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KINETIC INVESTIGATION OF REACTIVE DYEING 

I Rusz~~tc, J ZOBOR and GY Lkvru 

The Technrcaf Unrversrry. H-i502 Budapest. 
MuegJerem RKP 319, PO Box 91, Hungary 

SUMMARY 

A rnodrjied marhemarrcai model has been derrvedfor rhe descrlptlon of rhe reactive 

dl errtg mechanrsm of cellulose. FG~ the experlmenrs jiim and fabrrc based on 

regerrerated cellulose and a dye of monochlororrla-_wze t-type (C-1 ReacrzLe Red $3) have 
been used The calculated d@rsion coefficzenr could be applied as an acceprable 

approxlmarron. The dependence of dJ erng efjicclency on different paramerers (dye and 
elecrrol_vte concentratron. piY. remperantre,prerrearnlent, elc ) has been mvestrgated 

separatel~~ For rhe rmprovemenf of d_b e rtfllt-railon itor mercerrzrng prelrealntenr 
proved IO be the ~IOSI eflecrwe 

1 INTRODUCTION 

One of the cardrnal prob!ems of economrc reactrve dyeing IS to Increase the 
proportton of the dyestuff quantrty bonded covalently to the fibrous maternal. 
Though numerous research groups are deahng all over the world with the theoretrcal 
and practical problems of reacuve dyeing, the dyestuff fracuon fixed on the substrate 
IS sttli less than desired. 

Based on simple organic chemrcal reactions, reactive dyeing 1s nevertheless a 
complicated process whrch 1s difficult to grasp. The submrcroscopic true-phase 
structure of the cellulosrc fibrous matenal necessitates the consideration of many 
factors. 

The dye is applied from an aqueous solution to the fibre. The formatton of the 
covalent bond 1s preceded by sorption and diffusion processes Consrderatron has to 
be gtven to the hydrolysis of the dye and the decomposition of the dyestuff-cellulose 
bond already formed. In the mvestrgation of the dyeing mechamsm the secondary 
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brndtng forces must be taken into constderatton as well as the formatron of the 
covalent bond 

The heterogeneous chemical processes proceeding in the reactive dyestuff- 
cellulose system havr been studred by a reactron kmetics approach. The exact 
formulatron of all the processes proceeding in the fibrous system presents almost 
rnextrrcable dtfficultres The problem can be approached only by neglectmg some 
more or less substanttal factors All the kmettc models pubhshed m the technrcal 
lrterature. descrrbtng vdrrous processes of reactive dyerng. rnvolve such 
approximations 

Our Investlgatlons have concerned the control of parallel and overlapplng 

processes and the estdbhshtng of the relative optimum of dyeing at whtch the 
dgestufT--cellulose bond IS domrnant and the hydrolysis of the dyestuff 1s suppressed 
For practical purposes a new linearized ktnettc relatronshrp was selected for the 
modelhng of reactive dyeing The tnodel has been used to describe the reactive 
dyestuff uptake by substrates of regenerated cellulose (rayon) From the change with 
twine of the totJ1 and the chemrc,.tlly bonded quantity of dyestuff sorbed on the 
substrate. 

(a) the effective drffusron coefficrent. 
(6) the second order rate constant of the chemical reactron. 
(c) the rnterfdctal concentratron of the reactive dyestuff. .ind 
(d) the apparent quanttty of the active sites of the substrate 

have been calculated A relatronshlp was found bet\veen the efficrency of fixatron and 
the constants characterrstrc of dyeing 

In the quantnative descrtptton of the reactive dyetng process some authors have 
over-estimated the tmportdnce of the chemtcal reaction and followed this by 
rn\estlgC*trons using model compounds Others hake given preference to the 

transport processes and assrgned only a secondary role to the formation of the 
covalent bond Sizing up the actual situation, most of the researchers have started 
from the kmettc equatton of dtffuston linked wtth chemrcal reaction Applying 
dtfferent boundarycondtttons, they have used drfferent soluttons for thedescrrptron 
of the krnettcs of reactive dyetng The resulting relatronshtps and equations are 
srrnrlar to one another in many respects stnce all are based on the same kind of 
.tpproxrmatron Some researchers have extended the krnetrc model of reacttve 
dyerng by grvrng prommence to single parts of the complicated heterogeneous 
process and by therr mathematrcal formula&ton 

In the nntral pertod of the applicatron of reacttve dyestuffs some authors’ -3 
examined the batching stage of the pad-batch process However, dtffusron 
coefficrents and substantrvity values would not be deduced from these results 
Danckwerts’ equations s ’ have been used by some researchers The equations 
descrtbe drffuston with either a plane semt-Infinite slab4 or a semr-mfimte cyilnder,5 
thus taking no account of many characterrstrcs of the heterogeneous dyestuff-fibre 
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system, the accesslbihty of the fibrous material, its surface properties and porous 
structure The equauons can deal only with a chemical reaction of first order and are 
valid only for the mltlal stage of dyeing. They have the great deficiency of not 
enabling the calculation of the characteristic constants of dyeing (dtffuston 
coefficient. substanttvlty, reactivtty). so that these must be determined under 
idealized conditions, separate from the dyeing process investigated. The value of 
the diffusion coefficient. obtained under idealized conditions wtthout chemtcal 
reaction, does not agree with the value measured under real condittons 

For example, m exhaustion dyeing m a neutral medium, a dynamic equilibrium is 
established between the dyestuff quanttttes m the solution and on the fbre before the 
addition of the alkali After the addition of alkali the dtffusion of the dye from the 
solution phase to the surface and into the bulk of the substrate does not proceed at 
the same rate as the chemical reactton. In response to the ccntmued adjustment and 
restoration of a dynamic equilibrium more and more dye diffuses into the substrate 
and reacts to an extent approaching 3040 7,; of the total sites available for reaction 
Thus, in the fixation of the dye, transport and sorption phenomena play equally 
important roles 

Our mvestigattons began in the middle of the 1960s Tins was the time when 
research groups engaged in work on reactive dyeing extended and complemented the 
kinettc model of reactive dyeing known so far In the formulation of his kinetic 
model. Rattee ’ took into consideratton that the reactive dye reacts in a double- 
phase system with cellulose swollen in water. He took into account conditions 
prevailmg m the external and internal aqueous phases, and attributed an important 
role to diffusion. sorption and the surface charge of the substrate Zollmger er a/. 
used for the description of the kinetics of reactive dyeing the pore model of Weisz a 
The basis of their calculation was Ftck’s second equation modified by porosity and 
tortuostty factors, m which diffuston IS Independent of concentration g To deduct 
chemtsorptton and desorptton Langmuir’s sorption merhamsm has been used The 
chemical redctton of the sorbed dye with the fibrous material and the hydrolysis of 
the dye in the liquid filling the pores were considered as reactions of second order lo 
Kricsevskij and co-workers’ ’ - I4 used for the description of the reactive dyeing 
kinetics ofcellulose-based fibrous material both the stepwise approximation method 
and the analytical solution of Fick’s second equation The elaborated correlations 
are valid in the diffusive and kmettc sections of dye fixation They do not give 
mformation for the case when rates of true chemical reaction and dye diffusion are 
comparable On the basis of the investtgation of dye penetration new mathematical 
correlattons were found I5 - ” for the modelhng of reactive dyeing kinetics. These 
cannot be applied for practical dyeing, because the experimental methods are very 
different from the usual dyeing techniques. 

A common msuffictency of the kinetic models mentioned so far, IS that the 
determmatton of the constants characteristtc of dyeing is based upon experimental 
conditions other than the dyeing process itself. It IS almost impossible under 
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practical condltlons to find an expression for descnbing the kineucs of 
heterogeneous chemtcal reaction and Its efficrency, that takes mto account all the 
mfluencmg parameters. However. some of the difficulties have been overcome by 
modelhng the ktnettcs of reacttve cellulose dyeing on the basrs of a new mathemattcal 
correlatton. Whrle this too is not free of approxlmatrons, It does make possible 
durtng the dyeing process investtgated, assummg second order reactron kinetics, the 
study and quantttattve determtnatton of dyerng characteristics and the elucidatron 
of thetr complicated Interacttons. 

2 EkPERIMEhTAL DETAILS 

For most of the tnvestigatlons dye C I. Reactive Red 43, and for a small 
proportton C I Reacttve Red 12. were used The commercial dye proved to be stngle- 
component on the bnsts of thrn-layer chromatography_ 

3 7 Suhslrarc -- 

The cellophane film wds manufactured by the Magyar Vtscosa Gyar by the 
viscose process Thickness. 4 x 10s3cm. mass per unit area. 60gm-‘. glycerol 
content, IO 3 yO_ densuy. 1 5 x 10-3kgm-3. average degree of polymerrzatlon, 235, 
copper number. I 35 mg copper g- ’ cellulose; Methylene Blue sorptron, 2.39 mg 
COOH g- ’ cellulose: alkalt sorptton, 16 5 mg NaOH g- ’ cellulose. 

-Flbrella‘ blenched rayon was &o used Yarn count per 10 cm’, m the warp drrecuon 
2S5/20 te\ per 1Ocm. In theweft dtrectlon 258/20 tex per 1Ocm; weight per untt area. 
1 I-Igm-“, denstty. 1 52 x 10m3kgmm3, average degree of polymertzatlon. 262, 
copper number. 1 IS mg copper g- ’ cellulose; Methylene Blue sorptron, 2 14 mg 
COOH g-’ cellulose, alkali sorptton- 19 7 mg NaOH g-’ cellulose 

’ 7 DI EIII_S -_ 

Dyetng wrls carried out by exhaustion procedures using a ltquor to goods ratio of 
1000 1 for both the cellophane film and the vtscose fabrtc. Alkali and electrolyte 
were added at the beglnntng of dyetng to the system 

Glycerol was extracted from the cellophane film with hot water, and the 
cellophane film was then soaked at room temperature for 24 h in a dyestuff-free, 
‘blank’. dyebath (I e with alkah and electrolyte only) 

To mcredse the reactivity of the monochlorotriazme dye, an equtmolar quantrty 
of either trtethylamme or trtbutylamlne was added as catalyst m a few experrments 

Several altemattve pretreatments were used in the case of the viscose fabric- 

(a) 60°C m 10gdme3 tnsodium phosphate dodecahydrate (the same 
concentratton as used for dyeing) unbl the equthbrium value of the alkali 
sorptton Isotherm IS attained (about 2 h) 
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(b) 2 h at 60 “C 111 aqueous soluhons contammg 10 g dm - 3 trrsodtum phosphate 
dodecahydrate and 50-I 00 g dm - 3 sodium chloride. 

(c) 90 mm at 60°C m solutions of O-25-1 0 gdmm3 dye and 50 gdm-’ salt, untrl 
the eqtuhbrmm value of the dye sorptton isotherm is attained. 

(d) 2 mm either cold (20°C) or hot (90 “C) in 38 gdmm3 sodium hydroxide 
solutron followed by nnsing, acid neutrahzatron, then rmsrng again 

General spectjicatton of dl*etng conditions 

Dye concentratrons (gdm- 3)_ 0 25, 0 50, l-00 
Sodium chlonde concentratrons, (gdm- 3, 0; 10, 25, 50, 100 
Alkali concentratrons- IOg dm -3 Na3P0,- IZH,O, 4gdmm3 NaOH 
Temperature (“C) 50; 60; 75 
Itahcrzed data are values selected as constant by changing the other parameters 

In order to follow the kinetics of dyeing, separate samples were dyed for the trmes 
specified Each sample was drvrded mto two parts. Using half of the sample the total 
quantity of dye taken up was determmed From the other half of the sample loosely 
bonded dye was extracted wrth hot water and solvent. From the data, the quantity of 
chemrcally bonded dye was calculated by difference 

2 4 Determmatlon of the dl*e content of the dved substrate 

The dye content of the cellophane film was determlned by drrect colonmetry That 
of the regenerated cellulose (rayon) fabric was determined by spectrophotometry 
after drssolutron m cadmrum-drethylenedramme reagent. The colour depth of the 
dyed fabrrc was determined with a tristrmulus colour measunng instrument 

2 5. Determmatton of dje hldrofysls 

Dye hydrolyses was followed by potentrometrlc trtratron of the chlonde tons 
present. Measuring solutron. 0 01 hr-AgNO, solution; electrodes, chloride ton 
selective membrane electrode (OP-Cl-7111 C Radelkrsz), double salt brrdge 
reference electrode (OP-8212 Radelkisz). 

3 MATHEMATICAL DEDUCTION OF THE KINETIC MODEL USED AND INVESTIGATION OF 

ITS VALIDITY 

3 1. Dedztctron of the kmetlc model 

For the descnptron of drffusrve processes associated wrth chemical reaction, the 
approximate solution of Frck’s second diffusion equatron, elaborated by Levai and 
coworkers,” has been used 
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The change m concentration n-t unit volume of the dye diffusmg into the film and 
xdergorng chemtcal reactton is described by the following equatton:tg 

(1) 

where c and c, are the concentrations (gdm -3) of the reacttve and of the chemtcally 
bonded dye. _r (cm) 1s a local coordmate in the direction of dtffuston, and D 
(cm’ mtn- ‘) IS the dtffuston coeffictent 

The quanttty of reacttve dye. N (mg g- ’ substrate), which dtffuses into the film but 
does not form covalent bonds. and the quantity ofchemtcally bonded dye. S(mg g- * 
substrate). are determIned by tile integrals ofconcentrattons c and c, with respect to _r 

IV = 
1 

x 
c d_r and s= x c. d_t (2) 

.O s 0 

The kmettc model constders the concentration dtstrtbutton of the dtffuston zone 
as ltnear along the J axis ” Thts linear dtstrtbutton IS shown by the stratght ltne tn 
F1g 1 

ff the concentratton dlstrtbuttons were actually linear. quantities N and S would 
be equal to the areas of the trtangles under the straight hnes However. the true 
values of N and S are given only by the areas enclosed by the concentratton 
dtstrtbutton curves. so that the area of the triangles can be used for thetr calculatton 
only after the tntroductton of approprtate correctton factors (0~. p. ;) 

(3) 

where cc, IS the Internal dye concentratton (gdm - 3, at the interface 

s=py (4) 

where Z IS the slope of the concentratton dtstrtbutton curve (Fig I) 
From the starting equattons (1) and (2) and constdertng relattonshtps (3) and (a), 

the general relattonshlp(5) can be deduced for the chemtcal reactton assoctated with 
dtfl~uston 

(6) S=N-) c= 0 c 0 
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FIN I Llnearlzed and actual concentration profiles 

On companng the results of the llnearlzed dlfluslon equation with calculations 
from the hterature,20 

7 = 0 722 m the range kr = O-1 and 

‘)? = 0 770 m the range kt = l-2’* 

where k (dm3g- ’ mm - ‘) IS the dye-substrate second order rate constant. 
During the chemical reactlon, the concentration of the reactive reagent 

dlmmishes also because of hydrolysis If this decrease is sufficzntly small, the 
hydrolysis rate constant can be omltted from the equation on the basis of 
mathematical conslderatmns 18S21 

M=N+S=c, J- & J ‘?ykn,( 1 + yf?)r - 2$R’[l - exp ( --kkc,r)] 
0 

=C 0 &-C(r), J- 
s=co -E J yRI 1 - exp ( - kc,r)] 

kn, 1 + YR[ I - exp ( - kc,t)] 

(7) 

4(0M 

= co J- g- 4w0, 
0 

s 
x = yR[l - exp ( - kc,f)] 

where R = no/c,, and y IS a dimensionless constant. 

(8) 

(9) 
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Constdet-tng the fibrous matet-tal as ofctrcular cross-sectton, Levat has used the 
analogy between the dtffuston equatton for films and cyltnders He took tnto 
constderatton that the quantity of reactive dye dtffustng towards the intenor of the 
cyltnder. changes as the volume element of the cylindrtcal rtng, and that tt IS not 
constant wtth ttme The dyetng of the fibre ts desct-tbed by the relattonship: 

,/<I +yR)r -yR[l -eeup(-_c,r)] ,v=:.p 35/z ’ 
1 +yR[l - exp ( - kc,r)] 

2Dj (I +yR)I-_i’R[l -exp(-_c,f)] 
- 157 

Y-k, i I + yR[ 1 - exp ( - kc,r)] }’ > 

(10) 

where I IS therddtusofthecyltnder(cm),and p thedensttyofthefibre( 10W3 kgmm3) 
Equdttons (7)-( IO) describe wtth sattsfactory approxtmatton the progress of the 

dtffuston process associated wtth chemical reactton tn a body bounded by planes (tn 
the film) dnd tn the fibre constdered as an tnfintte cyltnder Further assumptions are 
the linear dtstrtbutton of dye concentratton. constant dye concentratton at the 
surface of the substrdte and a negltgtbly small rate of hydrolysts of the dye. 

Constants chardctertsttcs of dyetng were calculated from our data tn the case of 
cellophane film numertcally by graphtcal integration (eqns (7)--(9)). and for the 
vtscose rayon fdbrtc wtth a computer (eqn (IO)) 

3 2 ItllrsIrgurrott of Ihe Laidit> 41 the kttzertc model 
(d) E\atttplc o/the reacttls d~etttg of cellopitat~eJilttt It has been cstttnated that 

the htneltc model IS valtd only tn systems tn which the concentratton of the adsorbed 

lo1 OS gldm’ C I Reactwe Red I.3 
10 gldms Nc,PO, 12 H,O 

I 1 I 

10 20 30 
t (mu71 

50 gldd Ncci 
60 oc 

Ib) 05 gldml C I Reoctwe Red L3 

L gldm3 NaOH 
25 gldm3 NaCl 

60 OC 

ICI 2 gldm3 C I Reactwe Red 12 
10 gldm3 NopFO, 12 H,O 

50 g/&n” NaCl 

60 OC 

FIN 2 Change In rcactlve d>r concentrntion as n function of time m various dyeing systems 
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reacuve dye (N) Increases monotomcally with time, and asymptotically approaches 
a hmlung value (Fig. 2, curve a). In this case good agreement was obtained between 
calculated and measured values. 

The good agreement of calculated and measured values is shown m Fig. 3. 
The agreement IS much less when the electrolyte IS changed to sodium hydroxide 

(Figure 2. curve b) The relationshlp IS valid only in the Inltlal, ascending, branch of 

the curve 

o-o measured 

x---x calculated 

Imglg) 

L 

IO1 10 20 30 
t ImInI 

dye concentration 0.25 gtcm= 

10 gtdm= Nap0 12H,O 

50 gldml NaU 

60 oc 

S 

(mgfg 1 
3 

(bl 

FIB 3 Companson of calculated and measured quantltxs (a) total dye on the tibre, (b) covalcntly 
bonded dye on the fibre 

Dyeing carrted out with C I Reactive Red 12 could not be evaluated with the 
linearized diffusion equation The affintty of the dye IS low, its dlffuslon rate high, 
and maximal dye concentratron IS reached m a few minutes at the surface of the 
substrate (Fig 2, curve c) The process IS controlled by the rate of the chemical 
reaction 

It has been estabIlshed that for the ktnetlc descrlptlon of the dyetng of cellophane 
film the lmearlzed dlffuslon equation, under appropriate dyeing conditions, 1s valid 
only In given reacuve dye systems. In which the fixation of the dye is affected equally 
by the rate ofdlffusion and the rate of the chemtcal reaction, i.e. the process proceeds 
in the transitory reDon Experience shows that due to numerous approximations, 
the new kinetic model descrrbes only the mltlal stage of the process far from 
equlhbrmm and the accuracy of descnption worsens as equiltbrium is approached 
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(b) E_\arnpfc of !he rearrILe d_bemg of regeneraled celhiose (rayon) _tabrrc- The 

adaptatron of the kmetic model used m the dyemg of cellophane film to the reactive 
dyeing of viscose fabrrc IS not an easy task The difficulty of apphcatron and Its 
complevrty he on the one hdnd rn the rnterpretatron of the the physrcdl model, and on 
the other hand in the mathemdtical solution of the linearrzed drffuston equation. It 
has been assumed that the fibres have a circular cross-section and that dyemg 1s 
uniform However. it was possible usrng the overall data relating to the dyeing of the 
fabric to calculate the constants charactenstic of dyemg. and to estrmate. on this 
basrs. the effect of these parameters on the efficiency of fixation. etc 

(c) Conrpararrz L# atwII SIS of rlw clppitcrrbrirr 1 of IIIC t afcuialcd cirJ,,mron cocjfictenrs 

Addmonal expenments were designed to determine whether the diffuston coefficient 
determined without chemical reaction (In an idealized system) can be applied to the 
real condrtrons of dyerng 

Investigations were carried out usrng neutral hydrolyzed dye solutron The 
drffusron coefficrent was determrned by the multrlayer membrane method It was 
estahlrshed that changes In temperature and electrolyte concentratron had a similar 
el’fect whether dye fibre reaction was allowed to proceed or not. However. the 
numer:cal values of the cdlcukrted constants. dlffuslon coefficients and substan- 
trvrtres were drfferent m the two processes For example. dyeing at 60°C In a bdth 
contarmng 0 50gdm-” dye, 10gdmm3 Na,PO, 12H,O, 50gdmm3 NaCI. in the 
solutron of the hydrolyzeddye the drffusron coefhcrent 1s 6 2 x IO-‘cm’mm-‘. and m 
the solutron of the reactivedye. under thecondmons ofdyemg 5 6 x 10-8cm’ min- ’ 

Since In the equatron descrrbmg efficrency the characteristic constants of dyeing 
are in complicated correlation with one another. the use of the hnearrzed dtffuston 
equatron. which takes mto account the real conditions of dyeing and the associated 
mter.rctrons. gtves a closer approach to the representation of reahty 

The nem hnearized kinetic model selected for the quantitative description of 
reactive dyeing describes with good approxtmatton the reacttve dyeing of cellophane 
film. and m the dyeing of viscose fabric the trends can be estimated. The relatronship 
gtves a good approxtmation of the mttial stages of dyeing, far from equthbrium. In 
ddditton the model only functions in srtuations where the fixation of the dye IS 
affected to an identical degree by the transport process and the chemical reaction 

4 RESULTS AND THEIR EVALUATION 

4 1. D]*emg of cellophane fiim 
Constants calculated for the characterization of dyemg on the basts of our 

measurement are summarized m Table 1, whrle the tendencies of changes are 
outlined m Fig 4 

On mcreasmg the temperature, the drffusion coefficient, the reactron rate 
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THl-ipXOtU~~ Electrolyte Dye 
concentmtlon corKentratlal 

=o/cs 1 tt 1 
"0 f t f 
0 t I- t 

k f - 

Fig 4 The change of reactive djemg as a function of dbelng parameters on cellophane film 

coefhctent and apparent quantity of active sites increase. but substantlvtty 
drmtntshes An tncredse in the tnrtral dye concentration does not affect the value of 
the rate constant but brings about an increase In the apparent number of active sites 
,tnd a decrease In the substanttvrty At temperatures above 50°C the drffuston 
coefficrent IS increased A small quanttty of electrolyte added increases the drffusron 
coefficrent. while further additions have no srgrnficant effect Catalysts actually 
Increase only the reaction rate constant. as compared to dyeing in the absence of 
catalyst. while the constants charactenstrc of dyern g rematn unchanged Neither 
does the quantity of dye fixed on the substrate change 

Using C I Reactive Red 12 for dyeing. It can be generally established that the 
quantity of dye adsorbed at the surface of the substrate becomes constant after 
5- 10 nun The quantity of covalently bonded dye increases with time. so that the 
concentr,itlon of unfixed reactive dye In the fibre IS characterized by a sudden 
increase which IS then followed by gradual decrease As mentioned already. the 
ktnetrc model b‘jsed on the ltnearlzed dlffuslon equation IS not sultable for the 
c,tlculatton of the characterrstrc constants In this case 

Substc\ntrvtty . as expected. decreases with rncreasrng temperature At small 
e\tern,tl concentrattons Its vnlue falls by appro\tmately 20”/b. while at higher 
e\tern,ll concentrntlons the chan_ee IS more substantial The phenomenon can be 
interpreted tn two ways On the one hand. It can be assumed that physical sorption 
.rnd chemrsorptlon proceed srmultaneously in the internal volume ofcellophane. On 
the other hand. assoctation may play an important role tn thecontrol of the process 
On tncreastng the electrolyte concentratron. substantrvrty increases and approaches 
cl ltmltrng value Substanttvrty decreases with tncreasrng alkahnrty, due to the fact 
that with tncreasrng pH the number of anions and thereby the negattve electric 
charge of the cellulose phase increases by dissocidtton of the cellulose, whtch 
decreases dye sorptton 

In the kinetic model the quantity 11~ represents the apparent quantity of the 
fixation sites of cellulose No assumptions have been made about their chemrcal 
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characterizatton. It has been shown 22-23 that the number of cellulose hydroxyl 
groups participating in the reactive dye-cellulose reaction IS limited by accessibility. 
Wtth increasing dye sorptron during the fixation process, the number of the 
accessible hydroxyl groups decreases at a higher rate than that correspondmg to the 
degree of substitution. The phenomenon IS due to the hrgh space requirement of the 
dye molecule, and gives rise to an effective saturation value. 

For the determmatron of the fixatton sttes in cellulose the saturation valueseemed 
to be a good parameter In one of our early communlcattons,24 the effective 
saturation value obtained on the basis of repeated dyeing has been used m the 
calculattons for the determrnatton of the active hydroxyl groups, and unusually htgh 
concentrations were obtamed. Later. saturation values were determined from 
chemtcally bonded dye- 

50 60 75 

12 22 14 81 23 58 

These effective saturation values increase with tncreastng temperature On the other 
hand. the ?zO value calculated on the basis of the kinetic model depends on the mmal 
dye concentration. and IS about 50 y0 less than the quantity determined on the basis 
of the effective saturation value The reason of the numerical difference appears to be 
the formation of aggregation centres by the dye linked covalently. The associated 
dye molecules cannot be removed by solvent extraction. so that they appear to be 
covalently bonded Thus, instead of presuming monomolecular dyeing, the 
associatton of the dye must also be taken into constderatlon 

With decreasmg substantlvity the dlffuston coefficient passes through a muumum 
value It increases with decreasing substantlvrty at 60°C and 75°C but at 50°C rt 
decreases. This IS consistent with the findings of Crank.25 The magnitude of the 
diffusion coefficient IS determrned by two opposing effects, the changes of the electric 
surface charge and of substantivlty. At 6O”C, the diffusion coefficient first increases 
with increasing electrolyte concentration, reaches a maxlmum, and then decreases 
gradually Smular results were obtained by Neale and Stnngfellow,2” who found 
that the diffusion coefficients of substanttve dyes change along a maximum curve 
wrth increasing electrolyte concentration 

In the calculation of the rate constants the reaction between cellulose and reactive 
dye can be considered as kmetically second order, proceeding between the Cell O- 
ions and the dye molecule m the internal volume of cellulose, and thus its rate IS 
k ce _ n,. According to sorption theory, the dye molecules in the internal volume 
may be bound by physical and chemical sorptton forces to the cellulose surface 
Thus, it may be assumed that dye molecules m different states of sorption have also a 
different reactivity. Therefore, c0 in itself is msufficient for the charactertzation of 
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the reactlon rate. This IS actually mamfested by the fact that the temperature 
dependence of k m Table 1 does not follow Arrhenius’ equatton. 

The reaction of the reactive d>c and the cellulose substrate is promoted by the 
alkahnlty of the medium The rate constant increased by a factor of about 2 5 on 
increasing the pH from 11-5 to 12 5 

4 2 D~erng of txscose fabric 

The constants calculated on the basis of our measurements for the 
characterization of dyeing are summarized in Tables 2 and 3. 

In general slmllar relatIonshIps between the dyeing and fixation behaviour and 
dyeing process variables were observed on viscose rayon fabric to those found to 
apply in dyeing cellophane film 

Slrbstanrrrrll Pretreatment. Involving the pretreatment of the fabric with 
reactive dye In a neutral medium. makes possible the penetration nnd the uniform 
dlstrlbutlon of the dye In the lnterlor of the fibre before the begmmng of the chemical 
reactlon The reactive dye reaches the ‘lctlve sites of cellulose. and on alkah addltlon 
the dye reacts rapidly with the polymer The rate constant 1s by half to one order of 
mngnltude higher than the value measured or calculated for the fabric not 
pretreated with dye The rate of the chemical reactIon IS proportIona to the 
concentration of the sorbed renctlve dye 

The effect of the change In lmtlal dye concentration IS the same as has been found 
in the dyeing of f‘lbrlc without pretreatment with dye A decrease of the dlffuslon 
coefficient with IncreasIng dye concentration has been observed. This 1s contrary to 
the tendency to change of the dlffuslon coefficient measured in a medium contalnmg 
sodium hydrovlde (Table 3) but agrees with the findings of other authors I’ ” ” 
Presumably. with Increasing dye concentration trlsodlum phosphate promotes dye 
dssoclatlon. and this masks the effect of the Increased dye concentration gradlent on 
the dlfl-uslon coefficient At n dye concentration of 1 gdmm3. condltlons m the 
dycmg of the fabric dre likely to favour the formatlon of assoclatcs. wllh a resultmg 
decrease of the reactlon rate constant 

E~/CCI oj’rhc clccrrofl IC In the presence of electrolyte a compacted diffuse double 
layer IS produced rlt the fibre surface and the dlssoclation of tl~e hydrovyl groups 1s 
suppressed This fdcliltatcs the approach of the dye anions of ldentlcal charge to the 
cellulose fibre surface The electrolyte Increases the substantlvlty of the reactive 
dye.” but It also enhances dye C1ssoclatlon. resulting m a decrease in dlffuslon rate 3o 
It also affects the dlstrlbutlon between the external and internal phases of the 
hbdroxyl Ions. Introduced into the system by the addltlon of alkali According to the 
Donnnn membrane model. In alkaline medium the pH of the Internal phase of 
cellulose IS always lower than that of the external phase 31 The addltlon of 
electrolyte decreases this dlfference.3’ and thereby increases the rate of fixation of 
the reactive dye Other researchers”’ 33 have observed that the hydrolysis rate of the 
dye Increases with IncreasIng electrolyte concentration. 
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Factors influencing changes m dyeing and fixauon can assert themselves through 
a chain of very complicated interactions thus making their interpretatton and 
explanatton dtfficult. With the changing of conditions different components of the 
complex actron may predominate. Quantitatrve changes often result in qualitative 
transformations. For the explanatton of the results, those characteristics and effects 
which prove decrsive m the gtven circumstances must be used. 

An analysts of the data relating to the effect of electrolyte concentration shows 
that different effects are evident m the O-50 g dm - 3 and in the SO- 100 g dm - 3 NaCl 
concentration ranges. The lower quantities of electrolyte increase substantlvlty, the 
reaction rate constant and the apparent quantity of active sites. A larger quantrty of 
sodium chloride promotes the associatton of the dye molecules, so that the internal 
dye concentration decreases at the interface, and this m turn decreases the effechve 
rate constant The diffusion coefficient passes through a maximum wth increasing 
salt concentratton m the same way as observed m the dyemg of the cellophane 
film. 

A smaller increase in the negattve surface potentral of cellulose occurs m the 
presence of tnsodmm phosphate as compared wrth sodlum hydroxide at the same 
pH The relatively small amount of dye on the fabric is located in the vtcrmty of the 
surface and reacts at a high rate with the acttve sttes of cellulose. 

Pretreatment with NaCl solution of 50 gdm - 3 concentration nearly trebles the 
dye concentration at the inner Interface. However, in spite of the abundant dye 
supply. reaction rate constant and diffuston coeffictent decrease Presumably, 
sorbed dye in the vtcuuty of the Inner interface assocrates, and by cloggmg the pores, 
It htnders penetratton and chemtcal reactton too In accordance with the Donnan 
equrhbrrum a hrgher pH IS establrshed m the Interror of the fibre In the presence of 
salt, and thts increases the apparent quantity of the acttve sues 

At hrgh electrolyte concentratron dye assoctatton IS even more important at the 
surface. Therefore, the value of c,, IS lower than wtth a treatment with NaCl solution 
of 50gdmm3 concentration, but somewhat higher than m the case of fabric not 
pretreated The reactton rate decreases because, presumably, the dye hydrolysis rate 
comes strongly to the fore 

In a medium contammg sodium hydroxtde. the changes wrth electrolyte con- 
centratton revealed a stmtlar tendency, as compared with the dyeing of the 
cellophane film. 

i%e rofc of rlre accc~sslhrlll>~ of cellrrfose. In the case of the vtscose fabrtc. the effect 
of two phystcal modlficatlons has been studied The accessrbllity of the fibrous 
mater-tat has been Increased on one hand by pretreatment wtth alkali, and has been 
decreased on the other hand by repeated dyemg and thermal treatment. 

When the fabrtc 1s saturated with alkah under the condrtions of dyeing, durmg the 
relatrvely long treatment time (2 h) the swellmg of the fibrous material becomes 
important, independently of the nature of the alkah, and the ionizauon of cellulose 
also increases As a result of this double effect. the reactton rate constant and the 



302 I RUSZNAK. J. ZOBOR. GY. LE\AI 

drffusron coeficrenr become about twice as great as m the dyeing of the untreated 
fabnc. Unexpectedly. the value of n,, decreases. 

Cold pretreatment with sodium hydroxtde soluhon of 38 gdmm3 concentratron 
increases prrmarrly the avarlabrhty of the fibrous matenal with resp:t to physical 
ddsorptron and chemrsorptron. the values of c,, and no Increase. Thts 1s reflected m 
dyeing by an Increase of both ikf. the total dye quantrty taken up by the fabnc, and S, 
the chemically bonded ratio As the dyeing ttme Increases, the increase of M 
surpasses that of S. This double dye supply cannot be utrhzed. presumably because 
of assocratron The chemrcal reactron rate 1s also lower than m the case of the 
untreated fabric 

By cold alkahne pretreatment accessrbrhty Increases mamly at the surface of the 
fibrous material Thus effect decreases towards the rntertor of the fibre Penetration 
into the rnterror of the fibre IS hindered also by the increasing assoctatton of the dye 

Hot (90°C) alknlrne pretreatment Increases accesstbilrty almost umformly across 
the fibre As d result of thus. the drffusron coeffictent IS larger by almost an order of 
m‘rgnttude than the \dlue o!-:amed by cold alkaline treatment, that 1s to say the large 
dye quantity accumulated at the internal interface penetrates the rntertor of the fibre 
Although the redctron rate constant 1s not higher than that measured for the fabric 
trrsLited wrth cold atkdh. more of the dye on the fibre IS bonded chemrcally. The 
.ipparent quantity of active srtes IS further increased by hot alkalme treatment 

The efhcrency of fi\tirtron (.S/M) 1s 13 7: less on dyed fabric pretreated wtth cold 
~lknlr ns compared with untreated dyed fabrrc. while on fabrrc pretreated with hot 
.tlka11 the fixation efficrency IS 2 ‘!b higher 

An lncreclse rn avarlabrlrty IS produced by alkahne treatment, whrch results rn a 
hrgh rapid rnrtral dye uptake by definrte surface layers of the fibrous fabrrc In a 
f,lbrrc tre.tted with hot alkalr the dye penetrated n-r 5 mm to 68 5% of the total 
thickness. while In the fabric treated with cold alkali a similar depth was penetrated 
only after 60 mm Repedted dyerngs change to such an extent the predrcted physrcal 
content of the kmettc model that experimental results cannot be analyzed wrth the 
ltnearrzed drffuston equation deduced for a cylmdncal substrate. 

Heat treatment decreases dccesslbllity, the structure of cellulose becomes more 
compact. It .sHells to a lesser degree and Its specific surface IS smaller than that of 
untreated cellulose This IS manifested rn a decrease of the internal lnterfacral dye 
concentratron. of the drffusron coefficrent and of no 
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