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KINETICS OF NON-ISOTHERMAL ADSORPTION AT CONSTANT
CONCENTRATION ON THE SURFACE OF THE THREAD

1o describe the process of dyeing textile materials, in the general case, it is not enough to consider the kinetics of
dye adsorption by a single fiber. This assumption is valid in the case of low intensity low temperature processes, when the
diffusion coefficient of the dye to the fiber is several orders of magnitude smaller than the diffusion coefficient in the space
between the fibers. In this case, the mass transfer process is determined by the transfer in the fiber. As the temperature
rises or with other methods of intensifying the process, there is a sharp increase in the diffusion coefficient in the fiber,
while the diffusion coefficient in the liquid phase outside the fiber changes to an incomparably lesser extent, i.e. the
difference in the values of the diffusion coefficients in the fiber and outside the fiber decreases sharply. If we take into
account the significant difference in the linear dimensions of the fiber and thread, gt becomes obvious that there comes

. . . . . __/ .
a moment when the relaxation time of the diffusion in the fiber, defined as T, = D becomes less than the relaxation
2 .

time in the thread, defined as T, = r,_z Given these conditions for the comparability of the relaxation times of diffusion
t

along the fiber and thread, it is completely incorrect to describe the process of dyeing a textile material by considering the

kinetics of the process in a separate fiber.

The following scheme of the process is more rigorous. transfer of the dye to the surface of the thread, diffusion in
the space between the fibers, adsorption by the inner surface of the fiber, and chemical interaction, if any.

Such a formulation of the problem has much in common with the problems of diffusion in granular porous media
[1], which are of great importance for the quantitative description of the dynamics of sorption both in general theoretical
terms and for describing various technological processes: filtration through a layer grains of various shapes, diffusion
extraction of substances from porous media, etc.

Existing equations that describe the processes of diffusion in porous systems containing microporous inclusions
don s take into account the restrictions on the shape of the microporous inclusion and, in general, on the geometry of
the system. Naturally, the solution of these equations requires a certain specification both in relation to the shape of the
microporous inclusion and in relation to the nature of diffusion.

When considering such processes, it is necessary to proceed from the solution of the problem of diffusion into
a microporous inclusion. The process of mass transfer in a fiber is considered as a diffusion process with an apparent
diffusion coefficient . In the general case, this statement of the problem should be supplemented by taking into account
the interaction of double electrical layers of the dye particle and fibers, which slows down (for the same surface charges)
the process of dye transfer

In the meantime, in order to simplify the problem, the following model of the process is proposed: we consider
molecular diffusion into an infinitely long end-impermeable cylinder (thread) with many infinitely long microporous
cylindrical inclusions (fibers) uniformly distributed over its cross section. In this case, a problem is considered that is
symmetrical in the section.

The kinetic problem is solved for four cases corresponding to the following process conditions:

1. Isothermal mode, constant concentration of dye on the surface of the thread. This task corresponds to dyeing
from baths of constant concentration.

2. Isothermal mode, variable concentration on the surface. Corresponds to dyeing from baths of variable
concentration, fixing from a film in an environment of saturated steam or in an environment of superheated steam, or
heated air at relatively low temperatures (when the heating time of the material is much less than the fixation time).

3. Non-isothermal mode, constant concentration on the surface. Corresponds to dyeing from an aerosol medium.

4. Non-isothermal mode, variable surface concentration. This most complex case corresponds to high-intensity,
high -temperature methods of fixing at temperatures of the material at the end of the process, close to the temperature of
its softening or destruction.

This article considers the third case, which corresponds to aerosol dyeing of fabrics.
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KIHETUKA HEI3OTEPMAJIBHOI AJICOPBIIII 3A MOCTIMHOI KOHIIEHTPAIIT
BAPBHUKA HA TIOBEPXHI HUTKH

s onucy npoyecy (papOysanusi meKCmulbHUX Mamepiaiie HedoCMamub0o po32isi0amu KIiHemuky aocopoyii bape-
HUKa OKpemum 60710KHOM. Take npunywjenHs cnpageonuse y pazi MaioiHMeHCUBHUX HUZbKOMEMNepamypHux npoyecie,
Ko Koegiyicum oughysii 6apeHuKa 80JI0KHA HA KIIbKA NOPAOKi6 MeHuie Koepiyicnma ougysii y npocmopi mixic 6010-
KHamu. Y yvomy pasi npoyec maconepeHocy UHa4acmvcs nepeHecentsim y 60J10KHI. YV mipy niosuwjenns memnepa-
mypu abo 3a iHwux cnocobie inmencugikayii npoyecy 6i00ysacmvcs piske 30inbueHHs Koediyienma Ou@ysii y 6010KHI,
modi Ax koeiyicum ougysii y piokiu ¢azi no3a 6010KHOM 3MIHIOEMbCA HE3PIGHAHHO MEHUI0I0 Mipoto, MoOmo pisHuYs
V 8eIUHUHAX Koepiyienmis Oughysii' y 60J10KHI ma no3a 60J10KHOM PI3KO 3MeHuyembcst. Axuwo epaxyseamu 3Hauny pizHuyio
6 IHILIHUX pO3MIpax 60710KHA [ HUMKU, CIAE 04eBUOHUM, WO HACMAE MOMEHM, KOJIU 4aC peﬂaKcauizi'duqb)Bii' Y BONIOKHI, WO

7
BUSHAUAEMbCA AK T, = —/2 , CMae menuie wacy penaxcayii HumKu, wo eUsHa4aemvca AK T, = —— . Jlo yux ymos cymic-
S !
Hocmi wacie peraxcayii Ougysii no 80J10KHY I HUMKU AOCOTIOMHO HEKOPEKMHO onuc npoyecy hapoysants mekCmuibHO20
MAamepiany Wasixom po3easioy Kinemuki npoyecy 8 OKpeMOMY 80NOKHI.

Cysopiuioro € maka cxema npoyecy: nepeHeceHHs papoHuxa 00 no8epxHi HUMKU, OUGhy3is 8 NPOCMopi MidxHc 8010K-
HaMu, adcopoyis BHYMPIUHBLOIO NOBEPXHEIO BONOKHA i XIMIYHA 83AEMODIs, AKWO MaKe Mae micye.

Taxa nocmanogka 3a0adi maec 6azamo cniibHo20 3 NpodIeMamu OUPY3ii 8 SpaHyIbOBAHUX NOPUCTIUX CEPEOOSUAX
[1], axi maroms eenuxe 3HaueHHs OISl KIIbKICHO20 ONUCY OUHAMIKU COPOYIL 5IK Y 3a2albHOMeopemuyHOMY NIaHL, Mak i Ois
ONUCY PI3HUX MEXHONOSIYHUX npoyecis. Gitompayii uepes 3epHa wapy piznoi popmu, Ou@QysilHo20 8UTYYEHHs PeUOGUH
3 nopucmux cepeoosuly moujo.

Icnyroui piensanna, AKi onucytoms npoyecu OUQy3ii y nopucmux cucmemax, wo Micmsamos MiKpONOpUCmi 8KJio-
YeHHs, He BPAX08YIOMb 00OMeNCeH A HA POPMY MIKPONOPUCIOZ0 BKIIOUEHHA | 3aeani eeomempiio cucmemu. IIpupoono,
WO PO38 A3AHHA YUX PIGHAHL GUMA2AC NeGHOI KOHKpemusayii AK wooo gopmu MIKpOROPUCO20 8KIIOUEHHS | 000
xapaxmepy ougy3ii.

ITio uac pozensady makux npoyecie HeoOXIOHO UXOOUMU 3 PO36'3aHHA 3a0ayi OUPY3ii 6 MIKponopucme 6K~
yenns. Ilpoyec maconepeHocy y 80J10KHI po32nsa0aemvcs aK oughysitinuil iz koeghiyiecumom ougysii, wo 30aemocs. 3aza-
JIOM 0aHa NOCMAHOBKA 3A80AHHA NOBUHHA OYMU 0ONOBHEHA 3 YPAXYBAHHAM 83AEMOOI NOOGIIHUX eeKMPUYHUX WUADI8
YacCmuHKUu 6ApEHUKA MA BOJIOKOH, WO YNOBIIbHIOE (3d OOHOUMEHHUX 3apsi0ie NOBEPXOHb) Npoyec nepenecerts 6apeHUKie

Tloku o 3 Memolo cnpowjents 3a60aHHA NPONOHYEMbCA MAKA MOOeTb NPOYECy: pO32NA0AEMbCA MONEKVIAPHA
Oughy3ist 8 HeCKIHUEHHO 002Ul HeNPOHUKHULL [3 MOPYIE YUTIHOP (HUMKa) 3 031440 HECKIHUEHHO 0082UX MIKPONOPUCHUX
YUTTHOPUYHUX BKIIIOUEHb (0JIOKOH), 0OHOPIOHO PO3NOOLIEHUX 3a 11020 Nepepi3oM.

Bupiwenns xinemuunoi 3a0aui npoooumscs 011 4omupbox unaokis, wo 8i0N08I0ams MaKum yMosam npoge-
OeHHs npoyecy:

1. Izomepmiunuii pexcum, cmana Konyenmpayis bapenuka na nosepxmi numku. Lle 3as0anns ionosioae gapoy-
B8AHHIO 3 6AHH NOCMIUNHOT KOHYeHMPayil.

2. [z3omepmiunuil pesxcum, 3MIHHA KOHYeHmpayisi nogepxui. Bionosioae gpapbysannio 3 6anH 3MiHHOI KOHYeHmpayii,
Qikcayii 3 nuieku 6 cepedosuwyi HacuueHoi napu abo ceped nepeepimoi napu, abo Hazpimo2o Nosimps 3a 8iIOHOCHO HU3b-
Kux memnepamyp (Koau 4ac npoepieanus mamepiany 3Ha4Ho mMeHute yacy Qikcayii).

3. Heizomepmiunuii pesxcum, nocmitiHa KoHyeHmpayis nosepxti. Bionogioae gapbysannio i3 cepedosuwya aepo-
30110.

4. Heizomepmiunuil pedxicum, 3MiHHA KOHYeHmpayis nosepxui. Leti HatOinbw ck1adHull 8UNadoK 8i0N08I0Ae 8UCO-
KOIHMEHCUBHUM, 8UCOKOMEMNepamypHuM cnocobam pixcayii 3a memnepamyp mamepiany 6 Kinyi npoyecy, Onu3bkux 0o
memnepamypu 11020 po3m'saKuieHHs abo decmpyKyii.

Y emammi posensaoaemvca mpemiu 6unadok, ugo 8ionosioae aepo3onvHomy apoOy8aHHI0 MKAHUH.

Knrouosi cnosa: ougysia, mikponopu, maconepeHoc, 6010KHO, KOHYEHMPAaYisl.

Formulation of the problem
Solving the modeling equation that describes the process of the kinetics of non-isothermal
adsorption ([2, (19)] under the boundary condition [2, (6)]), even with a linear adsorption isotherm,
encounters significant mathematical difficulties.
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Research goal
Kinetics of non-isothermal adsorption can be described by equation [2, (10)]. Let us now
show that the contribution of the thermal diffusion term in [2, (10)] to the overall mass transfer is
insignificant, quite justified given the ratio of the characteristic relaxation times o, /t, 10~ +107.

Main material
Let us first consider the case of sorption at a constant concentration on the surface of the thread,
and let the initial condition be c|r= , =C-and the fibers are free from dye. By definition, there is
a thermodiffusion flux per unit surface per unit time.

. oT AT
Jjr =DK,—=DK,—, (1)

r 2

where AT is the temperature difference between the surface and the center of the thread. Then
the amount of substance M transferred through the outer surface of the thread due to thermal diffusion
during the relaxation time is

2DK ATV,G,

T,

M, = j,So, =

The total amount of substance M transferred through the surface of the thread by the time
equilibrium is reached is obviously (given the initial condition) equal to the amount of substance
adsorbed by the fibers. Since the concentration at equilibrium is ¢, then

M =pKc,V,. That's why% :Q&K1 AT :
M 7, pKec,
For aqueous solutions K is of the order of 10 +10° kg/m K.
For concentrations of the order of 3 % AT ~ 200K, K = 20 (which is consistent with the actual
2:107-107-200
=1.3%.
0.5-20-0.03

If the concentration in the space between the fibers at ¢+ = 0 is zero, then to the amount
of the substance adsorbed by the fibers, it is necessary to add the mass distributed in the space between
the latter, so instead of M =pKc,V, we have M =(pK +1—p)c0V2,which, naturally, does not affect
the value of the estimate.

For sorption from a limited volume, such estimates are easier to make at zero initial conditions
inside the filament. Obviously, the thermal diffusion flux is estimated using formula (1). As for
the mass of matter transferred from the outer volume ¥ into the filament, the order of magnitude can
be determined from the difference in matter AM' in volume V at the initial and final moments of time.
If the concentration in volume Vat 1= 01is ¢, then M| = ¢ V. Regardless of the mechanism of mass
transfer inside the thread, the concentration in the external volume at 7 ~ ' (t'is the characteristic

values of quantities used in dyeing practice) we have

time of the process): at 1,/t, <<1 t'~1,(1+5/2),and when t,/1, >>1 7~ ¢ :cobl/(b1 +;j, thus
M,=cV = coblV/(b1 + ;j and therefore

v
AMle—Mzzé- %
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and then

My _20, g{;z}
AM 7, ¢ | K, +l-p V

The value of V in dyeing processes is determined by the volume occupied by the solution
on the surface of the fabric or thread before the material is supplied to the heat chamber. In order
of magnitude, the thickness Aof the solution film is 2-107° m, so from V' = n[(R2 +AY —RZZ]L (L is
the length of the thread) we obtain

Vo, ! N
VoOANR +(AR)

at R=5-10"m. At K = 20, ¢, = 3%, AT = 200K, p = 0.5, M, /AM ~13%.In fact, M,/AM
estimate is much lower, since the diffusion coefficients in the space between the fibers are of the order
of 10-10m?/s. Thus, the estimates given provide grounds for not taking into account the thermal
diffusion term in equation [2, (10)] when describing the coloring process.

Let’s first consider the case when the characteristic time of diffusion in the filament significantly
exceeds the corresponding time for the fiber throughout the entire process. The equation describing this
case can be obtained from [2, (19)] if we use the asymptotic representation for y (7, ) = Zexp (—aitl ) for

k

large times. Assuming that ()= Zexp(—oc,ft1 ) ~ %(c(tl )- écs'(t1 )j and substituting this expression
k

into [2, (19)], we obtain in the variable

oc 1 9(ke)  p R_f{@z(Kc)_La(Kc)%

- o D ot ot

— = DAc. 2
6t+1—p o 8(1-p) D } ‘ @

From the asymptotic expression (7 )and [2, (23)] it can be seen that the expression in square
brackets in [2, (23)] is small compared to the other terms and with its help we can estimate the first
approximation described by the equation

o, p 9(aK) A

3
ot l1-p ot T, ©)

. 1 .
Therefore, let us put in (2) ¢ = ¢, + ¢,, where ¢, <<c¢,and ¢,| , —0;¢,|  =¢, (1 + —] =0,if

7(0)

Neglecting quantities of the third order of smallness in (2), we obtain the following equation for

C|t—0

4)

e, p dke) _p R {02(01K)_L5(K61)%_:ﬁ,

o6 1-p & 8(1-p)D(1)| & D, & o |1

_ S ﬁt S _w - _a_it do’ ]
¢ = G +ato(co f(e)j{l > A )exp( . O—f(e,)lde, ()

where f(1)=1+K" 1+ KK = pK /(1-p). Substituting (2) into (1) and using the method
of separation of variables, we bbthin that
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o d
& 1 1 ct, [0
c=¢+c, =) A(r)o, (1) 1+——=| cpy| | -—=exp| -| Z—=—d0" | | |+
T N R AT i I T
a,a )
2 t K t '
PR ji[_l d( (pK))exp —J—Tz 99 e dODD
8(1-p)3 a6\ D, (6) db > f(9) 0
U
where
1 0 a; +do'
¢, (t)=— —||1-exp| ——% —j do
From the condition
o, df
1 1 (T, do
——| | 1 - —=exp| |
on R TR I T
2 (6)
% df
2 1 1 ’
Pk J.i 1L _d(Ko) exp —I—TZ 49 1o || <<1
8(1-p)y do\ D,(6) db VACH
and the limits of applicability of (5) are determined. L 0
As follows from (5), the effective relaxation time, determined from the condition, — | — =1

o
decreases with increasing temperature. This means a simultaneous increase in the effective mass

transfer rate. But increasing temperature also increases the rate of diffusion in the fiber. Since
the change in the latter is faster than the change in the rate of mass transfer in the filament, then from (5)
the lower limit of temperature values is determined, starting from which the process is already limited
by mass transfer in the filament, i.e. equation (5) is valid. But then (6), obviously, goes into [3, (9)],
and the value of the parameter K in [3, (9)] is determined by the initial temperature 7.

To determine the final temperature, we rewrite (1) in the form

o(l+K)e, R0 19 (ge) ) pac
ot 8 ot ! >

Atsufficiently long times, when the concentration difference across the cross section of the filament
is already insignificant, it is obvious that

A(1+K')e, R & 1 (k)
ot 8 arp(t)ars
that's why
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. R 1 o, .
(1+K )62 z?ma(K Cl):

SO

R} 1 6(K*C1)

8(1+K") Dy (1) o 2

c,~

If K= const and D (¢) = const, then (7) coincides with [3, (7)]. If we go to a dimensionless

variable in (7), ¢, = iJ‘a]—fe,then it will be rewritten as
o

o R OK'G) 8)
8(1+K')t,D, on,

But by order of magnitude, 8(K ¢ ) / ot, ~K ¢, therefore

2 *
& . KK

_t 9
¢ 8(1-|—K)212D1 ®)

meaning that (9) near equilibrium coincides with [3, (7)].
Multiplying (5) by pK and integrating over the volume of the thread, we obtain an expression
for the mass adsorbed by the fibers

M= pI;V2 I:Cm +4j(00f(92)—00] )Zk:eXp(_ai (12 -6, ))dez}' (10)

If the initial condition is c|t:0 =c¢,, and the inclusions are free of adsorbate, then the solution to
equation (3) looks like this:

/

To calculate using equation (10), a program was compiled and calculations were carried out
at various temperatures T and heat transfer coefficient o = 10.0 W/K. The calculation procedure
1 jd@

¢ :C_{1+I(f(92)—l)zk:14k (r)o; exp(—oci (1, —62))}. (11)

contains three stages: first, the integral is calculated, 7, = , after which the function f(0) is

)
constructed, and, finally, the integral is calculated on the right side of (7). M falls with increase

of T, as observed in experiments. In fact, this is inherent in the functional dependence of K.

Let us now consider the second limiting case, when the process is determined by the rate of mass
transfer in the fiber. The equation describing this approximation could be formally obtained from [2,
(19)] using the asymptotics of the function (z,) at small values of time ¢ This is a direct method,
however, associated with great mathematical difficulties. The considerations outlined below allow us
to significantly simplify the task.

Since the process is limited by the rate of diffusion in the fiber, then, to a first approximation,
the concentration in the space between the fibers is equal to ¢  and, thus, the latter are in equivalent
conditions. A small difference in concentration, arising due to the finite time of diffusion in
the thread and allowing, therefore, to estimate the first approximation, can be obtained from [2,
(19)], replacing ¢ in the integral term with ¢ . Obviously, this replacement is all the more justified
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the lower the rate of diffusion in the fiber compared to the rate of mass transfer in the space
between the fibers.
Then [2, (19)] will be rewritten as

0
a—(; +cy, (1) = DAc

w o o (12)

10

At ¢|_, =, the solution has the form
) 2
c= —¢y ZAk exp( a_t]_
k=1 T
I i 4, (r exp( M}ye’

1y k=1 T

(13)

so the limits of applicability of the first approximation are determined by the condition

2
—¢y) ZA exp[—r—j if we neglect the term for times 7 ~ t,

2w @F o] -

o0
0 k=1 T

<<1 (14)

Similar to the previous case, from here we can determine the limiting temperature value, below
which the process is still limited by inclusion diffusion. For times # ~ 1, (14) is transformed to the form

(l—p)Rf at Zexp( (xk t— ))d@ (15)

Integration over volume as a first approximation leads to the following expression for the mass
absorbed by the entire system

M—(1-p)cV i
M, =M=4p_|.K(91)Zexp(—oc,2c (1 —91))0191. (16)
cV 0 k
In fact, the right side of (16) determines the kinetics of adsorption by all fibers. A characteristic
feature of (16) is a decrease of M, (r) with the increase of T, which is in qualitative agreement with
experimental data.

Conclusions
The method, proposed in this articles, allows for easier solving of the modeling equation that
describes the process of the kinetics of non-isothermal adsorption in case of the aerosol dyeing
of fabrics, calculating the process parameters, such as the mass of the dyeing agent.
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