 

 961 

In terms of the use of inorganic electrolyte to promote the uptake of direct dyes on cellulosic fibres, 962 

dye diffusion within such substrates is markedly dependent on added electrolyte [eg (2, 58, 96, 963 

107)], with values of diffusion coefficient decreasing with increasing amount of added electrolyte 964 

(108).  965 

 966 

 967 

 968 

 969 

 970 

 971 

 972 

 973 

 974 
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 975 

 976 

Figure 7 Effect of added NaCl on the diffusion coefficient of C.I. Direct Blue 1 and C.I. Direct Red 2 977 

in CV film; 101oC; 0.05 gl-1 dye; plotted using data from (36) 978 

 979 

For example, as Figure 7 shows, at low amounts of added inorganic electrolyte, the apparent 980 

diffusion coefficients of two purified direct dyes in CV sheet was found to increase rapidly as a 981 

function of added electrolyte, which was attributed to the added electrolyte lowering the electrical 982 

potential barrier to dye diffusion presented by the negative charge on the fibre surface (36, 108). 983 

Thereafter, the apparent diffusion coefficient reached a maximum value and then gradually 984 

decreased at higher amounts of added electrolyte (Figure 7). The observed decrease was ascribed 985 

to a lower degree of fibre swelling in concentrated electrolyte solution, as well as effects attributable 986 

to dye aggregation (108). 987 

 988 

Similar curved plots of apparent diffusion coefficient as a function of electrolyte concentration have 989 

been secured for various divalent cation salts in the case of purified C.I. Direct Blue 1 and 990 

monovalent salts in the case of purified C.I. Direct Red 2 in CV sheet (7). Dye aggregation in 991 

solution may also account for the observation that for dyes which display a propensity to aggregate 992 

in solution, dye diffusion does not occur from a constant dye concentration at the surface of the 993 

substrate (2). 994 

 995 

Various models have been used to analyse the kinetics of direct dye removal from wastewater by 996 

adsorption onto cellulosic materials, such as the Lagergren pseudo-first-order rate equation, 997 

according to which adsorption rate is proportional to the concentration of the diffusing species and is 998 

characterised by diffusion through a boundary. Various pseudo-second-order rate equations have 999 

also been utilised that assume chemisorption may be the rate-controlling step in the adsorption 1000 

process [eg see (100, 103, 109-112). Kinetic models have also been employed to describe the 1001 
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effect of electrolyte on the rate of adsorption of anionic dyes from wastewater onto cellulosic 1002 

materials (102, 103). 1003 

 1004 

Studies, such as those presented above, suggest that added inorganic electrolyte has a marked 1005 

effect upon the diffusional behaviour of direct dyes in cellulosic fibres. Also, the presence of added 1006 

electrolyte has a complicating effect on the various models that have been developed to interpret 1007 

the diffusional behaviour of the dyes. Thus, if it were possible to dye cellulosic fibres in the absence 1008 

of added electrolyte then this might enable a much simpler interpretation of the ensuing, simpler, 1009 

direct dye-cellulosic fibre diffusion process; this will be addressed in the subsequent part of this 1010 

paper.  1011 

 1012 

7 conclusions 1013 

Although several theories have been proposed to explain the promotional effect imparted by added 1014 

inorganic electrolyte on the uptake of direct dyes (and other types of anionic dye) on cellulosic 1015 

fibres, none of these theories satisfactorily explains the promotional effect of added electrolyte on 1016 

direct dye uptake in terms of the currently accepted mechanism by which direct dyes are adsorbed 1017 

on cellulosic fibres.  1018 

 1019 

In the latter context, the mechanism by which dye adsorption has occurred is conventionally 1020 

construed from mathematical interpretations of isothermal equilibrium dye adsorption data that take 1021 

the form of complex equations that seek to calculate the thermodynamic standard affinity of direct 1022 

dyes on cellulosic substrates, -∆µθ. However, such analysis provides no meaningful information 1023 

about how dyeing proceeds prior to equilibrium, which is of significance in relation to commercial 1024 

immersion dyeing processes which are designed to achieve complete dye uptake within a 1025 

prescribed duration of dyeing. In addition, conventional analysis cannot satisfactorily explain why 1026 

direct dyes display inherently low substantivity towards cellulosic fibres in the absence of added 1027 

inorganic electrolyte, nor does it account for the remarkable ability of added inorganic electrolyte to 1028 

promote dye uptake. 1029 
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 1030 

In the latter context, as discussed above, it seems likely that the addition of either NaCl or Na2SO4 1031 

to a direct dye dyebath exploits the inherent tendency of direct dyes to aggregate in solution via 1032 

coplanar association, which reduces the solubility of the dye in the dyebath. Unfortunately, whilst 1033 

such electrolyte-induced dye aggregation offers a reasonable explanation as to how added 1034 

inorganic electrolyte promotes direct dye uptake, the physical process of electrolyte-induced direct 1035 

dye self-association in solution and, more importantly, the effect of this aggregation on the solubility 1036 

of the dye in the dyebath, cannot be explained using the currently accepted physico-chemical 1037 

models that seek to describe the mechanism by which direct dyes are adsorbed on cellulosic fibres. 1038 

Thus, an alternative model is required that is able to explain the effects of electrolyte-induced 1039 

aggregation and consequent reduced dye solubility on direct dye uptake. This is the subject of the 1040 

next part of this paper. 1041 

 1042 

Appendix 1043 

As mentioned, in terms of the mechanism by which direct dyes are adsorbed onto cotton and other 1044 

cellulosic substrates, the partition of the dye between the fibre and solution phases at the end of 1045 

equilibrium dyeing is commonly expressed in terms of the thermodynamic standard affinity of the 1046 

dye, -∆µθ, which is calculated from equilibrium dye adsorption data, using a mathematical 1047 

interpretation of Eq 1, such as Eq 2. Typically, the amount of fibre used in dyeing processes is 1048 

measured as a mass unit (eg kg) and the volume of the dyebath measured in l, from which it follows 1049 

that the amounts of dye in the fibre and dyebath phases, [D]f and [D]s in Eq 1 (and derivatives 1050 

thereof), will be described in terms of, for example, grams of dye per unit mass of fibre in the case of 1051 

[D]f (eg units of [D]f are g kg-1) and grams of dye per litre of solution for [D]s (eg units of [D]s are g l-1). 1052 

Clearly, as the same units are not employed for [D]f and [D]s, it follows that the partition constant K 1053 

has the dimensions of l kg-1 (Eq A1) whereas when employed in equations such as Eq 2, K should 1054 

be dimensionless. 1055 

 1056 
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 K  = 
[�]f

[�]s
= 

g kg-1

g l-1
 = l kg-1

	         A1 1057 

 1058 

One way to resolve this issue is to express the volume of the dyebath, [D]s, in mass terms (eg g kg-1059 

1) rather than volume terms (eg g l-1), and the problem of dimensions is removed with the addition of 1060 

only a small error.  1061 

 1062 

However, an alternative approach, which is often utilised in the case of the thermodynamics of 1063 

adsorption of ionic dyes on ionic fibres (2, 96, 98), presumes that the fibre phase contains a liquid of 1064 

volume, V l kg-1 within which the adsorbed dye molecules reside. Accordingly, Eq 1 is modified by 1065 

the inclusion of a Volume term, V (Eq A2) so that the equilibrium partition coefficient, K is 1066 

dimensionless.  1067 

 1068 

 K  = 
[�]f

V[�]�
 = 

g kg-1

l kg-1 . g l-1
           A2 1069 

  1070 

Unfortunately, the precise nature of the volume term V, which was first employed by Neale et al 1071 

(35), is not entirely understood, being regarded as either a constant factor that applies to a particular 1072 

type of cellulosic fibre or an arbitrary value (2).  1073 

 1074 
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