CHAPTER 3

Theoretical Analysis

3.1 Introduction

Cotton yarn mercerization ds a process which is used for
improving the strength of the cotton varn and also impréving the
lustre of the cotton yarn. The process was studied many'years
ago but scientist eannet describe clearly the mechanism of diffusion
of sodium ions ingdthescotton fibres. The research was performed
in nolland (1, 2) to study the effect the sodium hydroxide on
the cotton fibres at vapgious concentrations, it was concluded
tnat the amount of godium ions that diffuses through the cotton
fibres depend on the Wwiscosity of the sodium hydroxide solution,
the degree of swelling of-the Eibres, the‘tin@ and the tension.

The result was ‘shown in Bg (2.2),

3.2 Chemical Reaction

Mercerization is a chemical reaction between sodium ions
and cellulose (Poiyanhydroglucose) of~they cottonfiibres. Neale
made a waluable contribution to understand the sweiling of the
cotton by alkalis (4), by the mathematical formulation of a theory
based on the Donnan Membrane Equilibrium. 1In this theory; cellulose
is assumed to behave as a weak monobasic acid with a molecular

weight equal to that of the single chain unit. The reaction can be
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written as shown below.

+
Na
GLuOH " GLuONa (3.1)
+
31
Bg. (3.1) shows that under alkald condition, cotton is in
alkali-celluose form and under acidic condition, cotbton is in

cellulose form.

3.3 Lbxpanding Product and Shrinking Core Model

To determihe ghe rate of mercerization, the mathematical'
model was developed im accordance with expanding product and
shrinking core model (3), ' Ia this model, cotton fibre is assumed to be
a cylinder of radius E g it.is in contact with sodium hydroxide
solution whose bulls concentration is Cb. Consider the case where
the temperaturc is uniform throughout the heterogeneous region.
As reaction occurs a-Llayer of pronct alkali-cellulose, GluoNa,
forms around tli€ unreacted-core-of -cellulose: It is supposed that
this layer is porous because it is expanded inwards to the center
of the Fibre, so that reactlon occurs by diffusion of sodium ions
through the layer of alkali cellulose to react at the interface
between alkali cellulose and unreacted core. This ,situation is
shown'in Fig.+3.k where the concentration of sodium ions are

labeled at various location. The shape of the concentration profile

from bulk liquid to reacting surface is also indicated.

One wmore restriction must be placed on the system before

a simple mathematical analysis is feasible, the rate of movement
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Fig 3.1 Concentration profile in a cylindrical fibre
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of the reaction interface at r, that is drc/dt is small with respect
to the velocity of the diffusion of sodium ions through the product

layer.

Granting pseudo-steady-state conditions, the three rates,
diffusion of Na+ through boundary layer, diffusion through the layer
of product, and recactien at the intesface are identical. By equating
the expression for each ef these processes, the concentration
(CNa+)Ccan be expresSed’in terms of the known (CNa+)b and the radius
of the unreacted gore L4 The three rate equations expressed as
moles of Na+ disappeafipg per umit time per unit length of cotton

fibre, are

- +
dN

= T +
de 21[rskm {}CNa )b (CNa )s} (3.2)

for external diffusion,

dNNa+ dCNa+
B e T ¢ ooy (3.3)
dt dr c

for diffusion through product, and

- dNNa+

" = 2ﬂrck (CNa+)C (3.4)

for reaction at rc.
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In Eq. (3.2), km is the external mass transfer coefficient. The rate
through the product layer, Eq (3.3),1is evaluated at r = r.s De is
the effective diffusivity of Na+.through this porous layer. In
writing Eq (3.4), the chemical reaction at-rC is assumed to be first

+
order in Na and irreversible. It is also taken as directly

proportional to the outer surface area of unreacted core cellulose.

To evaluatethe gradient in Eg+(3.3) consider the diffusion
of Nat through thesdayer of alkali-cellulose. With the pseudo-
Steady-state assumptiony this process can be evaluated independently
of the change in L Consider a small element thickness Ar at
locaﬁion r in the produét layer (Fig. 3.1), the steady state mass

+
balance of Na axound this layer is

dcC Na+ dCNa+

—(29r D _ 7 29D B
e TI: = = - = 0 (3.5)

Taking the limitias Ar — o gives

dC
d_ rDe Na
dr dr

(3.6)

|
(@

Eq (3.6) is integradted twice, with' the boundary cenditions

CNéf = (CNa+)S at R
NnaF T (CNH+)C at  r = r_
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used to evaluate the integrating constant, the result is

7

C. + ln(
Na - (CN3+)S = (cN +)S - (CNa+)C _N"g (3.7)

a b
ln<:_i>
T
c

The concentration profile through £hesproduct layer may be calculated

by differentiating Eqe(3:7) with respeet to r and then set the

boundary at r = r. to g1 ve

. 1
dCNa+ (CNa+)s - (CNa+>c T (3.8)
g S
r ln<~—>
dr r = ¢ r
@ c
Substituting. Eq (3.8) in Eq (3.3) gives
dNGat 29D T = (3.9)
. _ e Na'’s Na"’ ¢ )
dt In E%
T
c

Now (CNa+)S and d NNa+/dt can” be 'eliminated from Eqs. (3.2), (3.4)

) . . ooy . .
and (3.9) ;ter give (CNa+)C in terms of((,Na )b and I The result is

(CNa+)b

k s
1 + 5 rC 1I1<___jr
) e T

(CNa+)c

¢ (3.10)
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Substituting (CV,+) in Eq. (3.4) gives the global rate in term of
Na ¢ .

-+-,
(CNa )b and T,

. N
Rate per unit length d Na*

of cotton fibre dt

x _c
i (3.11)
s

since r. is a va eful until we express r

as a function of

ry of cotton fibre, the

r unit time per unit length
> following.

" g inendwen .

ammﬂmumdw 'msj

- 'c (3.12)
CLuONa dt

drC
- 2r_ L Lo (3.13)
M /GLuONa dt

Eg. (3.4) = Bq. (3.13) gives

1 177240770
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- drC M
_— = — . (cN +) (3.14)
dt P /GLuONa ac

Substituting Eq (3.10) in Eq. (3.14) provides a differential equation

whose solution gives r, = £(t)
—-?iﬁ = KQi/e) GLuONa (CNa+9b
5 | N -©
De . P
c m S

Combining Eq. (3.11) and £q. (3.15) together provides the global
rate in term of (CNa+)b and “time, If Eq. (3.15) is integrated

the result will depend on (CNa+)b which varies with time as in some
types of reactor. In this experiment, (CNa’*')b will be kept constant

by using both high velocity sterring and excess sodium hydroxide.

1f (CNQ+)b is constant, Eq. (3.15) is easily integrated,
starting witth 0 = re. er t! /o
{x rc krc rs k rC
1 d = j Ity == In o= b — ~— \Mr (3.16)
-k(C FH) == 1 ) .
( N )o(p‘>GLuONa Y] rl De £ km Ty c

It is convenient to express the result in terms of a dimensionless

~ time
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M +
A CECaMyp (3.17)
o GLuONa r

and two groups relating the diffusion and reaction resistances

dif . .
o external diffusion resistance (3.18)
Y = = p ; : :
1 kmrs diffusion resistance in product layer
kr diffusion resistamece in product layer
Yy, = —% - . : : (3.19)
2 De reaceion resistance at r,

Integrating Eq. (3416) / gives

r 7 y Yy BN\ 2 r

L __c Jc \F 2 ). 5 _c

t* = (1 = Y14 (l+r ><2 + yly2 - 3 (r ) 1n " (3.20)
s s s s
by
Eq. (3.20) is in term of ;9 which is difficult to be detected, the
r S a
ratio ;E can be converted-into ;L- by taking material balance.
s 1,i

Fig (3.2) shows the cross section Of €o6tton fibre at various stages
of mercerization. Before mercerization (t = 0), external radius of

cotton fibre is re, internal radiuspis r and initial density is

1,1
oy When it is wercerized to a certain| level (=€), its external

radius is still r but its internal radims decreasesfto Ty and

density ‘divided intoy two zomes, (oliter zore is Pp and inner 2zone is

Py when the mercerization time approaches infinite, full mercerization,

external radius also doesnot change while internal radius rl £
>

approaches zero and final density is Pp -
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(a), t=o

Y
h“-».\
b
D) >
Fig. (3.2) Cros/ n fibre before mercerized
- ‘ 1

ull mercerized.

Mass of cotton fibre zation has the same

amount and can be ¢
(3.21) -

when t = o

(3.22)

ﬂﬂﬂ’l”{lﬂ%?ﬂ&ﬂﬂi& G2
QRTBNTIAER &3] 2R E (5.20

Eg. (3.21) = Eq. (3.23) = Eq. (3.24), by solving these equations

gives.
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2
r2 - r2 + ——rl’f r2 - r2
1 1,f T ( 1,i 1
r, s .
—r—— = 5 i} rz (3.25)
s T1,i 1,f
If t, ™0, Eq (3.25) becom
r
_< = (3.26)
T

r r r
ex = (1=t 2 (-3;‘f n = (3.27)
1,1 1, 1,
Tor the liquid-phas locity rel: hat of the solid particle
is high, as in -t:f: c -r@ usion resistance may

be negligible. A]m), for a highly porous p@duct layer, diffusion
resistance t oﬁg?ﬁgﬁﬁwﬁ}] U%er such conditions,
the rate is ¢l ¥ react ontro yzﬂo the Eq. (3.27)
reduceﬁ 0 ‘ ' ‘ ¢ — o
T RIANNIUUARIINYIAY
9 T
1

[ = 1 -

. (3.28)
1,4
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Converting t* into t gives

P\
A (3.29)
M /CLuONa

For rapid chemical reactions at! Ehe interface and a low De’ the
rate is diffusi?n conteol. If this ks the case, Y{™~0s Y, 1s large,

and Eq. (3.27) becomes

rl~,i 1,1 1,1
r r. \2 1 2 '
2 Y :
- <___ )4»--__2 v 4 (.&) 1410 (i > (3.30)
', 8 T s &
converting t* into togives
p i r T ro 12 T
£ = <—> == (1——1 )+—S~ 1 i) 1—1n<—1—)2 (3.31) -
M ‘GLuONa . k r., ., 4D r. . r, '
(pNaF)b 1,i e 1,1 1,1

If it is diffusion control, De is muclisnsmaller than'k. Eq (3.31) can

be reduced to

2

o r T r 2
£ = (——) S - (—1 1-1n i) (3.32)
M /GLuONa 4D (C +) r /
e Na b 1.
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3.4 Determination of Rate Constant and/or Effective Diffusivity

If the rate is controlled by chemical reaction at the interface,

rate constant can be determined from Eq. (3.29) which the relationship
T

between t and (l-El— ) will be linear. From this slope, k can
1,1 '

be calculated as the following,

0 r
slope = (——> N ' (3.33)
+
M*/ GEuQONa k (CNa )b
or k = | (3.34)
M 4 GEu®ONa (slope) (CNa+)b

If the rate is contrelled by diffusion of sodium ion through the
product layer. The effective diffusivity can be determined from

T
Eq. (3.32) which the relationship between t and l—(;l—)z
. il

I 1,
1-1n <;k> 2 will be linear. From this slope, De can be

Y, /s

1/1

calculated as the following.

7

o] r

<;—;> P (3.35)

A _
M./ GLuONa 4D (Cy Py

slope

o] r
or D, = <——> 2 - (3.36)
M / GLuONa 4 (slope) (Cy, )y
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3.5 Determination of Conversion

Eq. (3.29) and Eq. (3.32) can be converted into term
r.\2
of conversion (x) by relating <?—> with x and then substiting
£ 9 1oL
<;—> with x in Egs. (3.29) ¢ (3.32) as the following.
171

ﬂUB?% WﬁWBWﬂﬁ

quﬁﬂﬂ NWW?WBW@H

If the rate of reaction is controlled by chemical reaction, when we

substitute Eq (3.38) in Eq. (3.29), it gives

¢ = (ﬁ) s (1-v/17%) o (3.39)
M/GLuONa k(G B
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If the rate of reaction is controlled by diffusion of sodium ions
through the product layer, when we substitute Eq. (3.38) in Eq.

'(3.32), it gives

¢ = (2

P1>GLuONa

x + (l1=x) 1n (1-x) ‘ (3.40)

3.6 Determination o
In case of

Eq. (3.29) is conv é"' s \ g and it is differentiated

with respect to .ﬁdl‘r , \ sult is substituted in

Eq. (3.13) to obtai ] n, terimo .\i )k and (CNa+)b as the

y chemical reaction,

following.
i’_rf.‘:_.:.i"'

Eq. (3.29) is convert‘;}t‘ it gives®

£t = (é—»y (3.41)
M GLUONa e (Cy +)‘ ;

Na

. G wf:;luﬂ;mmf M’lmm s 5
awwmmmmm 18

dt < M >GLuONa k (C +) dt

Rearrangement.

dry M
= _<__> k (Gt (3.42)
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Substituting Eq. (3.42) in Eq. (3.13) gives

- 4N+
—a

. 2ﬂrck (CNa+)b (3.43)

Rate per unit length of cotton fibre

In case of the rate ion of sodium ion through

—

the product layer, E to term of rc/rS and

it is differentiat drc/dt, this result

is substituted in e in terms of D , (C +)
e Na b

and rl/rl,i as the

Eq. (3.32) is conver sterm of : . gives

o - _ r \2
. =(w> 2 N _E> (3.44)
M /GLuONa (D, (G 1)y | x AN _"5 r
1. (3.44) is diffeﬂlntiated with respect toﬂm, the result is
a ) B ﬂ U &I N 'Vl§
de qﬂﬁl()l\kl 3113 M
9

Rearrangement

=
)

ber

2 dr
c> e

o)

c -+
drc ( Pli’ De( Na ) R (3.45)
— — — ., r .
dt p GLuONa rC in ;£
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Substituting Eq. (3.45) in Eq. (3.13) gives

- dN_ + - 21D (Cy. P
Na
—Ne e b (3.46)
dt In _¢
T
Converting Eq. (3.46) i : of". gives
- dN_ + ~
N
= (3.47)
dt

cotton fibre

AULINENINYINS
ARIAATAUNINGIAY
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