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Abstract

The importance of dye-surfactant intermolecu-
lar interactions for understanding the mecha-
nism of how surfactants act as levelling agents
in dyebaths is presented in this paper. The
mechanisms of various dye surfactant interac-
tions are presented. The influence of different
factors, such as dye or surfactant structure, sur-
factant concentration, temperature, pH, pres-
ence of electrolytes and the presence of cosol-
vents, on the strength and the stability of the
dye-surfactant complex are exposed. The dye
absorption onto fibres is directly influenced by
the strength and the stability of the dye-sur-

factant complex.

Keywords: dye-surfactant interactions, ionic ac-
tivity, binary mixtures, ternary mixtures, influ-

ence of factors, strength of interactions.
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lzvlecek

V prispevku je predstavljen pomen medmolekulskih interakcij barvi-
lo-tenzid pri razumevanju mehanizma delovanja tenzidov kot ega-
lizirih sredstev v barvalni kopeli. Prikazani so mehanizmi interakcij
med ionskim barvilom in ionskim oziroma neionskim tenzidom, ne-
ionskim barvilom in ionskim oziroma neionskim tenzidom ter ion-
skim barvilom in ionskim tenzidom v prisotnosti neionskega tenzi-
da. Izpostavljen je vpliv razli¢nih dejavnikov, kot so struktura barvila
in tenzida, koncentracija tenzida, temperatura, pH, prisotnost elek-
trolita in prisotnost sotopila, na jakost in stabilnost kompleksov bar-
vilo-tenzid. Slednji namre¢ neposredno vplivajo na stopnjo adsorp-
cije barvila na vlakna.

Klju¢ne besede: interakcije barvilo-tenzid, ionska aktivnost, dvo-
komponentne mesanice, trikomponentne mesanice, vpliv dejavni-
kov, jakost interakcij.

1 Uvod

Pri barvanju tekstilnih vlaken imajo interakcije barvilo-tenzid
in tenzid-tenzid velik prakti¢ni pomen. Tenzidi lahko opravlja-
jo v barvalni kopeli ve¢ funkcij, in sicer zve¢ajo omakanje vla-
ken, preprecujejo penjenje barvalne kopeli, zvecajo topnost sla-
bo topnih barvil in ne nazadnje upocasnijo adsorpcijo barvila
iz barvalne kopeli na vlakna. Slednje je Se zlasti pomembno za
enakomerno obarvanje tekstilnega substrata. V zadnjem ¢asu se
kot egalizirna sredstva pogosto uporabljajo mesanice tenzidov,
ki so zmesi ionskega in neionskega tenzida, pri ¢emer je koncen-
tracija ionskega tenzida nizja od kriticne koncentracije micelov
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1 Introduction

Dye-surfactant and surfactant-surfactant in-
teractions have huge practical significance in
the dyeing of textile fibres. Surfactants perform
different functions in the dyebath. They can op-
erate as wetting and antifoaming agents, en-
hance the solubility of less soluble dyes, as well
as slow down adsorption of the dye. The latter
is particularly important when an evenly dyed
textile substrate is desired. In recent years, sur-
factant mixtures have been used as levelling
agents. Mixtures are compounds of ionic and
nonionic surfactants, where the concentration
of the ionic surfactant is lower than the criti-
cal micelle concentration (c.m.c.) and the con-
centration of the nonionic surfactant is higher
than the c.m.c.

Ionic surfactants can be dye- or fibre-sub-
stantive [1]. A surfactant is dye-substan-
tive when it carries a charge opposite to that
of the dye, and thus dye-surfactant complex-
es can be formed. At low temperatures, dye-
ing complexes reduce dye adsorption onto tex-
tile fibres and therefore, enable an evenly dyed
textile substrate. However, the strength of
complexes should not be strong enough to al-
low the complexes to break down as the tem-
perature rises; otherwise, insufficient bath ex-
haustion could occur. The addition of an ionic
surfactant to the solution of an ionic dye of an
opposite charge often leads to the formation of
insoluble complexes, which manifest as precip-
itates. Precipitation can be prevented by add-
ing either an amount of the ionic surfactant
that exceeds the stoichiometric amount or a
nonionic surfactant at a concentration high-
er than the c.m.c. of the solution. The latter
causes solubilisation of the formed complexes
by micelles of a nonionic surfactant [1]. Fibre-
substantive ionic surfactants are usually of the
same ionic type as the dye. In such systems,
both surfactant and dye ions compete for the
adsorption sites in the fibre. If dye ions have a
greater affinity for fibres than surfactant ions,
the dye ions will displace surfactant ions dur-
ing dyeing and bind to the functional groups
of fibres [1].

The dye-surfactant interactions in an aqueous

solution are the main topic of several studies
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(c. m. c.), koncentracija neionskega tenzida pa visja od c. m. c.
Tonski tenzidi so lahko substantivni do barvila ali do tekstilnih
vlaken [1]. Tenzid je substantiven do barvila, ko je naboj tenzi-
da nasproten naboju barvila in tvori z barvilom komplekse. Na-
stali kompleksi zmanj$ajo adsorpcijo barvila na tekstilna vlakna
pri nizji temperaturi barvanja in s tem omogocijo enakomernej-
$e obarvanje tekstilnega substrata. Jakost kompleksov pa ne sme
biti previsoka, tako da ti lahko pri visji temperaturi razpadejo. V
nasprotnem primeru bi prislo do nezadostnega iz¢rpanja barvila.
Dodatek ionskega tenzida v raztopino ionskega barvila nasprotne-
ga naboja pogosto povzroc¢i nastanek netopnega kompleksa, ki se
kaze v obliki oborine. Temu se lahko izognemo tako, da poveca-
mo koncentracijo ionskega tenzida ali pa v raztopino dodamo ne-
ionski tenzid koncentracije, vi$je od c. m. c. Slednji povzroci, da se
nastali kompleksi lahko solubilizirajo v micele neionskega tenzi-
da [1]. Tonski tenzidi, substantivni do vlaken, imajo enak naboj kot
barvilo, zato z ioni barvila tekmujejo za prosta mesta na vlaknih.
Ce ima barvilo vecjo afiniteto do vlaken kot tenzid, med barva-
njem zamenja tenzidne ione in se samo veZe na funkcionalne sku-
pine vlaken [1].

Interakcije barvilo-tenzid v vodni raztopini so zaradi svojega veli-
kega tehnoloskega pomena predmet $tevilnih raziskav. Razumeva-
nje teh interakcij lahko pomembno prispeva k racionalnejsi upo-
rabi tenzidov kot egalizirnih sredstev v barvalni kopeli in s tem k
tehnolosko, ekolosko in ekonomsko sprejemljivej$im postopkom
barvanja. V okviru raziskave medmolekulskih interakcij, ki deluje-
jo med barvilom in tenzidom v barvalni kopeli, zelimo podrobneje
predstaviti vpliv razli¢nih dejavnikov na jakost in stabilnost kom-
pleksov barvilo-tenzid.

2 Interakcije med ionskim barvilom
in ionskim tenzidom

2.1 Interakcije pri koncentracijah tenzida, nizjih od c. m. c.
V vodnih raztopinah, ki vklju¢ujejo ione barvila in tenzida, lahko
delujejo medmolekulske interakcije, katerih posledica je zdruzeva-
nje ionov v komplekse razli¢nih oblik. Te so neposredno odvisne
od ionske aktivnosti ter koncentracije barvila in tenzida. V razred-
¢enih raztopinah barvila in tenzida nasprotnega naboja lahko med
prostimi ioni soc¢asno delujejo privlacne elektrostatske, van der
Waalsove in hidrofobne interakcije, ki vodijo do nastanka komple-
ksa, v katerem je razmerje med barvilom in tenzidom 1 : 1. Nasta-
nek takega ionskega para lahko zapi$emo z naslednjima ravnotez-
nima reakcijama:

K

B + T == BT 1)
K

B+ T ==L BT (2)
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Anionic surfactants:

= +
H,C—CH;}-;0SO,Na

sodium dodecyl sulphate

Cationic surfactants:

CH,

+ -
H,C—CHz=N—CH,Br
l
CH,

hexadecyltrimethylammonium bromide
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= +
H,C—~CH3)>OSO,Na
sodium octyl sulphate
T
+ -
H,C—CHz7N—CH,Br
l
CH,

tetradecyltrimethylammonium bromide

CH,

| +

H,C—(CH3);;N—CH,Br
|

CH,

dodecyltrimethylammonium bromide

hexadecylpyridinium bromide

i

~+ I
'|\I Br
C12H25

dodecylpyridinium bromide

Figure 1: Structural formulae of ionic surfactants.

due to their great technological value. Under-
standing their working mechanism can sig-
nificantly contribute to more rational uses of
surfactants as levelling agents in dyebaths and
therefore, to technologically, ecologically and
economically more acceptable dyeing proc-
esses. Within the frame of our research of the
intermolecular interactions acting between
dyes and surfactants in dyebaths, the influ-
ences of different factions on the strength and
stability of the dye-surfactant complexes are

presented.

Kjer je B~ anion barvila, B* kation barvila, T anion tenzida, T* ka-
tion tenzida, BT kompleks barvilo-tenzid in K, konstanta nastan-
ka kompleksa barvilo-tenzid.

Iz dosedanjih raziskav [2-18] je razvidno, da je jakost interakcij
med ioni barvila in tenzida nasprotnega naboja odvisna od razli¢-
nih dejavnikov, in sicer od strukture barvila in tenzida, prisotnosti
elektrolita, temperature in vrste topila.

Pri vplivu strukture tenzida in barvila na medmolekulske inte-
rakcije je obravnavan tako vpliv hidrofobne kot hidrofilne skupi-
ne. Ugotovljeno je, da struktura hidrofobne skupine pomembno
vpliva na tvorbo kompleksov barvilo-tenzid, saj teznja po tvor-
bi kompleksov mo¢no nara$¢a z veanjem hidrofobnosti tenzida
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2 Interactions between ionic dyes
and ionic surfactants

2.1 Interactions at surfactant
concentrations lower than the c.m.c.
In aqueous solutions that include ions of dyes
and surfactants, association of ions into com-
plexes of different forms can occur as a conse-
quence of intermolecular forces acting between
ions. The form of the complexes is directly in-
fluenced by the ionic activity and the concen-
trations of both the dye and the surfactant. In
dilute solutions, attractive electrostatic forces,
van der Waals forces and hydrophobic interac-
tions simultaneously act among the free ions of
dye and surfactant of opposite charges, leading
to complex formation, where the ratio between
the dye and surfactant is 1:1. Formation of such
an ionic couple can be written by the following
equilibrium reactions: (Equations 1 and 2),
where B~ is a dye anion, B* is a dye cation, T
is a surfactant anion, T* is a surfactant cati-
on, BT is a dye-surfactant complex and K is a
constant of dye-surfactant complex formation.
From studies conducted so far [2-18], it can be
seen that the strength of interactions between
dye ions and surfactant ions of opposite charg-
es is influenced by different factors, such as dye
and surfactant structure, the presence of an
electrolyte, temperature and the type of solvent.
The influence of both hydrophobic and hy-
drophilic groups of dyes and surfactants on
intermolecular interactions has been discussed.
It was established that the structure of the hy-
drophobic group significantly influences the
dye-surfactant complex formation. Thus the
tendency for complex formation is strongly en-
hanced by increasing the hydrophobicity of the
dye or surfactant. The strength of the dye-sur-
factant interaction increases with the length of
the surfactant alkyl chain [2-10, 15, 18]. The
anionic surfactant sodium dodecyl sulphate,
with twelve carbonium atoms in its alkyl chain,
forms stronger interactions with cationic dyes
than sodium octyl sulphate, which has eight
carbonium atoms in its alky chain [5]. Among
the studied cationic surfactants, hexadecylam-
monium bromide forms the strongest, tetrade-
cyltrimethylammonium bromide forms weak-

er and dodecyltrimethylammonium bromide
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ali barvila. Jakost interakcij barvilo-tenzid narasca z dolzino alkil-
ne verige tenzida [2-10, 15, 18]. Anionski tenzid natrijev dodecil-
sulfat z dvanajstimi ogljikovimi atomi v alkilni verigi tvori veliko
moc¢nej$e interakcije s kationskim barvilom kot natrijev oktilsul-
fat z osmimi ogljikovimi atomi [5]. V skupini kationskih tenzidov
tvori heksadeciltrimetilamonijev bromid najmo¢nejse interakcije
z anionskim barvilom, sledita mu tetradeciltrimetilamonijev bro-
mid s Sibkejsimi interakcijami in dodeciltrimetilamonijev bromid
z najsibkejsimi interakcijami [2, 6]. Prav tako je konstanta nastan-
ka kompleksa med heksadecilpiridinijevim kloridom in anion-
skim barvilom vecja v primerjavi z dodecilpiridinijevim kloridom
pri enakih pogojih [3, 8, 15]. Heksadecilpiridinijev bromid tvori
mocnejse interakcije z anionskim barvilom kot heksadeciltrimeti-
lamonijev bromid [6, 7]. Vzrok za to so pripisali ve¢ji hidrofob-
nosti piridinijeve skupine v primerjavi s trimetilamonijevo skupi-
no. Hkrati s tem planarna zgradba piridinijeve skupine ne otezuje
zblizanja med kationom tenzida in anionom barvila v primerjavi s
kvarterno amonijevo spojino, v kateri tri metilne skupine, vezane
na kvarterni dusikov atom, zaradi svoje voluminoznosti prostor-
sko ovirajo dostop anionski sulfonski skupini barvila. V prime-
ru alkilpiridinijevih kationskih tenzidov lahko med aromatskim
obrocem tenzida in aromatskim obrocem barvila delujejo Se pri-
vla¢ne n—m elektronske interakcije in van der Waalsove sile [2, 4, 7,
9], ki Se dodatno povecajo konstanto nastanka kompleksa. Struk-
turne formule proudevanih anionskih in kationskih tenzidov so
prikazane na sliki 1.

Simonci¢ in sodelavci [15, 18] so potrdili, da na jakost interakcij
barvilo-tenzid vpliva tudi hidrofobnost barvila. Povecanje $tevila
aromatskih obrocev v strukturi barvila vpliva na povecanje privlac-
nih interakcij v kompleksu s kationskim tenzidom. Dutta in Bhat
[5] sta ugotovila, da vkljucitev metilne skupine, ki inducira proto-
nacijo barvila, v strukturo kationskega barvila fenosafranina pove-
¢a konstanto nastanka kompleksa barvilo-tenzid. Iz raziskav je tudi
razvidno, da pri tvorbi ionskega para sodelujejo tako dolgosezne
privla¢ne elektrostatske interakcije kot kratkosezne privlacne po-
larne in nepolarne van der Waalsove sile ter hidrofobne interakcije.
Dutta in Bhat [6] sta ugotovila, da na jakost interakcij barvilo-
tenzid vpliva tudi protiion, vezan na pozitivni center kationskega
tenzida. Pri enaki strukturi tenzidnega kationa tvori alkiltrimeti-
lamonijev klorid mo¢nej$e interakcije z anionskim barvilom kot
alkiltrimetilamonijev bromid. Vzrok za to je v razli¢ni hidrataci-
ji kloridnega in bromidnega iona ter njunem vplivu na strukturo
vode. Tako ima kloridni protiion ve¢ji izsoljevalni u¢inek kot bro-
midni protiion.

Z rezultati spektrofotometri¢nih meritev sta Forte in Span [7] do-
kazala, da dodatek elektrolita v raztopino ionskega barvila in ion-
skega tenzida nasprotnega naboja povzroli zasencenje nabo-
ja barvila in tenzida, kar zmanj$a elektrostatski privlak med ioni
v kompleksu. Zmanj$anje elektrostatskih privla¢nih sil se v $irSem
smislu nadomesti s hidrofobnimi interakcijami.
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forms the weakest interactions with anionic
dyes [2, 6]. Likewise, the constant of complex
formation between hexadecylpyridinium chlo-
ride and an anionic dye is higher compared to
dodecylpyridinium chloride at the same condi-
tions [3, 8, 15]. Hexadecylpyridinium bromide
forms stronger interactions with an anionic dye
than hexadecyltrimethylammonium bromide
[6, 7]. The cause for this was ascribed to higher
hydrophobicity of the pyridinium than the tri-
methylammonium group. At the same time, the
planar structure of pyridinium does not prevent
the surfactant cation and the dye anion from
closing together if compared to a quaternary
ammonium compound, where three methyl-
ene groups are bound to a quaternary nitrogen
atom and their bulkiness hinders the closing to-
gether of the anionic sulphonic group of a dye.
In the case of an aklylpyridinium cationic sur-
factant, attractive m-m interactions and van der
Waals forces can act among aromatic rings of
the dye and surfactant [2, 4, 7, 9]. These inter-
actions additionally contribute to an enhance-
ment of the constant of complex formation.
Structural formulae of both anionic and cation-
ic studied surfactants are presented in Figure 1.

Simoncic and coworkers confirmed that the
strength of dye-surfactant interactions is
also influenced by dye hydrophobicity. As the
number of aromatic rings in the dye structure
increases, attractive forces will be enhanced in
the complexes with a cationic surfactant [15,
18]. Dutta and Bhat [5] found that the incor-
poration of a methyl group into the structure
of the cationic dye fenosafranine, which induc-
es protonation of the dye, increases the constant
of dye-surfactant complex formation. From the
results obtained, it can be seen that both long-
range electrostatic and short-range polar at-
tractive, nonpolar van der Waals and hydro-
phobic forces as well cooperate during ion pair
formation.

Dutta and Bhat [6] established that the counte-
rion that is bound to the positive centre of a cat-
ionic surfactant also influences the strength of
dye-surfactant interactions. Alkyltrimethylam-
monium chloride forms stronger interactions
with anionic dyes than alkytrimethylammo-
nium bromide with the same surfactant struc-

ture. This is due to the differences in hydration
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Konstanta nastanka kompleksa barvilo-tenzid se zmanjsuje z nara-
$¢ajoco temperaturo [2-8, 11, 16, 17]. Zaradi vecje kineti¢ne ener-
gije, ki jo imajo ioni pri visji temperaturi, se teZznja po zdruzevanju
med njimi zmanjsuje. Pri dolo¢eni temperaturi se kompleksi med
barvilom in tenzidom celo ne tvorijo ve¢ [2]. Iz raziskav je tudi
razvidno, da se pri visji temperaturi za¢nejo tvoriti kompleksi ani-
onsko barvilo-kationski tenzid pri visji koncentraciji tenzida kot
pri nizji temperaturi [3, 12].

Bracko in Span [4] sta s proucevanjem vpliva topila na interakci-
je anionsko barvilo-kationski tenzid ugotovila, da dodatek etanola
v vodno raztopino zmanjsa teznjo po tvorbi ionskega para. Pri tem
je vpliv etanola dvojen. Zvecanje deleza etanola v mesanici etanol-
voda povzroci znizanje dielektri¢ne konstante topila, kar vpliva na
zvecanje privla¢nih elektrostatskih interakcij. Hkrati s tem pa eta-
nol negativno vpliva na hidrofobne interakcije, saj povzroci po-
rusitev urejene strukture molekul vode okrog hidrofobnih delov
barvila in tenzida. Znizanje konstante nastanka kompleksa barvi-
lo-tenzid v me$anem topilu etanol-voda kaZe na to, da so elektro-
statske privla¢ne sile bistvenega pomena za tvorbo ionskega para.
Omogocijo namre¢, da se ioni barvila in tenzida pribliZajo na tako
majhne razdalje, da lahko med njimi za¢nejo delovati kratkosezne,
a mocne privla¢ne necoulombske sile, kot so van der Waalsove in
hidrofobne. Te ugotovitve sta potrdila tudi Neumann in Gehlen z
dolocitvijo proste energije, ki spremlja tvorbo ionskega para [13].
V razred¢enih vodnih raztopinah barvila in tenzida enakega nabo-
ja delujejo mocne elektrostatske odbojne sile, ki preprecujejo tvor-
bo kompleksov, kar je dokazala Simonc¢ic¢ s sodelavci [15, 19]. Ker
je jakost kratkoseznih privla¢nih interakcij premajhna, da bi pre-
segla mocan elektrostatski odboj med enako nabitimi ioni barvila
in tenzida, v takih raztopinah ni kompleksov barvilo-tenzid.

2.2 Interakcije pri koncentracijah tenzida, visjih od c. m. c.

V raztopinah tenzida koncentracij, vi$jih od c. m. c., se zaradi delo-
vanja privla¢nih medmolekulskih sil ioni tenzida zdruzujejo v vecje
skupke, imenovane miceli. V takih raztopinah so poleg prostih io-
nov tenzida prisotni tudi miceli. Zaradi svoje ionske aktivnosti lah-
ko miceli tvorijo privla¢ne elektrostatske interakcije z ioni barvila
nasprotnega naboja. Posledica tega je vezanje iona barvila v micel
tenzida. Proces raztapljanja barvila v micelu tenzida imenujemo so-
lubilizacija. Reakcijo micelizacije tenzida in solubilizacijo barvila v
micel lahko ponazorimo z naslednjimi ravnoteznimi reakcijami:

+ K +
nl"=—M" (3)
K
B— +M+n BM BM+(n—1) (4)
oziroma:
- K -n
nT ~—M (5)
K
B+ +M—n « BM BM—(nH) (6)
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and their effects on water structure. The chlo-
ride counterion has a greater salting-out effect
and water structuring ability compared to the
bromide counterion.

Forte and Span discovered by spectrophoto-
metric measurements that the addition of an
electrolyte to the solution of an ionic dye and
an ionic surfactant of opposite charges caus-
es screening of the charge on the dye and sur-
factant, which diminishes the electrostatic at-
traction among ions in a complex. However, the
reduction is compensated to a greater extent by
hydrophobic interactions [7].

The constant of dye-surfactant complex forma-
tion decreases with increasing temperature [2-
8, 11, 16, 17]. When ions possess higher kinetic
energy due to a rise in temperature, the ten-
dency for complex formation between the ions
is reduced. At a certain temperature, ion pair
formation does not appear [2]. From studies,
it can also be seen that at higher temperature,
a higher surfactant concentration is needed for
anionic dye-cationic surfactant complex forma-
tion than at lower temperatures [3, 12].

The influence of a solvent on anionic dye-cat-
ionic surfactant interactions was studied by
Bracko and Span [4]. They found that the addi-
tion of ethanol to an aqueous solution of an an-
ionic dye and a cationic surfactant reduces the
tendency for dye-surfactant ion pair formation.
The influence of ethanol is two-fold: firstly, the
increase in ethanol content in the water-ethanol
mixture causes a reduction of the dielectric con-
stant of the solvent, which causes an increase in
the attractive electrostatic interactions among
ions in the solution; secondly, ethanol has a neg-
ative influence on hydrophobic interactions, be-
cause it can cause the breakdown of the struc-
tured water molecules around the hydrophobic
parts of the dye and surfactant. With the re-
duction of the association constant of dye-sur-
factant complex formation in the water-ethanol
mixture, it was pointed out that the electrostat-
ic attractive forces are essential for ion pair for-
mation. The function of electrostatic attractive
forces is to bring the dye and surfactant ions
so close that short-range, but strong, attractive
non-Coulombic forces, like van der Waals and
hydrophobic forces, can act among them. This

was also stated by Neuman and Gehlen, who
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kjer je n agregacijsko Stevilo tenzida, M*" micel kationskega tenzi-
da, M micel anionskega tenzida, BM*™ " kompleks med anionom
barvila in micelom kationskega tenzida, BM " kompleks med
kationom barvila in micelom anionskega tenzida, k konstanta na-
stanka micela tenzida in K, konstanta nastanka kompleksa ion-
sko barvilo-ionski micel.

Pogoj za solubilizacijo ionskega barvila v micel ionskega tenzida
nasprotnega naboja so elektrostatske in hidrofobne interakcije [9,
12, 20-38]. Pomembnost hidrofobnih interakcij pri vezanju barvi-
la v micel potrjujejo rezultati, po katerih konstanta nastanka kom-
pleksa barvilo-micel narasca z narasc¢ajo¢o hidrofobnostjo tenzida
[9, 20] ali barvila [30, 35, 38]. V obeh primerih se v raztopini bar-
vila zaradi povecanja hidrofobnosti kompleksa barvilo-micel zniza
c. m. c. tenzida v primerjavi z raztopino tenzida brez barvila. Gok-
tiirk [9] je ionski micel opisal s tremi razli¢nimi podrodji: prvo je
nepolarno jedro, ki ga tvorijo dolge alkilne verige tenzida, drugo je
gosta Sternova plast, ki vsebuje hidrofilne skupine, tretje podroc¢-
je pa je relativno $iroka Gouy-Chapmanova plast, ki jo obdaja-
jo protiioni. Predpostavil je, da lahko ioni barvila prodirajo glo-
boko v nepolarno hidrofobno jedro micela ali ostajajo adsorbirani
na njegovi relativno polarni povrsini, kar je odvisno od razmer-
ja med elektrostatskimi in hidrofobnimi interakcijami med barvi-
lom in micelom. Medtem ko elektrostatske privla¢ne sile med na-
sprotno nabitimi ioni barvila in tenzida v kompleksu povzrocajo
vezanje barvila v polarno z vodo bogato Sternovo plast, pa so hi-
drofobne interakcije pogoj za vezanje barvila v nepolarno jedro
micela [9, 20, 38]. Vedja ko je hidrofobnost tenzida, globlje prodi-
ra barvilo v micel. Anionsko antrakinonsko barvilo se zaradi mo¢-
nih hidrofobnih interakcij mo¢neje veze v nepolarno jedro mice-
la heksadecilpiridinijevega klorida ali bromida v primerjavi z manj
hidrofobnimi heksadecil-, tetradecil- ali dodeciltrimetilamonijevi-
mi bromidi [9].

Iz raziskave interakcij med amfoternim hemicianinskim barvi-
lom z razli¢nimi hidrofobnimi skupinami in micelom kationske-
ga tenzida heksadeciltrimetilamonijevega bromida, ki jo je izve-
del Shah s sodelavci [38], je razvidno, da ima dolZina hidrofobne
alkilne verige, ki je vezana na barvilo, pomembno vlogo pri solu-
bilizaciji barvila v micel. S povecanjem hidrofobnosti barvila se
namre¢ povecuje razmerje med hidrofobnimi in elektrostatskimi
interakcijami v kompleksu. Barvilo s krajso alkilno verigo je bolj
polarno in se zato veze na povr$ino micela, ki je polaren medjj.
Pri tem premik barvila iz polarnega mikrookolja v nepolarno je-
dro micela ni favoriziran. Ion barvila prodre globlje v jedro mi-
cela le, ¢e je njegova hidrofobnost tako velika, da hidrofobne in-
terakcije prevladajo nad elektrostatskimi [38]. Te ugotovitve so v
skladu z izsledki raziskav Behere in Mishre s sodelavci [20, 30]
ter njihovim proudevanjem interakcij med kationskimi stirilpiri-
dinijevimi barvili in miceli anionskih tenzidov natrijevega alkil-
benzensulfonata in natrijevega dodecilsulfata, kjer so pri vezanju
manj hidrofobnih barvil v micel pomembne elektrostatske in hi-
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determined the free energy that accompanies
the ion pair formation [13].

Simonci¢ and coworkers [15, 19] proved that
strong electrostatic repulsive forces, which pre-
vent complex formation, act between dye and
surfactant ions of the same ionic charge in di-
lute water solutions. Since the strength of short-
range attractive interactions is too weak to
overcome the strong electrostatic repulsion be-
tween the same charged ions of the dye and sur-
factant, no dye-surfactant complex formation is

observed in such solutions.

2.2 Interactions at surfactant
concentrations higher than the c.m.c.
In solutions where the surfactant concentra-
tion is higher than the c.m.c., surfactant ions
join into bigger aggregates called micelles, due
to attractive intermolecular forces that act be-
tween the ions. In such solutions, micelles are
also present in addition to free ions of the sur-
factant. Because of their ionic activity, micelles
might form attractive electrostatic interactions
with dye ions of the opposite charge, which re-
sults in the binding of dye ions to surfactant
micelles. Solubilisation is defined as the spon-
taneous dissolution of a nonionic dye in the
surfactant micelle. Micellisation and solubilisa-
tion of a dye in the micelle can be illustrated by
the equilibrium equations as follows:
(Equations 3 and 4) and (Equations 5 and 6),
where n is the aggregation number of the sur-
factant, M*™ is the cationic micelle, M™ is the
anionic micelle, BM*"V is the complex between
the dye anion and cationic micelle, BM-" is
the complex between the dye cation and anionic
micelle, « is the constant for micelle formation
and K, is the constant for ionic dye-ionic mi-
celle complex formation.
Solubilisation of an ionic dye by an ionic micelle
of the opposite charge is governed by electrostat-
ic and hydrophobic interactions [9, 12, 20-38].
The importance of hydrophobic interactions for
binding of a dye to a micelle is confirmed by the
results indicating that the constant for dye-mi-
celle complex formation increases with increas-
ing hydrophobicity of both the surfactant [9,
20] and the dye [30, 35, 38]. The c.m.c. of the
surfactant is reduced in dye solutions due to en-

hancement of the hydrophobicity of the dye-
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drofobne interakcije, pri zelo hidrofobnih barvilih pa prevladuje-
jo hidrofobne interakcije.

Na nacin vezanja anionskega barvila v micel kationskega tenzida
pomembno vplivata tudi struktura in $tevilo anionskih skupin v
barvilu, kar sta potrdili Nemcova in Cermakové [32]. Vkljucitev
anionske sulfonske skupine na kromogen barvila preprecuje prodi-
ranje barvila v hidrofobno jedro kationskega micela. Barvilo osta-
ja na hidrofilni povrsini micela. Hkrati s tem pa je tudi kvarterna
amonijeva skupina tenzida mo¢no asociirana z aromatskim obro-
¢em barvila, kar prav tako preprecuje, da bi barvilo prodrlo glo-
boko v notranjost micela. Barvilo je s hidrofilnimi sulfonskimi ali
karboksilnimi skupinami vkljué¢eno v Sternovo plast micela, boga-
to z vodo, v obliki sendvica [9, 29, 36, 37]. Poleg hidratacije hidro-
filnih skupin barvila potece tudi solvatacija aromatskega obroca
barvila, zato delujejo med sosednjimi verigami tenzida, kjer so pri-
sotne hidrofobne interakcije, in barvilom $e van der Waalsove sile,
ki povzrocijo spremembo v mikrookolju kromogena. Ta se kaze v
batokromnem premiku valovne dolzine absorpcijskega maksimu-
ma kompleksa v primerjavi z valovno dolzino absorpcijskega ma-
ksimuma barvila [9, 25, 26].

Goktiirk in Tuncay [28] sta ugotovila, da je vezanje kationskega
barvila Safranin O na natrijev dodecilsulfat ve¢je kot na natrijev
dodecilsulfonat. Vzrok za to je v razli¢nih polarnih skupinah ten-
zida, saj je Zveplo sulfonske skupine neposredno vezano na ogljik
hidrofobne verige, Zveplo sulfatne skupine pa prek kisikovega mo-
stu. Ta strukturna razlika bistveno vpliva na teznjo tenzida po
tvorbi kompleksov.

Raziskave interakcij barvilo-micel v me$anih topilih, ki sta jih prav
tako izvedla Goktiirk in Tungay [28], so pokazale, da dodatek me-
tanola, dimetilformamida in 1,4-dioksana v vodo poveca c. m. c.
ionskega tenzida. Posledica tega je znizanje stopnje vezanja barvila
v micel z zvecanjem volumenskega razmerja sotopila v mesanici.
Pri interakcijah med ioni barvila in miceli tenzida enakega nabo-
ja mocni elektrostatski odboj med enako nabitimi ioni prepreci
tvorbo kompleksa, tako da solubilizacija barvila v micel ni mogoca
[21, 22, 26, 27, 29, 31, 35-37]. Izjema so le zelo hidrofobna barvila,
pri katerih privla¢ne hidrofobne interakcije med barvilom in mi-
celom, ki so mocnejse od elektrostatskega odboja, omogocajo ve-
zanje barvila v micel [27].

3 Interakcije med ionskim barvilom
in neionskim tenzidom

Interakcije med ionskim barvilom in neionskim tenzidom potece-
jo pri koncentracijah tenzida, vi§jih od c. m. c., posledica teh in-
terakcij je nastanek kompleksa barvilo-micel. Interakcije med ioni
barvila in prostimi molekulami neionskega tenzida so zanemarlji-
ve [39]. Micelizacijo neionskega tenzida in vezanje iona barvila v
micel lahko ponazorimo z naslednjimi ravnoteznimi reakcijami:
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micelle complex compared to surfactant solu-
tions where the dye is not present. Goktiirk [9]
characterised ionic micelles by three distinct re-
gions: the non-polar core formed by long alkyl
chains of the surfactant; a compact Stern Layer,
including hydrophilic groups, and a relatively
wider Gouy-Chapman Layer that encompass-
es the majority of counterions. He assumes that
dye ions can penetrate deep into the non-polar
hydrophobic core of the micelle or adsorb to its
relative polar surface, which depends on the ra-
tio between electrostatic and hydrophobic inter-
actions between the dye and micelle. While elec-
trostatic interactions between ions of dyes and
surfactants of opposite charge in the complex
govern binding of the dye to the polar, water-
rich Stern Layer, the hydrophobic interactions
govern binding of the dye to the non-polar core
of the micelle [9, 20, 38]. Dye molecules pene-
trate deeper towards the hydrocarbon core with
increasing hydrophobicity of the surfactant. The
anionic antraquionone dye binds stronger to the
non-polar core of micelles of hexadecylpyridin-
ium chloride or bromide in comparison with
less hydrophobic hexadecil-, tetradecyl- or do-
decyltrimethyammonium bromides [9].

From the study of interactions between am-
phiphilic hemicyanine dyes with different hy-
drophobic groups and cationic micelles of hex-
adecyltrimethylammonium bromide carried
out by Shah and coworkers [38], it can be seen
that the length of the hydrophobic alkyl chain
bound to the dye molecule has an important
role in solubilisation of the dye by the micelle.
By increasing the dye hydrophobicity, the ratio
between hydrophobic and electrostatic interac-
tions in the complex increases. Dyes with short-
er alkyl chains are more polar and bind to the
micelle surface, which is a polar medium. The
shift of the dye from a polar microenvironment
to a nonpolar micellar core is not favourable.
Dye ions penetrate deeper into the micellar core
only if the hydrophobicity is so great that hy-
drophobic interactions can overcome the elec-
trostatic interactions [38]. These findings are in
accordance with the results obtained by Behera,
Mishra and co-workers [20, 30]. They studied
interactions between cationic styryl pyridinium
dyes and anionic surfactant micelles of sodium

alkylbenzenesulphonate and sodium dodecyl
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kjer sta N in M molekula in micel neionskega tenzida, MB" in
MB* kompleksa med ionom barvila in micelom neionskega ten-
zida in K, konstanta nastanka kompleksa ionsko barvilo-neion-
ski micel.

Iz raziskav, ki so bile opravljene z uporabo razli¢nih metod, kot so
NMR, UV-VIS-spektrofotometrija, potenciometrija, merjenje vi-
skoznosti, gostote ter povrsinske napetosti raztopin, je ugotovlje-
no, da so za tvorbo kompleksa med anionom barvila in micelom
neionskega tenzida v vecji meri odgovorne hidrofobne interakci-
je, za tvorbo kompleksa med kationom barvila in micelom neion-
skega tenzida pa poleg hidrofobnih interakcij tudi charge-transfer
oziroma elektron donor-akceptor interakcije [21-29, 31, 32, 35-37,
39-51]. Pri tem deluje kationska skupina barvila kot elektron ak-
ceptor, polioksietilenska skupina neionskega tenzida pa kot elek-
tron donor. Ce anionsko barvilo vklju¢uje substituente, ki omogo-
¢ijo nastanek pozitivnega centra v vzbujenem stanju barvila, lahko
tudi med anionskim barvilom in micelom delujejo charge-transfer
interakcije [22, 23]. Barvilo v vzbujenem stanju deluje kot elektron
akceptor, neionski tenzid pa kot elektron donor.

Na splosno je jakost interakcij med anionom oziroma kationom
barvila in micelom neionskega tenzida vedja v primerjavi z mice-
lom ionskega tenzida nasprotnega naboja [21, 28, 37]. To pomeni,
da je neionski micel prijaznej$e mikrookolje za ionsko barvilo kot
ionski micel nasprotnega naboja.

Jakost interakcij nara$ca z narasc¢ajoc¢o hidrofilnostjo tenzida in hi-
drofobnostjo barvila [27, 44, 45, 49]. Ugotovljeno je, da se kon-
stanta vezanja anionskega barvila na micel neionskega tenzida po-
vecuje z nara$¢ajoco polioksietilensko skupino tenzida [44, 49]. To
lahko razlozimo tako, da je mikrookolje micela, ki vkljucuje dalj-
$o polioksietilensko skupino, ugodnejse za vezanje polarnega bar-
vila, kot ¢e vkljucuje krajso polioksietilensko skupino. V seriji kati-
onskih N-alkilstirilpiridinijevih barvil se konstanta vezanja barvila
v micele neionskega tenzida Triton X-100 (TX-100) povecuje z na-
ras¢ajoco dolzino alkilne verige, vezane na kationski dusik barvila
[45], pri anionskih azobarvilih pa z ve¢anjem alkilne skupine, ve-
zane na benzenski obro¢ kromogena [49]. Z nara$¢anjem hidro-
filnosti anionskega barvila, ki je posledica povecanja tevila sul-
fonskih skupin v strukturi barvila, se stopnja nastanka kompleksa
zmanjsuje [38, 44, 46].

Stevenson in sodelavci [49] so dokazali, da struktura anionske-
ga barvila ne vpliva le na jakost interakcij, temve¢ tudi na na-
¢in vezanja barvila v neionski micel. Joci¢, Oakes in Gratton [42,
46] so ugotovili, da se barvilo zaradi prisotnosti anionske polar-
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Figure 2: Structural formulae of nonionic surfactants.

sulphate. It was established that for the binding
of less hydrophobic dyes to micelles, both elec-
trostatic and hydrophobic interactions are im-
portant, while for more hydrophobic dyes, only
hydrophobic interactions prevail.

Nemcovd and Cermakovd [32] confirmed that
the dye structure and the number of anionic
groups of the dye influence the mode of bind-
ing of an anionic dye to a cationic surfactant
micelle. Incorporation of an anionic sulphone
group to the dye chromogene prevents the dye
from penetrating the hydrophobic core of a cat-
ionic micelle. The dye resides in the hydrophilic
surface of the surfactant micelle. At the same
time, the quaternary ammonium group of the
surfactant is strongly associated with the ar-
omatic ring of the dye, which prevents the dye
from penetrating deeper into the micelle core.
The dye, with its hydrophilic sulphonic or car-
boxylic groups, is incorporated into the water-
rich Stern Layer of the micelle in a sandwich
arrangement [9, 29, 36, 37]. Besides hydration
of the hydrophilic group of the dye, solvation of

ne sulfonske skupine ne solubilizira v nepolarno jedro micela,
ampak ostaja tik ob polioksietilenskih verigah in le delno prodi-
ra v hidrofobno podro¢je micela. Na globino prodiranja vpliva-
jo substituente, vezane na kromogen barvila. Stopnja nastanka
kompleksa anionsko barvilo-micel neionskega tenzida narasca
z nara$¢anjem hidrofobnosti p-substituent barvila v vrstnem
redu ~-CH(CH,), > -CH, > -Cl > -H > -OCH, oziroma pade,
¢e so na p-mestu vezane hidrofilne substituente, kot sta -SO," in
-COO" [46].

Iz rezultatov spektrofotometri¢nih meritev, ki sta jih izvedla Daki-
ky in Dutta s sodelavci [25, 27], je tudi razvidno, da se v komple-
ksu, ki nastane med anionskim barvilom in micelom neionskega
tenzida, barvilo veze globlje v nepolarno jedro micela v primerja-
vi s kationskim micelom, pri katerem ostane vezano le na njegovi
povrsini. To je tudi vzrok, da neionski micel bolj vpliva na obliko
spektra anionskega barvila kot kationski micel.

Kationska barvila tvorijo z miceli neionskega tenzida v vodnem
mediju komplekse [21, 27, 29, 35, 36, 39, 41], v katerih med kati-
onom barvila in polioksietilensko skupino tenzida delujejo elek-
trostatske privla¢ne sile. V primeru neionskega tenzida TX-100,
ki vsebuje fenilno skupino, bogato z elektroni, ta dodatno sodelu-
je pri tvorbi privla¢nih interakcij z elektronsko deficitarnim bar-
vilom [35, 39]. Prav tako sta Bhattacharya in Sarkar s sodelavci
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the aromatic ring of the dye also appeared. Van
der Waals forces also participate between adja-
cent surfactant chains, where hydrophobic in-
teractions are present, and the dye, which caus-
es a change in the microenvironment of the dye
chromophore. This can be seen in the batochro-
mic shift of the wavelength of the absorption
maximum of the complex in comparison with
the wavelength of the absorption maximum of
the pure dye [9, 25, 26].

Goktiirk and Tungay [28] established that the
cationic dye Safranin O binds stronger to sodi-
um dodecyl sulphate compared to sodium do-
decyl sulphonate. The reason for this is in the
difference between the surfactant polar groups.
The sulphur atom of the sulphonic group direct-
ly joins to the carbon atom of the hydrophobic
chain, while the sulphur atom of the sulphate
group joins to the carbon atom of hydrophobic
chain via an oxygen atom. This structural dif-
ference has an essential influence on the sur-
factant tendency for complex formation.
Studies of dye-micelle interactions in solvent
mixtures, achieved by Goktiirk and Tungay
(28], showed that addition of methanol, dimeth-
ylformamide and 1,4-dioxane to water increas-
es the c.m.c. of an ionic surfactant. This is re-
flected in the reduction of the binding degree of
the dye to the micelle, due to an increase in the
volumetric ratio of a cosolvent in the mixture.
Electrostatic repulsion acts strongly between dye
ions and surfactant micelles of the same ionic
charge, which prevents complex formation and
thus, the solubilisation of the dye by the micelle
is not possible [21, 22, 26, 27, 29, 31, 35-37];
however, very hydrophobic dyes are an excep-
tion. Attractive hydrophobic interactions, which
act between the dye and the micelle, are strong-
er than electrostatic repulsion, and therefore,

govern binding of the dye to micelles [27].

3 Interactions between ionic dyes
and nonionic surfactants

Interactions between an ionic dye and a noni-
onic surfactant take place at a surfactant con-
centration higher than the c.m.c., which causes
dye-micelle complex formation. However, in-
teractions between dye ions and free molecules

of a nonionic surfactant can be neglected [39].
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[21, 37] ugotovila, da se med kationskim barvilom in neionskim
micelom tvorijo kompleksi v razmerju 1 : 1 ne glede na struktu-
ro tenzida.

Jakost interakcij, ki je neposredno odvisna od strukture tenzida
in barvila, narasc¢a z naras¢anjem hidrofobnosti tenzida [21, 28,
37]. Zvecanje ogljikovodikove verige v strukturi tenzida namre¢
poveca elektron donorsko kapaciteto tenzida zaradi induktivnega
efekta, kar pogojuje nastanek kompleksa. Iz raziskave neionskih
tenzidov Tween s kationskim barvilom je razvidno, da konstan-
ta nastanka kompleksa barvilo-micel premo sorazmerno narasca
z nara$¢ajoco hidrofobno alkilno verigo tenzida in je obratno so-
razmerna s c. m. c. Pomembnost hidrofobnih interakcij potrju-
je tudi ugotovitev, da je konstanta vezanja kationskega barvila na
neionski tenzid Tween 20, ki vkljucuje 20 oksietilenskih skupin,
vecja v primerjavi z neionskim tenzidom Brij 35, ki vkljucuje 23
oksietilenskih skupin. To je namre¢ v skladu z njuno hidrofob-
nostjo, ki je za Tween 20 ve&ja kot za Brij 35 [28]. Ceprav lahko
oba tenzida s konéno hidroksilno skupino tvorita vodikove vezi
s proucevanim barvilom Safranin O, pa iz rezultatov sledi, da so
vodikove vezi pri tvorbi kompleksov manj pomembne [28]. Kon-
stanta vezanja kationa barvila na micel neionskega tenzida nara-
$¢a tudi z naras¢anjem hidrofobnosti barvila [35]. Hkrati s tem
bolj hidrofobno barvilo prodira globlje v jedro tenzida kot manj
hidrofobno. Na sliki 2 so prikazane strukturne formule prouce-
vanih neionskih tenzidov.

Goktiirk in Tungay [28] sta pri proucevanju vpliva dodatka soto-
pila v vodno raztopino kationskega barvila in micelov neionskega
tenzida ugotovila, da dodatek sotopila vpliva na jakost interakcij
kationsko barvilo-neionski micel. Prisotnost sotopil, kot so me-
tanol, dimetilformamid in 1,4-dioksan, zmanjsa stopnjo vezanja
barvila v micel, ki se zmanj$uje z nara$¢ajo¢o koncentracijo so-
topila v mesanici z vodo. V mesanici vode in sotopila se namre¢
zmanj$a polarnost topila v primerjavi z vodo, kar bistveno vpliva
na zmanjsanje hidrofobnih interakcij pri tvorbi kompleksa.
Teznja po interakcijah med ionskim barvilom in micelom neion-
skega tenzida in s tem povezana stabilnost kompleksa padata z na-
ra$¢anjem temperature raztopine [27, 37, 47].

4 Interakcije med neionskim barvilom
in ionskim/neionskim tenzidom

Neionsko barvilo je v vodi slabo topno. Za povecanje njegove to-
pnosti v vodi dodajamo v barvalno kopel tenzid. Tenzid pri kon-
centracijah, vi§jih od c. m. c., povzro¢i spontano raztapljanje ne-
ionskega barvila v micel tenzida. Pri tem se tvori termodinamsko
stabilen sistem. Solubilizacijo neionskega barvila v micel omogoca-
jo hidrofobne, charge-transfer in elektrostatske interakcije. Reakci-
jo solubilizacije neionskega barvila v micel ionskega ali neionskega
tenzida lahko zapiSemo z naslednjimi ravnoteznimi enacbami:
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Micellisation of a nonionic surfactant as well as
binding of a dye ion to a nonionic micelle can
be illustrated by the following equilibrium reac-
tions: (Equations 7, 8 and 9),

where N and M are a molecule and a micelle of
a nonionic surfactant, MB- and MB* are com-
plexes between an ionic dye and a nonionic mi-
celle and K, is the constant for ionic dye-noni-
onic micelle complex formation.

From the use of different methods, like NMR,
UV-VIS spectrophotometry, potentiometry, vis-
cosimetry, density and surface tension, it can be
seen that complex formation between a dye an-
ion and a nonionic micelle is mainly governed
by hydrophobic interactions, compared to com-
plex formation between a dye cation and a non-
ionic micelle, which is governed by hydrophobic
and charge-transfer or donor-acceptor interac-
tions [21-29, 31, 32, 35-37, 39-51]. In these
complexes, the cationic dye group acts as an
electron acceptor, whereas the polyoxyethylene
group of a nonionic surfactant acts as an elec-
tron donor. If the anionic dye contains substit-
uents, which might form positive charges in the
excited state, then charge-transfer interactions
will also appear [22, 23]. The dye in its excited
state acts as an electron acceptor and the noni-
onic surfactant as an electron donor.

In general, the strength of interactions between
dye anions or dye cations and the micelle of a
nonionic surfactant is stronger in compari-
son with an ionic micelle of the opposite charge
[21, 28, 37]. This means that the nonionic sur-
factant is a more favourable microenvironment
for the ionic dye than the ionic micelle of the
opposite charge.

The strength of interactions increases with in-
creasing surfactant hydrophility and dye hy-
drophobicity [27, 44, 45, 49]. It has been stat-
ed that the binding constant of an anionic dye
to a surfactant micelle increases with increas-
ing polyoxyethylene group length of the sur-
factant [44, 49]. This can be explained with the
microenvironment of the micelle. If a nonion-
ic surfactant includes a longer polyoxyethylene
chain, then the microenviroment of the micelle
will be more favourable for binding the polar
dye than the microenvironment of the nonion-
ic micelle with a shorter polyoxyethylene chain.

In the series of cationic N-alkyl styryl pyridin-
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K
B +M" == BM"™ (10)
K
B+ M™" ==24_ gpr (11)
K
B+M -l BM (12)

kjer je B molekula neionskega barvila, BM**, BM™ in BM so
kompleksi med neionskim barvilom in ionskim oziroma neion-
skim micelom.

Raziskave s podro¢ja interakeij neionsko barvilo-ionski tenzid ozi-
roma neionsko barvilo-neionski tenzid so opravljene pretezno na
modelnih barvilih, kot so naftalen, piren in fenantren. Izsledki
raziskav solubilizacije neionskih barvil v micel tenzida kazejo, da
se neionsko barvilo lahko vklju¢i v hidrofobno podro¢je micela,
tj. v njegovo notranjost, ali pa ostaja adsorbirano na medfazi mice-
la, tj. v njegovi hidrofilni plasti [52-60]. Mesto v micelu, na katero
se veze neionsko barvilo, je odvisno od strukture barvila in tenzi-
da [52]. Polarna spojina se solubilizira v hidrofilni del micela, ne-
polarna spojina pa v hidrofobni del micela [53, 54]. Torej, manj-
$a ko je polarnost spojine in ve¢ja ko je njena hidrofobna skupina,
lazje spojina prehaja iz vodne v micelarno fazo [53]. Stopnja solu-
bilizacije je odvisna od strukture barvila in tenzida, ionske narave
micelov in koncentracije tenzida [52, 56]. Manj$e molekule barvila
se lazje solubilizirajo kot vecje molekule [52]. Z zvi$anjem koncen-
tracije tenzida se povecuje koli¢ina solubilizirane snovi. To je tudi
razumljivo, saj je s povecanjem koncentracije tenzida v raztopini
prisotnih ve¢ micelov, ki so sposobni solubilizirati netopne snovi
[54]. V splosnem kazejo kationski tenzidi s kvarterno amonijevo
skupino manj$o sposobnost solubilizacije v primerjavi z neionski-
mi tenzidi z enako dolzino hidrofobne verige. Povec¢anje hidrofob-
nosti ionske skupine kationskega tenzida, tj. vkljucitev etilne ali
benzilne skupine, povzroci povecanje solubilizacijske sposobnosti
kationskege tenzida [55]. V primeru, da neionsko barvilo v svoji
strukturi vkljucuje substituente, ki zaradi prehoda v vzbujeno sta-
nje omogocijo nastanek ionskega centra na barvilu, pa ostaja bar-
vilo adsorbirano le na medfazi neionskega micela [23]. Koli¢ina
snovi, ki se solubilizira, je odvisna od koncentracije tenzida.
Schwuger in von Rybinski [54] sta v raziskavi vpliva dodatka po-
lietilenglikola ali polivinilpirolidona v vodno raztopino anionske-
ga tenzida natrijevega dodecilsulfata (SDS) in v vodi slabo topne-
ga barvila Orange OT ugotovila, da se solubilizacija barvila v micel
tenzida SDS povecuje z dodatkom polimera. Polimer povzrodi, da
potece solubilizacija barvila Orange OT Ze pri koncentracijah ten-
zida SDS, nizjih od c. m. c. Ugotovljeno je, da imajo kompleksi po-
limer-SDS podobne lastnosti kot miceli SDS in zato kazejo podo-
ben ucinek solubilizacije kot raztopine cistega tenzida SDS. Mejna
koncentracija mes$anice polimer/SDS, pri kateri potece solubiliza-
cija barvila Orange OT, je veliko niZja od c. m. c. tenzida SDS. Na
mejno koncentracijo vplivata tako struktura ionskega tenzida kot
dodatek elektrolita, saj se s povec¢anjem dolzine hidrofobne verige
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ium dyes, the binding constant of a dye to the
nonionic micelle of Triton X-100 (TX100) in-
creases with increasing alkyl chain length, when
bound to the cationic dye nitrogen [45]. With
anionic azo dyes, the binding constant increases
with increasing alky group length, when bound
to the benzene ring of the chromogene [49]. The
binding constant of complex formation decreas-
es with increasing hydrophobicity of an anionic
dye due to the increasing number of sulphonic
groups in the dye structure [38, 44, 46].
Stevenson and co-workers [49] proved that the
structure of an anionic dye influenced not only
the strength of interactions, but also the way the
dye bound to the nonionic micelle. Jocic, Oakes
and Gratton [42, 46] stated that a dye anion,
due to the presence of an anionic polar sulphon-
ic group, does not solubilise in the nonpolar mi-
cellar core, but resides close to the polyoxyeth-
ylene chains and partially penetrates into the
hydrophobic region of the micelle. Substituents,
bound to the dye chromogene, dictate the depth
of the dye penetration. The anionic dye-nonion-
ic micelle complex formation increases with in-
creasing hydrophobicity of the p-substituents of
dye, in the following order: -CH(CH,), > -CH3
> -Cl > -H > -OCH,. However, complex for-
mation decreases if the p-substituents include -
SO, and -COO" [46].

From the results of spectrophotometric meas-
urements obtained by Dakiky, Dutta and co-
workers [25, 27], it can be seen that the dye
penetrates into the micelle further from the sur-
face of the micelle and resides in the nonpolar
micellar core in anionic dye-nonionic micelle
complexes compared to cationic micelles, where
the dye resides at the surface of the micelle. This
may be the reason why the effect of a nonionic
surfactant micelle on the dye spectra is greater
than that obtained for a cationic micelle.
Cationic dyes form complexes with nonionic mi-
celles in aqueous media [21, 27, 29, 35, 36, 39,
41] due to attractive electrostatic interactions,
which act between dye cations and the polyox-
yethylene groups of a nonionic surfactant. If the
nonionic surfactant contains an electron-rich
phenyl group, like TX100, the phenyl group of
the nonionic surfactant can additionally con-
tribute to the formation of attractive forces with

an electron-poor dye [35, 39]. Likewise, Bhat-
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anionskega tenzida za eno —~CH, skupino in z dodatkom elektroli-
ta v raztopino polimer-anionski tenzid solubilizacija barvila Oran-
ge OT poveca.

Paria in Yuet [56] sta z raziskavo solubilizacije naftalena v kation-
ski in kationsko-neionski micel ugotovila, da hidrofobne interak-
cije omogocajo solubilizacijo naftalena v notranjost kationskega
micela, elektrostatske interakcije, ki pote¢ejo med m-elektroni naf-
talena in pozitivnim nabojem tenzida, pa tudi na medfazo kation-
skega micela [55]. Solubilizacija naftalena je odvisna od dolzine al-
kilne verige kationskega tenzida. Kationski tenzid z dalj$o alkilno
verigo ima vedje micelarno agregacijsko $tevilo in s tem vecje po-
dro¢je znotraj micela, na katerem lahko potece solubilizacija naf-
talena. Do enakih sklepov so prisli tudi pri proucevanju solubiliza-
cije drugih organskih spojin v micel kationskega tenzida [53]. Na
solubilizacijo naftalena vpliva tudi ionska aktivnost tenzida. Do-
kazano je, da potece solubilizacija naftalena le v jedro anionske-
ga micela, medtem ko solubilizacija v neionski micel ni odvisna od
dolZine polioksietilenskih enot neionskega tenzida [56].

V vodnih raztopinah ionskega in neionskega tenzida, v katerih je
koncentracija ionskega tenzida vi$ja od c. m. c., koncentracija ne-
ionskega pa nizja od c. m. c. ali obratno, prihaja do tvorbe mesanih
micelov. Delez posameznega tenzida v mesanem micelu je odvisen
od koncentracije tenzida. Solubilizacija neionskega barvila v me-
$ani micel, sestavljen iz ionskega in neionskega tenzida, je odvisna
od strukture barvila, ionske narave tenzida in od molskega dele-
Za posameznega tenzida v mes$anem micelu. Pri meSanih micelih,
ki vkljucujejo kationski in neionski tenzid ali anionski in neionski
tenzid, potece solubilizacija naftalena pri nizji koncentraciji tenzi-
da v primerjavi z enokomponentnim tenzidom [56]. V me$anem
micelu, sestavljenem iz ionskega in neionskega tenzida, neionski
tenzid delno zasenci naboj in s tem zniZa adsorpcijo. V mes$anem
kationsko-neionskem micelu so molekule bolj tesno zloZene zara-
di zmanjsanega elektrostatskega odboja med kationskimi skupina-
mi tenzida, kar pripomore k zmanj$anju solubilizacijske sposob-
nosti [60].

Zhou, Zhao in sodelavci [57, 58] so z raziskavo solubilizacije pi-
rena in fenantrena v mesani anionsko-neionski micel ugotovili,
da solubilizacija pirena in fenantrena v mesani anionsko-neion-
ski micel nara$¢a z dolzino polioksietilenske verige neionskega
tenzida oziroma z naras¢anjem njegove HLB-vrednosti. Dokaza-
li so, da koli¢ina solubiliziranega fenantrena v mesani anionsko-
neionski micel nara$¢a z nara§¢anjem molskega deleza neionske-
ga tenzida oziroma pada, ko je molski delez neionskega tenzida
vigji od 0,9 [58].

Dar in Zhou sta skupaj s sodelavci [55, 59] proucevala solubili-
zacijo policikliénih aromatskih ogljikovodikov (PAHs) v mesa-
ne micele. Ugotovila sta, da ima ekvimolarna dvokomponentna
mesanica kationskega in neionskega tenzida vec¢jo solubilizacij-
sko sposobnost kot kationski tenzid, neionski tenzid ali me$anica
dveh kationskih tenzidov, saj solubilizacija nara$¢a z nara$¢anjem
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tacharya and Sarkar [21, 37] found out that 1
: 1 complexes between cationic dyes and noni-
onic micelles are formed irrespective of the dye
structure.

The strength of interactions, which is direct-
ly affected by the dye and surfactant struc-
tures, increases with increasing surfactant hy-
drophobicity [21, 28, 37]. By elongation of the
hydrocarbonium chain of the surfactant, the
electron donor capacity of the surfactant in-
creases due to an inductive effect, which gov-
erns complex formation. From the studies be-
tween the nonionic surfactant Tween and a
cationic dye, it can be seen that the equilibri-
um constants for the dye-micelle complex are
directly proportional to the carbon number of
the Tween and inversely proportional to the
c.m.c of the surfactant. From the binding con-
stants, the significance of hydrophobic interac-
tions is stated. The binding constant of the cat-
ionic dye-Tween 20 nonionic micelle, which
includes 20 polyoxyethylene units, is bigger
compared to the binding constant of the cation-
ic dye-Brij 35 nonionic micelle, which includes
23 polyoxyethylene units. Values of the binding
constants are in compliance with surfactant
hydrophobicity, which is bigger for Tween 20
than for Brij 35 [28]. The results showed that
hydrogen bonding is not significant for com-
plex formation, even though both surfactants
form H-bonds with the studied dye Safranin-O
[28]. The binding constant of the cationic dye-
nonionic micelle increases with increasing dye
hydrophobicity [35]. A more hydrophobic dye
penetrates deeper into the micellar core than a
less hydrophobic one. The structural formulae
of the nonionic surfactants studied are shown
in Figure 2.

Goktiirk and Tungay [28] ascertained that the
addition of a cosolvent to an aqueous solution
of a cationic dye and micelles of a nonionic sur-
factant showed a significant influence on the
strength of cationic dye-nonionic micelle in-
teractions. The presence of a cosolvent, such as
methanol, dimethylformamide and 1,4-diox-
ane, reduces the binding degree of the dye to the
micelle, which diminished with increasing co-
solvent concentration in the water mixture. The
solvent polarity is reduced in water-cosolvent

mixtures compared to water, which may cause
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hidrofobnega znacaja PAHs. Trikomponentne me$anice tenzidov,
sestavljene iz dveh kationskih tenzidov in enega neionskega tenzi-
da, imajo manjso solubilizacijsko sposobnost od dvokomponentne
mesanice, sestavljene iz kationskega in neionskega tenzida, vendar
vi$jo od dvokomponentne mesanice, sestavljene iz dveh kationskih
tenzidov. [55]. Pri proucevanju solubilizacije PAHs v meSani ani-
onsko-neionski micel je ugotovljeno, da dodatek neionskega tenzi-
da Triton X-405 (TX-405) poveca sposobnost solubilizacije anion-
skega tenzida SDS za PAHs ne glede na sestavo raztopine, medtem
ko dodatek SDS v raztopino TX-405 poveca solubilizacijo PAHs v
raztopino TX-405 le pri dololeni sestavi raztopine. [59]

5 Interakcije med ionskim barvilom in ionskim
tenzidom v prisotnosti neionskega tenzida

Raziskave, ki vklju¢ujejo studij medmolekulskih interakcij v vodni
raztopini barvila in dveh tenzidov, so kljub svoji veliki tehnolosgki
pomembnosti redke. Vzrok za to je prav gotovo v kompleksnosti
trikomponentnega sistema, v katerem lahko delujejo tako interak-
cije med barvilom in tenzidom kot tudi med dvema tenzidoma.
Ravnotezne reakcije, s katerimi opi$emo te interakcije ne glede na
njihovo jakost, so:

K
B + T =5 BT (1)
K
AINT=— M (7)
K
B + M ~—=24_ MB (8)
K
T +M~=2L M+ (13)
K
BT +M ==2E_ MBT (14)

kjer je «, , konstanta nastanka kompleksa ionski tenzid-micel ne-
ionskega tenzida, MBT kompleks, ki se tvori pri vezanju komple-
ksa BT v micel neionskega tenzida, in K, . konstanta nastanka
kompleksa MBT.

Le malo je eksperimentalnih metod, ki bi bile primerne za prouce-
vanje interakcij barvilo-tenzid v trikomponentnih sistemih. Med
njimi naj poudarimo UV-VIS-spektroskopijo [61-67] in potenci-
ometrijo [17, 18, 67]. Pri spektrofotometri¢nih meritvah se zara-
di interakcij med barvilom in tenzidom v spektru barvila spreme-
nita vrednost absorbance in tudi valovna dolzina absorpcijskega
maksimuma. Vzrok za to je nastanek obarvanega kompleksa bar-
vilo-tenzid, ki ima drugacne lastnosti kot prosti ioni barvila v raz-
topini. Pri potenciometri¢nih meritvah lahko nastanek kompleksa
med barvilom in tenzidom dolo¢imo na podlagi rezultatov meri-
tev napetosti galvanskega ¢lena, pri ¢emer uporabimo ionoselek-
tivno membransko elektrodo.
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a reduction in hydrophobic interactions when
complexes are formed.

The tendency of ionic dye-nonionic micelle in-
teractions and the stability of the complex as
well decrease with increasing temperature of
the solution [27, 37, 47].

4 Interactions between
nonionic dyes and ionic/
nonionic surfactants

Since nonionic dyes are poorly soluble in wa-
ter, the addition of surfactant in the dyebath
is needed to improve solubility. Surfactants,
at concentrations higher than the c.m.c., are
able to spontaneously dissolve nonionic dyes
by reversible interaction with the micelle of
the surfactant in a solvent to form a thermo-
dynamically stable system. Solubilisation of a
nonionic dye by micelles is governed by hydro-
phobic, charge-transfer and electrostatic inter-
actions. Solubilisation of a nonionic dye by an
ionic or nonionic micelle can be described with
the following equilibria equations: (Equations
10, 11 and 12),

where B is a molecule of a nonionic dye and
BM*, BM™ and BM are the complexes be-
tween a nonionic dye and an ionic or nonion-
ic micelle.

Studies of nonionic dye-ionic surfactants and
nonionic dye-nonionic surfactants are predom-
inantly done with model dyes, such as naphtha-
lene, pyrene and phenantrene. Studies of the
solubilisation of nonionic dyes by surfactant mi-
celles showed that a nonionic dye can incorpo-
rate into the hydrophobic region of the micelle,
i.e. its inner core, or adsorb in the micelle-wa-
ter interface, i.e. its hydrophilic layer [52-60].
The location in the micelle where a nonionic
dye will be placed is dependent upon the struc-
ture of both the dye and the surfactant [52]. Po-
lar compounds solubilise into the hydrophilic
region, but non-polar compounds solubilise
into the hydrophobic region of the micelle [53,
54]. The weaker the compound polarity and the
longer the hydrophobic chain of solubilised mol-
ecule, the easier the transfer of the compound
from the aqueous phase to the micelle phase
will be [53]. Solubilisation power is dependent

upon the surfactant and dye structures, the ion-
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Simonc¢i¢ in Kert [17, 67] sta s potenciometri¢nimi titracijami, ki
so bile izvedene v mesanici anionskega barvila C.I. Acid Red 88
(AR88) in kationskega tenzida dodeciltrimetilamonijevega bromi-
da (DTA) brez neionskega tenzida TX-100 in v njegovi prisotnosti,
dokazali, da dodatek tenzida TX-100 pri koncentracijah, ve¢jih od
c.m. ¢, povzrodi znizanje konstante nastanka kompleksa AR88-
DTA. To pomeni, da se stabilnost kompleksa med barvilom AR88
in tenzidom DTA zmanjsa v prisotnosti micelov tenzida TX-100 v
primerjavi z dvokomponentnim sistemom, v katerem tenzid TX-
100 ni prisoten. Znizanje vrednosti konstante nastanka kompleksa
ARB88-DTA je neposredno povezano z interakcijami AR88 in DTA
z neionskimi miceli tenzida TX-100, ki istocasno potekajo v razto-
pini in so protiutez interakcijam med AR88 in DTA. Iz rezultatov
je tudi razvidno, da tenzid TX-100 neposredno vpliva na hidrofil-
no-hidrofobno ravnotezje kompleksov in da se kompleksi AR88-
DTA lahko solubilizirajo v micele tenzida TX-100.

Izsledke potenciometri¢nih raziskav sta potrdili Akbas in Kartal, ki
sta interakcije med barvili in tenzidi v trikomponentnih sistemih
proucevali spektrofotometri¢no [61-63]. Iz spektrov barvila C.I.
Reactive Orange 16 (RO16) sta razbrali, da se z narasc¢ajo¢o kon-
centracijo neionskega tenzida alkil poli(oksietilen) etra v raztopini
barvila RO16 in kationskega tenzida dodecilpiridinijevega klori-
da (DPC) zviSuje absorbanca barvila. Vzrok za zvi$anje absorban-
ce sta pripisali zniZanju stabilnosti kompleksov med RO16 in DPC
v prisotnosti neionskih micelov. Podobne rezultate sta dobili tudi,
ko sta v raztopino RO16 dodali mesanico anionskega tenzida na-
trijevega dodecilsulfata in neionskega tenzida alkil poli(oksietilen)
etra. Rezultati spektrofotometri¢nih meritev so tudi pokazali, da
zvi$anje temperature ne vpliva na absorbanco barvila v trikompo-
nentni mesanici. Vzrok za to je zmanj$anje polarnosti polioksieti-
lenske verige pri vi$ji temperaturi. Znizanje polarnosti polioksieti-
lenske verige neionskega tenzida vpliva na zmanj$anje hidrofilnih
interakcij, ki so v ravnotezju s hidrofobnimi interakcijami, tj. inte-
rakcijami med alkilnimi verigami barvila in anionskega tenzida.
Pojav solubilizacije anionskega barvila v micel neionskega tenzida
je s spektrofotometri¢no metodo potrdil tudi Oakes [65]. Ugotovil
je, da dodatek neionskega tenzida v raztopino, v kateri sta prisotna
azobarvilo in kationski tenzid, vpliva na zvi$anje intenzitete celo-
tnega spektra za 30-40 %. Iz tega je sklepal, da v raztopini nastane-
jo mesani miceli, v katere se vkljuci barvilo. ZviSanje absorbance je
pripisal solubilizaciji barvila, ki pote¢e v mesanem micelu.
Simon¢i¢ in Kert [18] sta s proucevanjem vpliva strukture barvi-
la in tenzida na jakost interakcij anionsko barvilo-kationski tenzid
v prisotnosti micelov neionskega tenzida s potenicometri¢cno me-
todo ugotovili, da povecanje hidrofobnosti barvila ali kationskega
tenzida vpliva na zvecanje jakosti interakcij kationski tenzid-micel
neionskega tenzida v dvokomponentnem sistemu oziroma zveca-
nje jakosti interakcij anionsko barvilo-kationski tenzid v trikom-
ponentnem sistemu. Na jakost interakcij anionsko barvilo-kation-
ski tenzid vpliva tudi struktura neionskega tenzida. Z zvecanjem
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ic activity of the micelle and the surfactant con-
centration [52, 56]. Smaller molecules solubilise
more readily in micellar solution than bigger
ones [52]. The amount of solubilised compound
in the surfactant micelle increases with increas-
ing surfactant concentration. This is under-
standable, since at higher surfactant concen-
trations, more micelles are present, which are
able to solubilise the insoluble substances [54].
In general, cationic surfactants with quaternary
ammonium head groups, exhibited lower sol-
ubilisation capacity than nonionic surfactants
of the same hydrophobic chain length. An in-
crease in the hydrophobicity of the head groups
by incorporation of ethyl or benzyl groups en-
hanced the solubilisation capacity of cationic
surfactants [55]. When the nonionic surfactant
includes substituents in its structure that enable
the formation of an ionic centre on the dye due
to its transfer into the excited state, the dye re-
sides in the nonionic micelle interface [23]. The
amount of solubilised substance is dependent
on the surfactant concentration.

In the study of the influence of the addition of
polyethylene glycol and polyvinylpyrrolidone to
aqueous solution of the anionic surfactant sodi-
um dodecyl sulphate and the poorly soluble dye
Orange OT by Schwuger and von Rybinski [54],
it was found that the solubilisation of the dye
by the SDS micelle increases with the addition
of a polymer. The latter causes solubilisation
of Orange OT by SDS at concentrations lower
than the c.m.c. of SDS. It has been stated that
the polymer-SDS complexes have similar char-
acteristics as SDS micelles. However, polymer-
SDS complexes showed the same solubilisation
effect as the pure SDS surfactant solution. The
concentration limit of the polymer-SDS mixture
at which solubilisation of Orange OT occurs is
much lower than the c.m.c. of SDS. It is affect-
ed by the ionic surfactant structure and the ad-
dition of an electrolyte. Solubilisation of Orange
OT dye increases with the increasing length of
the surfactant hydrophobic group for one -CH,
group as well as by the addition of an electro-
Iyte to the polymer-anionic surfactant solution.

Paria and Yuet [56] established, with the study
of solubilisation of naphthalene by cationic and
cationic-nonionic micelles, that naphthalene

molecules solubilise into the interior of a cati-
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HLB-vrednosti neionskega tenzida narasca teznja po tvorbi kom-
pleksov kationski tenzid-micel neionskega tenzida, posledica tega
pa je zniZanje teznje po tvorbi kompleksov anionsko barvilo-kati-
onski tenzid v trikomponentnem sistemu.

6 Zakljueki

Na podlagi pregleda raziskav lahko ugotovimo naslednje:

- jakost interakcij barvilo-tenzid se povecuje z naras¢anjem hi-
drofobnosti tenzida in barvila,

- razvejanost strukture tenzida otezuje tesno zbliZanje ionov bar-
vila in tenzida, kar vpliva na znizanje jakosti interakcij barvilo-
tenzid,

- interakcije med barvilom in micelom tenzida omogocajo solu-
bilizacijo barvila v micel,

- mesto vkljucitve barvila v micel je odvisno od strukture barvila
in tenzida,

— ionsko barvilo se veze v hidrofilno podro¢je micela, neionsko
barvilo pa v hidrofobno podro¢je micela,

- dodatek neionskega tenzida v raztopino barvila in tenzida na-
sprotnega naboja zniza jakost interakcij barvilo-tenzid,

- znara$¢anjem HLB-vrednosti neionskega tenzida narasca teznja
po tvorbi kompleksov tenzid-tenzid, posledica tega pa je zniza-
nje teznje po tvorbi kompleksov barvilo-tenzid,

- miceli neionskega tenzida so sposobni solubilizirati komplekse
barvilo-tenzid,

- dodatek elektrolita zmanjsa jakost interakcij med ionskim bar-
vilom in tenzidom nasprotnega naboja,

- povisanje temperature vpliva na zmanj$anje jakosti interakcij
barvilo-tenzid in

- dodatek sotopila v raztopino barvila in tenzida zniza jakost nju-
nih interakcij.

Iz tega lahko zaklju¢imo, da je pri izbiri tenzida kot egalizirnega

sredstva treba upostevati vse dejavnike, ki lahko vplivajo na jakost

interakcij barvilo-tenzid, saj bo le v tem primeru dosezeno enako-
merno obarvanje tekstilnih vlaken.

/ Literatura

1. DATYNER, A. Surfactants in textile processing. New York; Ba-
sel, Marcel Dekker Inc., 1983, str. 77-105.

2. AKBAS, H., KARTAL, C. Conductometric studies of the in-
teraction of C.I. Reactive Orange 16 with cationic alkyltrime-
thylammonium bromide surfactants. Dyes and Pigments, 2007,
vol. 72, no. 3, str. 383-386.

3. BRACKO, S., SPAN, J. Conductometric investigation of dye-
surfactant ion pair formation in aqueous solution. Dyes and
Pigments, 2000, vol. 45, no. 2, str. 97-102.

Tekstilec, 2007, let. 50, st. 7-9, str. 187-207



202

onic micelle by hydrophobic interactions, but
they can also adsorb at the interface of the cati-
onic micelle due to electrostatic interactions be-
tween the m-electrons of naphthalene and the
positive charge of the surfactant [55]. Solubili-
sation of naphthalene depends upon the length
of the alkyl chain of a cationic surfactant. Cat-
ionic surfactants with longer alkyl chains have
larger micellar aggregation numbers, which
provide a larger micellar core region for solu-
bilising naphthalene molecules. The same was
confirmed by studies of the solubilisation of oth-
er organic compounds by cationic micelles [53].
Solubilisation of naphthalene is also affected by
the ionic activity of the surfactant. It was prov-
en that the solubilisation of naphthalene by an
anionic micelle occurs only in its core, but solu-
bilisation of naphthalene by a nonionic micelle
is not governed by the length of the polyoxyeth-
ylene units of a nonionic surfactant [56].

In aqueous solutions of an ionic and a nonion-
ic surfactant, where the concentration of ion-
ic surfactant is higher than the c.m.c. and the
nonionic surfactant lower than the c.m.c. or
the inverse, mixed micelles can be formed. The
proportion of an individual surfactant in a
mixed micelle depends on the surfactant con-
centration. Solubilisation of a nonionic dye by
an ionic-nonionic mixed micelle depends upon
the dye structure, the ionic activity of the sur-
factant and the molar fraction of the individual
surfactants in the mixed micelle. Naphthalene
solubilises in cationic-nonionic or anionic-non-
ionic mixed surfactants at lower surfactant con-
centrations than in the pure surfactants [56].
In the mixture of cationic and nonionic sur-
factants, the nonionic surfactant partly shields
the charges of the micelle, hence reducing the
adsorption. The surfactant molecules are more
closely packed in a mixed cationic-nonionic mi-
celle due to a reduction in electrostatic repul-
sion among surfactant heads, which may also
help to reduce micellar solubilisation [60].
Zhou, Zhao and co-workers [57, 58] estab-
lished, with the study of the solubilisation of
pyrene and phenantrene by anionic-nonion-
ic mixed micelles, that solubilisation increas-
es with the length of the polyoxyethylene chain
of a nonionic surfactant and its HLB value, re-

spectively. They proved that the amount of solu-
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bilised phenantrene by an anionic-nonionic mi-
celle increases with increasing molar fraction of
a nonionic surfactant, but decreases at a molar
fraction larger than 0.9 [58].

Dar and Zhou together with co-workers [55,
59] studied the solubilisation of polycyclic aro-
matic hydrocarbons (PAHs) by mixed micelles.
They established that an equimolar binary mix-
ture of a cationic and a nonionic surfactant
better facilitates solubilisation than pure cati-
onic, nonionic, or cationic-cationic mixtures,
which increased with increasing hydrophobic
character of PAHs. However, cationic-cation-
ic-nonionic ternary mixtures showed lower sol-
ubilisating efficiency than their binary cation-
ic-nonionic counterparts, but higher than the
cationic-cationic combinations [55]. Studies
on the solubilisation of PAHs by mixed anion-
ic-nonionic micelles showed that the addition of
the nonionic surfactant Triton X-405 (TX405)
increases the solubilisation capability of SDS for
PAHs in any solution composition, while addi-
tion of SDS to TX405 in a certain solution com-
position range can also increase PAH solubili-
sation in a TX405 solution [59].

5 Interactions between ionic dyes
and ionic surfactants in the
presence of nonionic surfactants

Investigations, including studies of intermolecu-
lar interactions in aqueous solutions, of a dye
and two surfactants, are still rare despite their
huge technological meaning. The cause for this
lies in the complexity of the three component
system, where interactions between the dye and
surfactant as well as interactions between two
surfactants can act. Equilibrium reactions that
describe the strength of these are as follows:
(Equations 1, 7, 8, 13 and 14),

where k. is the constant for ionic surfactant-
nonionic micelle, M is the complex formed by
binding of the BT complex to the nonionic mi-
celle and K, is the constant for MBT complex
formation.

Only a few experimental methods are suitable
for studying dye-surfactant interactions in ter-
nary systems. Among them, UV-VIS spectros-
copy [61-67] and potentiometry [17, 18, 67]
should be emphasized. With spectrophotomet-
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ric measurements, the change in both the value
of the absorbance and the wavelength of the ab-
sorption maximum in the absorption spectra of
the dye can be detected due to interactions be-
tween the dye and surfactant. This is because
the dye-surfactant complex formation has dif-
ferent characteristics than free dye ions in the
solution. With potentiometric measurements,
complex formation between the dye and the
surfactant can be determined from electromo-
tive force measurements, carried out by the use
of an ion-selective membrane electrode.
Potentiometric titrations, carried out on the
mixture of the anionic dye C.I. Acid Red 88
(AR88) and the cationic surfactant dodecylt-
rimethylammonium bromide (DTA) in the
presence or absence of the nonionic surfactant
TX100 by Simonci¢ and Kert [17, 67], showed
that addition of TX100 at concentrations high-
er than the c.m.c. causes a decrease in the con-
stant for AR88-DTA complex formation. The
stability of the complex between the AR88 dye
and DTA surfactant is reduced in the presence
of TX100 micelles, compared to the binary sys-
tem, where TX100 is not present. The decrease
in the value of the constant of AR88-DTA com-
plex formation is directly connected to interac-
tions between AR88 and DTA with TX100 no-
nionic micelles, which simultaneously act in the
solution and present a counter-balance to in-
teractions between AR88 and DTA. From the
results, it can be concluded that the TXI100
surfactant directly influences the hydrophilic-
hydrophobic balance of the complex, and that
AR88-DTA complexes are solubilised into
TX100 micelles.

The results of potentiometric studies were also
confirmed by Akbas and Kartal [61-63]. They
studied interactions between dyes and sur-
factants in ternary systems by the use of spec-
trophotometry. From the absorption spectra of
the dye C.I. Reactive Orange 16 (ROI16), they
showed that the absorbance of the dye increas-
es with increasing concentration of the nonion-
ic surfactant alkyl polyoxyethylene ether in the
solution of the RO16 dye and the cationic sur-
factant dodecylpyridinium chloride (DPC). The
cause for increased absorbency was ascribed to
the reduction of the stability of the complex be-
tween RO16 and DPC in the presence of noni-
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onic micelles. Very similar results were obtained
with the addition of the anionic surfactant so-
dium dodecyl sulphate and the nonionic sur-
factant alkyl polyoxyethylene ether to the RO16
solution. The results of spectrophotometric
measurements showed that the increased tem-
perature does not affect dye absorption in the
ternary mixture. The cause for that lies in the
reduction of the polarity of the polyoxyethyl-
ene chain at increased temperature. The de-
crease in polarity of the nonionic surfactant
polyoxyethylene chain influences the decrease
in hydrophilic interactions, which are in bal-
ance with hydrophobic interactions, i.e. interac-
tions between alkyl chains of the dye and ani-
onic surfactant.

Solubilisation of an anionic dye by nonionic mi-
celles was spectrophotometrically confirmed by
Oakes [65]. He found out that the addition of
a nonionic surfactant to the solution of an azo
dye and a cationic surfactant causes an increase
in the intensity of the dye spectra by 30-40%.
From that he concluded that mixed micelles are
formed in the solution and the dye incorporates
into them. The enhancement of the absorbency
was ascribed to dye solubilisation, which occurs
in mixed micelles.

Simonci¢ and Kert [18] studied the influ-
ence of both dye and surfactant structure on
the strength of anionic dye-cationic surfactant
interactions in the presence of nonionic mi-
celles by the use of potentiometry. They estab-
lished that the increase in the hydrophobicity of
the dye and surfactant causes an enhancement
of both the cationic surfactant-nonionic mi-
celle interaction in the binary system and ani-
onic dye-cationic surfactant in the ternary sys-
tem. The structure of the nonionic surfactant
also influences the anionic dye-cationic sur-
factant interactions. Increasing the HLB value
of the nonionic surfactant increases the tenden-
cy for cationic surfactant-nonionic micelle for-
mation, but decreases the tendency for anionic
dye-cationic surfactant formation in the terna-

ry system.

6 Conclusion

In compliance with the results obtained in sev-

eral studies, the following can be concluded:
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- the strength of dye-surfactant interactions in-
creases with increasing hydrophobicity of the
surfactant and dye;

- branched surfactant structure prevents close
junctions between the dye and surfactant
ions, which might influence the reduction of
the strength of dye-surfactant interactions;

- solubilisation of the dye by surfactant micelles
is governed by interactions between the species;

— the structure of the dye and surfactant dictate
the location in the micelle where the dye will
be placed;

—an ionic dye is incorporated in the hy-
drophilic region of the micelle, but a nonionic
dye is incorporated in the hydrophobic region
of the micelle;

- the addition of a nonionic surfactant to the
solution of a dye and surfactant of opposite
charges decreases the strength of the dye-sur-
factant interactions;

- by increasing the HLB value of a nonion-
ic surfactant, the tendency for surfactant-
surfactant complex formation is increased,
which causes a reduction in the tendency for
dye-surfactant complex formation;

- dye-surfactant complexes are solubilised by
micelles of a nonionic surfactant;

- the strength of interactions between dye ions
and surfactant ions of opposite charges is re-
duced by the addition of an electrolyte to the
solution;

- increased temperature causes a decrease in the
strength of the dye-surfactant interactions;

- the strength of dye-surfactant interactions de-
creases with the addition of a cosolvent to the
dye-surfactant solution.

According to the facts obtained, it can be con-

cluded that all of the factors that can influ-

ence the strength of dye-surfactant interactions
should be considered when a surfactant is se-
lected as a levelling agent. It is only in this way

that evenly dyed textile fibres will be achieved.
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