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I Of rodoctioo
Kinetics of chlorination stage have
been studied extensively. Most of

. the workers bave expressed the
consumption of ' chlorine and
removal of lignin as a function of
time. Carmody", Giertz" and Bor-
ruso" dealt with sulphite pulp.
White', Sprouts Duncan' and
Chapenerkar? studied kraft pulps.
Generally the data were expressed
by a-reaction mechanismsecond.
order in chlorine concentration.
Chapnerkar" did not, evaluate a
secO,nd'o'l"defreaction bu~.assumed,
two fi.st order reactions occurmg
simultaneously. Kinetic data and
reaction "mechanism oftbe fast
reaction between pulp and chlo-
rine water, which occurs, witl:\in.,

. . ~ ,,), "-

tbe first: ,(~VI!minutes of' tbeir
contact have not been rcp<>J."teq

'" -. \_" " ~.\

in any detail. :Hp't'~ver, .~ec~ntly.
Russell" has studied .the;~inetics
of the initial i fast r_~~tiC?n ()f')

chlorination stage t,an~fo'ulisl~fllat
the reaction :DlCCha~.~qltfpll~Y{,ed,

;'-"-",,-,,- .--
a second ordcrlf;ip,~~i~s.i,jQ...;chlo.o{'. .•...,'... "",,-,,'.-

rine co'ncc~~)1~~.olbf;:,",I',"·r. . "f\:'
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mechanis~, o'f~!lIQriJ1atio'n stage
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Kinetics Of Chlorination Stage
Of Bleaching Bamboo.
Kraft Pulp

Kinetics of chlorination stage of bleaching for bamboo kraft pulp have
been discussed. The reaction of chlorine wiihpulp is marked by an
initial rapid reaction followed by a slow process. lrhis behaviour Is '
rationalised by assuming two tyre« of reactions occt/ring at different
velocities. The rate. of consumption of chlorine' in ~nitial phas~ of the
reaction (3-4 min) followed a first order kinetics in chlorine concen-
tration anti a second' order kinetics wa, observed in slow
process of oxida.tion. The kinetics of entire course of reaction /t~lloved

the rate law - d [CI} = kl [CI} + ks [C1}1
dl

'fhe .deltgnificati. n increases with an increase in the amount of
chlorine. After a sharp inittal drop in viscosity, there is o,!lya slight
further decrease in'the value. The rate of de/igllificat~on and pulp'
degradation increases with increasing temperature. It was found that
the efficiency of chlorine, consumption during chlortnation-stage of
bleaching Is independent of temperature.

of bleaching have been SO,(arcess would dift'er,dc~endi~gon'
limited to. wood pulps. No, ~ork the'specics and mode of pulping.'
)~ ~~ported on pulps from other The studies made so far of blea-
sources such as bamboo, which is ching of bamb~o' pulps using
extensively used in pulp and chiorin~tio'n as Jrl'e of the stages
paper industry in India. !tis pf":bleacliing seqti~~e,' dq. ~O,t
wcllund~rstoo'd that residual deal with'-' the 'rate: law .J and
lignin of unbleached pulp is the

. mechanism of reaction". - It is.principal carrier of the browncM611f of jhe pulp. The )ignins al~; observed-that-very Jittle data
of sort woods. hardwoods atid onthe firstinitial rapi4 reaction
other (' Ijg~oc~llulosic' materials phase of chiorip.atio'n·, ,stage of
~uch as bamboo, bagasse, straw bleacbing are available even with

"differfrO,m each other in their wood-pulps. These facts .ledus
-straetural features and chemical, to, investigate in detail·the, kine-:
reactivity. Thc pulping process tics of chlorination- stage; -of
also "cbanges the. character of bleaching bamboo pulp and the
lignin .left .in the 'pulp .. Thus it is efi'ects of Chlorlnation on' pulp'

') obvio'lB that the rate of chl oriaa- properties like kappa number'
tion and mechanism of the pro- and, viscosity..

Ippta Oet., Nov. & Dec': 1974 V91. XII No.4- • 321



Results a04, Discu,lolIs:
Bamboo kraft pulp (Kappa num-
ber 29,6) prepared from Dendro-
calamus strictus species was used
in all- the experiments. The initia-
tion of the chlorination was
carried, out by mixing chlorine
water and pulp slurry, both kept
in separate black-coated jena
fiasks immersed in an electricaJly,
regulated thermostat. The consis-
tency was kept coDsiantat3%
in all the experiments. The pro-
grcssof reaction was follQW~d
by estimating residual chlorine
Iodometrfcally'". -
The reaction of chlorine' water
with pulp was marked by an
initial rapid reaction followed by
aslow process: ,This bebaviour
is rationalised by assuming two
types . of reactions occuring at
different velocities.
Order of Reac::tioDaDd Rate law:
The order of reaction and
rate l~w have been determined
~i studying the rate of,~ , ,
cODl:umption of. .chlorine at
vl\rying initial concentrations of
ctil()rine charge. The r.esultsare
recorded in Table I. The rate of
consumption of 'chlorine with
time elapsed is represented in

. Figure 1, which indicates that
there is an initial rapid consump-
tion' of chlorine followed by a
slow process.
The' analysis of the order of
reaction in initial iapid 'reaction'
phase {3-4 min) was done emplo-
ying [Vant Hoff's differential
method as described-below ;
Th,e rate of decteas.eofchlorine
concentration is giyen',. by-
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,- d (CI] = k [el]n ••••..(1)
dt

where k is velocity constant and
n is the order ,of. reaction on.
taking10garithm the equation (t >'
becomes ,- , .
log (~ d [ell)' ' log k +

.' dt
n log [ell .•....(2)
From the equation (2) it is seen
that 'if the rate or' decrease 'of
chlorine concentration (-d[CI]fdt)
is. determined ,llt .va.rious Iaitial'
values of chlorine concentrations,
a plotoflogaritbm of'.velocity
again~t theloga#thrn of the'
conceritrationmay give a straight
line, the 'slope of which will "give
the.order of reaction, n, and the'
iaterceptonIog (_ d ~;li..)
axis, the value Jog k. Thus,
concentration-time curves' were
pl9tted from the runs made at
various concentrations of chlo-
rine (Fig. I A) and tangents were
drawn at the beginning of each
reaction. The slope of ,each of

'0

these were determined' which 're)
presents theinitiaJ rate corres-'
pending to a 'partfculilf intiar
concentration. The values' 'of
slopes are recorded in Tabl~ I~.-
The logarithms of these rates or
slopes were plotted against the'
logarithms of correpOndi~g initiaf
concentration. The slope of the
straight line thus obtained (Fig.2)
gave n= 1'; indicating that the
rate of consnmption of Chlorine
in. initial rapid reaction which
OC'~rs' within 3·4 min. !from the
s.tart of the reaction foJl~ws a first'
order kinetics in chlorine ccneen-
tration, Thus the rate-for initial
rapid reaction can' be written as

- d [Cll = kl [ell
at

The analysis of the order of reac-
tion during later' slow part of the
reaction was carried out by plott-
ing reciprocals or residual chlorine
concentrations 'against time •. The
.straight lines thus obtaine d (Fig.3 j

. ~!
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FIG.2 CONCEN1"RAlION -TIME. CURVES FOR ANALVSING
INITIAL FAST RtACTION
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Table-I·

Eft'ect of chlorine concentration and temperature on rate of
consumption of chlorine and velocity constant of later

part of slow reaction.

Time of reaction, Min. Second order
velocity constant·

0 3 5 10 20 35 60 graphically
k2• M-l min-l

(CI) x lo-5M 2113 695 300 150 70 4 0 73.20
20°C 2746 970 530 395 315 244 175 6.57

3170 1130 690 526 480 408 342 2.04
3803 1440 910 800 760 726 667 0.50

(Cl) x 10·5M 2113 560 160 ..• 0~

30°C 2746 810 380 253 171 115 24 19.0
3170 1005 542 416 380 250 150 6.38
3803 1335 760 660 583 510 417 1.54

(Cl) x 10.5M 2746 ·675 240 132 75 46 0 56.0
40°C 3170 845 393 262 178 117 0 190

3808 1190 620 537 433 330 217 468
(CI) x 10.5M 3803 1080 '490 360 283 150 60 1435

50°C

*Pulp 9 g (oven-dry basis), Consistency 3%, pH 2.

lppta Oct., Nov. & Dec. 1975 Vol. XII No.4

indicate a second order kinetics in
chlorine concentration. The rate
law for this slow later part of the
reaction is governed by the equa-
tion- d [Cl] =k2[Cl]2. The value

dt
of ks obtained at various tempera-
tures are recorded in Table I.

From these results it is evident
that the initial pbase of rapid
reaction (3-4 min.) follows a first
order kinetics and later slow part
of the reaction a second order
kinetics in chtorine concentration.
Tbese findings suggest that tbe
total process of cblorinationstage
of bleaching is .overned by a
rate law equation-

_ d [CI] =k [CI] + k [Cll2dt 1 . 2

Dependeece of Rate Constant on
chlorine Concentration
Table I and Fig. 4 sbow tbe effect
of chlorine concentration on rate
constant of the later slow part of
reaction. From these it is seen
that tbe rateof reaction decreases
with an increase in initial chlorine
concentration and the effect is
more pronounced in lower con-
centration range. lhis is in agree-
ment with the fact tbat at lower
initial concentrations of chlorine
the reaction is very fast and al-
most entire chlorine is consumed
instantaneously leaving remote
quantity of HOCl for the slow
oxidation reaction.

Dependence of Rate Constant on
Temperature

The data on effect of temperature
on rate constant of later part of
the reaction are summarised in
Table 1 and represented in Fig. 5.
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·F". 3. ORDtROf' lHt REACTION WITH RtSPECT
·TO CHlORINE CONCENTRATION
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Table-II
Fint Order of reaction of initial rapid pbase of cblorination.

Initial concentration
chlorine

(CI) x ro-, M

Slope of the
tangents
~Xl011

dt

Concentration
of chlorine at
the point of
slope, deter-
mination
ten x 105, M

dICI)/dt x 10
(CI)

A. perusal of the data indicates
the rate constant increased that
nearly three times per every lOoC
rise of temperature,
EnerlY Parameters oftbe Reaction
The .energy of activation was
determined employing Arrhenius

equation k~Ae-boE/RT where
boE is the energy of activation,
A is frequency factor, R is gas
constant, T is temperature of
Kelvion Scale and K is rate
constant at temperature T.
A plot of log k versus lIT was
made and the energy of activa-
tion was determined with the
slope of the straight line in Fig.6.
The free energy of activation
and entropy of activation were
determined employing stan-
dard thermodynamic equations
± ±

boP - 6E--T 6S and
±

KT 6S/R -boE/RT
k=e. -- .e .e

h
±

respectively, where boS 'is en-

±
tropyof activation. 6P is free
energy of activation, K is Boltz-
mann constant, and h is planck
constant. The values of these
energy parameters are recorded
in Table III.

Kappa Number and Viscosity
Variation of pulps + During
Chlorination:
The above findings of the order
of reactions and rate laws
governing the chlorination stage
of bleaching would have been
of no real consequence unless a
quantitative relationship between
chlorine consumption and one or

e

2113 675 2000 3.375
2746 875 2560 3.41
3170 1000 2940 3.6 to
2803 1200 3510 3.41

Order of reaction of initial reaction is Univty in Chlorine concentra-
tion as determined by the dope of the line in Figure. 3 pulp 9 g
(oven-dry basis), Consistency 3%, pH 2.

Table-III
Eoergy parameters of tbe later part of slow reaction, rate

~onstants and temperature coefficient.

x, X 103

1M 1Sec-l
Temp·C Temperature l!.E

coefflcient Kcal
M·l

20 8.3
30 15.6
40 78.0
50 239.2

3.08
3.04
3.06

10.82 1'.94
20.92 19.95
22.44 19.94
22.06 19.88

l!.S± A
E.U. Sec-1

1.83 4.16
1.67 3.97
1.57 3.91
1.63 4.16Pulp 9 g (oven-dry) basis, Consistency 3%, pH 2
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more of the empirical parame-
ters used to indicate bleaching
progress- could be established.
There fore. relationships between
kappa number and viscosity
variations in pulps bleached for
different intervals of time at
different temperatures, and initial
chlorine concentrations were
investigated. The kappa number
and cuprammonium viscosity of
pulp were determined according
Tappi standard methods's, The
results are recorded in Table
IV and represented in Figures
7-13.
From the figure 7 it is observed
that at the beginning of chlori-
nation 'lignin is removed rapidly
after which the removal subsides
quickly to a very slow rate. as
chlorine is consumed rapidly in
the initial stage 3-4 min. and
then by a slow process at later
stage. Similar is the case with
drop in viscosity (Fig; 8) i e.
after a sharp initial drop in
viscosity there is very slight
further decrease indicating that
there is no serious degradation
of fibres in later part of chlori-
nation reaction at lower tem-
peratures. However at higher
temperatures the degradation of
carbohydrate fraction is more
pronounced.

Figure 9 and ]0 show that remo-
val of lignin and degradation of
carbohydrates depend upon the
amount of chlorine used and
increases with the amount. Figure
11 and 12 show that Kappa
number of pulp chlorinated to a
constant degree at different

•
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FlG,4. ORDtR Of THE. LATTEI<
SLOW RE.ACTION
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FIG. 6. E.F'fE.CT or tE:MPtRATURE.
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\fable-IV Kappa number and viscosity valoes at different times aad
temperatures of reaction

Temp.
°C

Time Chlorine Kappa number Viscosity
Min. consumed x 105, M (K) (V), Cp

20 o 0 29.7 86.0
S 2216 14.4 72.0

10 2351 ] 33 71.4
20 2431 12.5 70.8
35 2502 n.s 68.2
60 2571 10.9 60.0
o 0 29.7 86.0
5 2366 14.0 51.7

10 2493 ]2.7 47.7
20 2575 11.6 44.9
35 2631 11.2 43.8
60 2722 10.7 42.0
o 0 29.7 860
5 2506 13.1 440

10 i614 12.0 42.0
20 2671· 1l.O 38.6
35 2700 10~8 35.1
60 2746 10.5 32.0
o 0 29.7 86.0
5 2656 12.0 40.0

10 2735 ]0.6 38.0
20 2744 10.1 35.0
35 2746 9.9 320
60 2746 9.8 27.0

Pulp 9 g(oven-dry basis), Consistency 3%, pH 2; (Cl) 2746 x 10.5 M

20

40

so
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temperatures do not change
whereas viscosity of the pulps
decreases appreciably with every
10°C temperature rise. Fig. 13
shows the variation in kappa
number with amount of chlorine
consumed at different time s at
different temperatures indicating
that kappa num~ers are linearly
related to chlorine consumed in
the chlorination stage of bleach-
ing. Thus the efficiency of
chlorine consumption is indepen-
dent of temperature. From these
data on kappa number and
viscosity of pulps chlorinated to
different degree at temperature
with varying initial chlorine
concentration appropriate condi-
tions could easily be chosen
for the chlorination stage
of bleaching desired in conjunc-
tion with the desired sequence.

As a result of this investigation
the following conclusions are
drawn:

1. The reaction of pulp with
chlorine water is characteri-
sed by an initial. rapid
reaction followed by a slow
reaction.

2. The initial rapid reaction
follows a first order kinetics
in chlorine concentration.

3. The later slow part of
reaction follows a second
order kinetics in chlorine
concentration.

4. At low chlorine concentra-
tion, the whole of the chlorine
is consumed in the fast
reaction.

Ippta Oct., Nov. & Dec. 1975 Vol. XII NO.4
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