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also considered and were introduced into the main model in the form of a models
corrective equation. Viscosity

The purpose of this work was to develop
a model to correlate the viscosity de-
crease during the hypochlorite stage
with all process parameters involved
in such a way as to allow effective
control of the final viscosity of dis-
solving pulps. The model had to be
suitable for automation of the hypo-
chlorite stage, to make it possible to
obtain preselected and constant vis-
cosity values.

The process we considered involved
European hardwood sulfite normal
and rayon-grade dissolving pulps,
using the bleaching sequence (C+D) E
(D/H). The H stage was carried out in
a sequence of three up-flow towers,
each capable of accepting reagents at
the bottom.

The influence of pulp
consistency

A range of consistency between 7%
and 14% was studied. This range covers
almost all possible fluetuations of con-
sistency in an industrial plant working
at medium consistency.

The results are shown in Fig. 1.
Variations of consistency do not in-
fluence the final viscosity at constant
initial viscosity, temperature, pH, and
initial edneentration of active chlorine.

Thisevidence is in agreement with the
works of Wolfrom (1) and Lekander
(2), showing that the kinetics of oxida-
tion of cellulose (related to depoly-
merization) is of zero order with re-
speet to cellulose.

However, the efficiency of the reac-
tion, measured by the ratioof viscosity
decrease AV and hypochlorite con-
sumption AC, is influenced by the
consistency. Plotting AV/ AC vs. the
consistency, as shown in Fig. 2, the
linear relationship with consistency
becomes apparent.

Chlorine consumption, which is also
influenced by the brightening reac-
tions, obviously depends upon the
cellulose concentration.

The effects of pH and
buffering

The depolymerization rate is of course
strictly related to pH. Our experi-
mental data show that the decrease in
viscosity vs. pH (other parameters
being constant) is related to initial
viscosity. Figure 8 shows that hypo-
chlorite charge has a negligible effect
on this ratio. Thus, the slope of final
viscosity vs. pH is constant at different
hypochlorite concentrations.

Figure 8 and Fig. 4 also suggest the

1. Consistency variations donot influence
the final viscosity (initial active Cl, of 825
ppm, initial viscosity of 44 cp).

2. Hypochlorite consumption is directly
influenced by consistency (initial viscosity
of 46 ¢cp).

usefulness of buffering for maintaining
linearity of the ratio of viscosity vs.
pH. However, in industrial practice,
the deviation from linearity resulting
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3. The slope of final viscosity vs. pH is
constant at different hypochlorite concen-

ity

8. The relationship between viscosity de-

4. Buffering is effective in maintaining the
crease and temperature is linear (initial

linearity of the ratio of viscosity vs. pH
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trations (initial viscosity of 35.5 ¢p).
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6. Keeping other factors constant, the effi-
clency of reactions leading to viscosity drop
is not affected by temperature (initial active
Clz of 900 ppm, initial viscosity of 46 ¢p}

7. The intercept with the the dotted line
can be regarded as a “purity index.”

8. The number of chainscissions is related
to the amount of hypochlorite consumed.

B
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from insufficient buffer becomes sig-
nificant only when pH is below 10.6 at
the start of the reaction.

These data have made it obvious
that the model has to take into aceount
linear effects of pH on the viscosity
decrease, with the initial viscosity af-
feeting the slope of the curve.

The influence of temperature

The relationship between viscosity
decrease and temperature is linear,
asshown in Fig. 5. Its slope is related
neither to concentration of hypochlorite
nor to pH and consistency hut is only
related to initial viscosity Keeping
other parameters constant, the effi-
ciency of reactions leading to the vis-
wsity drop is not affected by tempera-
ture (Fig. 6).

As mentioned, the eurve of viscosity
drop vs. temperature can also be
assumed to be linear, with a slope
dictated only by initial viscosity.

Pulp purity, brightness, and
hypochlorite consumption

We followed methods nsed by Herbst
and Krassig (2) and Paulson (4) for
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studies on purity and brightness.

Given in Fig. 7 are straight lines
showing hypochlorite consumption of
various samples. As stated by Paulson
{4), the intercept between these lines
and the dotted line, which represents
the total consumption of hypochlorite,
is related to the rapid consumption of
hypochlorite caused by reactions with
lignin. This intercept can be regarded

a “purity index.”

In Fig. 8, the number of chain
seissions, or cleavages, is related to
consumed hypochlorite:

seissions « 1/DP - 1/DPy (8]

where

DP =
DP,

degree of polymerization
initial degree of polymerization.

According to Herbst and Krassig (3),
the graph gives us information about
the lignin and hemicellulose contents
of various pulps. The intercept with
the abscissa is correlated with lignin,
and the slope correlates with the con-
centration of hemicellulose and lignin.

The wood pulps show differences in
behavior, but these differences disap-

pear if the pulp is pretreated with
hypochlorite. In comparison with the
data reported by Paulson (4), our
samples appear to be rather pure,
allowing us to conclude that the reac-
tions competing with pulp depolymer-
ization are of no great influence. In
building & meodel, the purity of the
pulp has to be taken into account in the
computation of hypochlorite consump-
tion.

Assuming that the kinetics of cel-
lulose depolymerization are first order
with respect to hypochlorite concen-
tration and that hypochlorite consump-
tion in bleaching reactions takes place
in the first minutes of reaction, the
following empirical equation was de-
veloped from kinetic data (Table I)
experimentally obtained from pulps of
different initial brightnesses:

Cf = CO - [910 - (9.2 b4 B)] 9-0.28# (2)

where )

Cy =  initial concentration of active
chiorine in the liquid phase

Cr = final concentration

B = Elrepho brightness, %

¢ = fime.

The term between internal parenthe-



9. The starting viscosity has no influence
on hypochlorite consumption.

10. The ratic of final viscosity:initial vis-
cosfty, vs. the initial viscosity for Pulp A.

11. The ratio of final viscosity:initial vis-
cosity, vs. the initial viscosity for Pulp B.
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12. When the hypochlorite is not com-
pletely consumed, the final viscosity is a
function of the logarithm of the initial hypo-
chlorite concentration.

13. When the hypochlorite is totally con-
sumed, the dependence of final viscosity on
initial hypochlorite concentration is linear.

e 4TS ep
CAd10cp
e @25 ep

sis represents the rapid hypochlorite
consumption by lignin. The process
conditions used in developing this equa-
tion were: T = 52°C, pH = 10.8; con-
sistency =10%. The equation is valid in
the brightness range of 80% to 90%.

The starting viscosity can be as-
sumed to have no influence on hypo-
chlorite consumption, as shown in Fig.
9,

The effect of hypochlorite
charge on initial viscosity

The relationship between viscosity
decrease at different hypochlorite
charges and starting viscosity is rather
complex. The results of several experi-

ments are shown in Figs. 10 and 11.

In the range of starting viscosity
values we studied, pulps made from
two different types of wood behave
differently. The relationship between
final viscosity and starting viscosity of
Pulp A can be assumed to be linear for
astarting viscosity above 35 ep, where-
as it will be quadratic below that
value, For Pulp B, only a quadratic
relationship was indicated. Probabiy
Pulp B would also show a linear
behavior at an initial viscosity exceed-
ing 45 ep, which was outside the range
we examined, At the moment, we are
not able to explain the different be-
havior of the two pulps.

The final viscosity is related to hypo-

chlorite charge in different ways, de-
pending on whether hypochlorite con-
sumption is complete or a residual is
left at the end of the chosen reaction
time. When the hypochlorite is not
completely consumed (Fig. 12), the
final viscosity is a function of the
logarithm of the initial hypochlorite
concentration.

On the other hand, when the hypo-
chlorite is totally consumed (Fig. 13),
the dependence of final viscosity on
initial hypochlorite concentration is
linear, :

These findings agree with those of
Rutkowsky (5), who found a linear
dependence at low hypochlorite charge
and 2 lower-order dependence when
the dosage was higher.

Building a mathematical
model

Basic conditions

The number of hypochlorite stages is
assumed to be 8. The residencetime of
each stage is 2 h. The previous bieach-
ing sequence is (C+D)ED.

The pH is 10.8. At the beginning of
each stage, the pH is restored to 10.8
by adding the necessary amount of
sodium hydroxide. There is no buffer-
ing. The temperature is held constant
at 52°C throughout all the stages.

The consistency is 10%. A fluetuation
between 9% and 11% iz allowed, be-
cause it does not seriously impair the
validity of the model.

The input data requested are:

¢ Incoming viscosity
¢ Incoming brightness
¢ Desired final viscosity
¢ Type of wood used.
The output of the model will be the
concentration of hypochlorite in the

liquid phase, to be established at the
beginning of the first stage.
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The model calculates, using actual
incoming viscosity, actual brightness
data, and 2 preselected hypochlorite
charge, the final viscosity and the
residual hypochlorite at the end of the
first stage. Final viscosity and residual
hypoehlorite calculated in the first
stage are used as input data for the
second stage. The same procedure is
used for the third stage. The pre-
selected hypochlorite charge in the
first stage is changed until the desired
viscosity is reached at the end of the
third stage.

Algorithms used

In the case of pulp made out of Wood
A, the equations are:

Ce=Co~[910-(9.2 x B))

e-O.ZSt (2)
Vi=Vo- G (-0455 x102+8.1

% 104 V) if Cr < 40 ppm 3)

Vo= 100940 + 15
%(3.833 x 102 - 1.682 x 102 x log{ Co)}
if Vo =35 ep and C; >40 ppm (4)

Vi=V,-2.162 - 0.554 log(Cy)
if Vo <85 ep and Ci 40 ppm (5)
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Il. Results of the check runs on model predictions

Final viscosity
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Slight deviations from the conditions
of temperature and pH can be taken
into aceount using the following em-
pirical formula, which correets the
final viscosity caleulated at the end of
each stage:

Ve= Vi~ 250 x 102 V5 (T - 52) + 0.335
(Vo-20)(pH ~ 10.8) ()

Slight deviations (+10%) from the
normal residence time affect the con-
sumption of hypochlorite, but the drop
of viscosity is affected only to a
negligible extent.

Check of the model

The prediction capacity of the model
was tested by running several batches
of pulp through the pilot plant. Dif-
ferent brightnesses, viscosities, and
hypochlorite charges were checked,
Theresults are expressed in TableII,
which shows that the agreement is
satisfactory.

Final remarks

This work was aimed at developing a
simple empirical model to simulate
the decrease in viseosity during hypo-
chiorite bleaching.

The algorithm we have developed
and used does not neeessarily have a
physical significance. Further studies
will be necessary to demonstrate and
eventually understand the true mean-
ing of the dependence of the viscosity
drop on the square of starting viscosity
or on the logarithm of hypochlorite
charge. Nevertheless, the model ob-
tained is simple and handy. If coupled
with sensors for brightness and hypo-
chlorite charge, it would be suitable
for purposes of automating hypo-
chlorite bleaching stages and would
enhance our capability of controlling

final viscosity in dissolving puip
produection.

Experimental methods

The samples used for the tests were
taken from an industrial pulp mill at
the end of the D stage. For viscosities
not typical of industrial settings, pulp
was prepared in the pilot plant using
procedures as similar to industrial
methods as practicable.

The tests were carried out in ther-
mostated baths under predetermined
conditions of pH, consistency, chemi-
cal charge, etc. After the appropriate
reaction time, the pulp was washed
and tested for viscosity.

Viscosity was measured in a cu-
prammonium,_ solution according to
TAPPI method T 206. All other analy-
ses were performed using ecommon
procedures,

Asmentioned, the bleaching param-
eters were studied under the following
conditions: 52°C, 11% consistency, pH
=10.8, and time =2 h.
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