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ABSTRACT: An inferential method uses a mathematical
model with on-line liquor analysis to predict lignin content of
pulp every 5 min. Conductivity, ion chromatography, refractive
index, and UV absorbency analysis measure effective alkali,
sulfide concentration, total solids, and the lignin content of
cooking liquor. Experiments with several initial effective alkali
and sulfidity levels used a laboratory digester with screened
softwood chips to develop a model that incorporates initial and
bulk delignification phases concentrating on regions of

industrial importance.
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he digester is a major piece of

equipment in the chemical
pulping process. It requires proper
control to produce paper products
with uniformly high quality at mini-
mum cost. Despite the importance
of good digester control, many kraft
pulp mills use open-loop, feed-for-
ward control strategies based on
empirical models. Such models are
inefficient in controlling the kraft
process to produce a pulp at opti-
mum kappa number and yield. The
difficulty involved in the on-line mea-
surement of kappa number—the

control variable—further compli-
cates the control problem.

Several empirical models are
available in the literature correlat-
ing the rate of delignification with
process variables. Studies on the de-
velopment of these models often used
wood meal or wood shavings and
very high liquor to wood ratios. This
avoided the problems associated with
diffusion of chemicals into the wood
chips and maintained the liquor com-
position at a constant value during
the cook. These studies addressed
only the bulk phase delignification.
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Hatton (1) developed one empiri-
cal model that has had frequent use.
It relates the pulp yield and kappa
number with H-factor and effective
alkali (EA) charge. This model cor-
relates selected softwood and hard-
wood delignification data over a
limited range of kappa number and
yield. The parameters involved in
this model require identification de-
pending on the wood species used. A
theoretical model with wide indus-
try reference is the Gustafson model
(2) that used published delign-
ification data. This model assumes
the alkali consumption relates lin-
early to the delignification rates, and
the sulfide concentration is constant
throughout the cook. The model pro-
vides rates of lignin and carbohy-
drate dissolution in the initial, bulk,
and residual phases.

The success of using these mod-
els for control purposes depends on
complete knowledge of the feed com-
position. Since the feed stock qual-
ity often does not have good
definition, this is a major difficulty.
In addition, the models can only pro-
vide simple feed-forward control
keeping the control loop open. To
provide closed-loop control, one must
monitor the extent of reaction with
time. Pulp analysis from digesters is
impractical, however. A practical al-
ternative would be to monitor the
liquor composition for extent of re-
action. Since the above models use
pulp analyses, a model based on mea-
surable liquor properties is neces-
sary. This paper addresses the
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development of a kraft kinetic model 7
based on liquor analysis with this
goal in mind.

. Schematic diagram of the experiment
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Experimental materials
and methods

Guard-pak
Figure 1 shows the schematic dia- anion UV detector |-
gram of the experimental setup and IC-pak
the associated liquor analysis sys-
tem used in data collection for ki- UV detector Reflective index | @ !
netic modeling (3). The setup consists detector

of a 6.5 L batch digester equipped
with a liquor recirculation pump. An
independent controller maintains the
temperature in the digester. Chang-
ing the setting in the controller can
vary the heating rate. The recircula-
tion line has a Rosemount series 78S
platinum RTD temperature sensor,
a Mirco Motion Model D25 density-
to-mass flow meter, and a Rosemount
222 Toroidal flow-through, electro-
deless, conductivity sensor.

Besides having the above in-situ
measurements, the setup also has a
liquor sampling and analysis system.
The liquor sampling system consists
of two sample injection valves of 1
puL volume that can extract liquor
samples from the recirculation line
every 5 min. One sample undergoes
dilution with water and injection into
a Waters Model 481 Lambda-Max
spectrophotometer (UV) and a Wa-
ters Model 410 differential refracto-
meter (RI1). Another sample
undergoes injection into an ion chro-
matographic (IC) column consisting
of an anion packing using sodium
borate and gluconate as eluent. The
IC analysis uses a Waters Model 440
dual channel UV absorbency detec-
tor. The data collection from the in-
situ sensors and from the extractive
liquor sampling and analysis system
uses a Keithley 570 data acquisition
system and a Zenith 286 host com-
puter. The extractive liqguor sampling
and analysis system provides the de-
termination of total solids content,
lignin content, and sulfide concen-
tration. All these analyses take less
than 5 min for completion.
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Data acquisition

H =Heater

CT = Conductivity transmitter
TC = Temperature controller
TT =Temperature transmitter
PG = Pressure gauge

L
PC host

Batch cooks used screened south-
ern pine chips of 3-5 mm thickness.
Loading the chips into the digester
occurred with the pulping liquor at a
liquor to wood ratio of 5.5 to 1. After
heating, the digester remained at the
pulping temperature for the appro-
priate period. It took approximately
40 min to reach the cooking tem-
perature. Table | shows the cooking
conditions. The chips were removed
after the completion of the cook,
washed thoroughly, and analyzed for
yield and kappa number.

Liquor analysis

Liquor conductivity with appropri-
ate temperature corrections can di-
rectly measure white liquor EA (4).
For cooking liquor, additional cor-
rection factors are necessary to ac-
count for the dissolved wood
substances in the measurement of
EA using conductivity. The follow-
ing is the correlation for cooking li-
quor conductivity and alkali
concentration:

NaOH + 0.886 NiS + 0.283 N&CO, +
0.0694 Ly, = 4.048 x 18C +

2.9180 x 16C? 1)

where
NaOH = sodium hydroxide, g/L as Na,0

Na,S = sodium sulfide, g/L as Na,0

Na,CO,= sodium carbonate, g/L as Na,0

L,, = lignin concentration, g/L

C = conductivity (corrected to

170°C), mS/cm.

This equation rearranges to the fol-
lowing:
NaOH + 0.5 Ng5 = 4.048 x 16C +

2.9180 x 16C2 - 0.386 NgS — 0.283
Na,CO, — 0.0694 Ly, @)

The left side of Eq. 2 provides a cal-
culation for the EA, since all the
terms on the right side are known.

Liaw and Krishnagopalan devel-
oped the measurement of sulfide con-
centration in white liquor and cooking
liquor using an 1C method (5). Equa-
tion 3 gives the relationship between
chromatogram area and sodium sul-
fide concentration for the case of
white liquor:

Na,S = 0.6969 A, + 0.1048 EA (3)

where

Na,S = sodium sulfide concentration, g/
L Na,O



|. Experimental conditions used in model development

Cook Temperature, EA’, Sulfidity,
Experiment no. °C %" %
Effect of temperature 1 160 20 24
2 170 20 24
3 175 20 24
4 180 20 24
Effect of EA with 5 170 16 29
constant sulfide 6 170 18 26.40
charge of 6.87% Na,Son 7 170 20 24
wood 8 170 25 19.80
Effect of sulfide, 9 170 20 20
with constant EA 10 170 20 24
charge 11 170 20 26
12 170 20 30
“ As Na,O on moisture-free wood
A, = sulfide peak area measured at where
254 nm C, = dissolved lignin concentration,
EA = EA from conductivity data, g/L g/L
as Na,0. UV = ultraviolet absorbance, AU
For the cooking liquor, a modifica- F,  =anadjustable constant,

tion of the white liquor calibration
accounts for the dissolved lignin. The
corrected relationship for cooking li-
quor is the following:

Na,S = 0.7933 (4, - A,,) + 0.0759 EA
4

where

A,, = chromatogram area of peak
measured at 254 nm

A, = chromatogram area of peak
measured at 280 nm.

Using a typical cook, Fig. 2 shows
the hydroxide and sulfide concentra-
tions in the cooking liquor with time.
These are estimates from liquor con-
ductivity and 1C measurement.

The UV absorbance of the pulping
liquor at 280 nm exhibits a linear
relationship with dissolved lignin con-
centration. Equation 5 expresses this
relationship:

C, = UV/F, (5)
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The refractive index of the pulping
liquor depends on total dissolved sol-
ids concentration. The contribution
of each component dissolved in the
pulping liquor to refractive index is
linearly additive. The proportional-
ity constants are not equal, however.
Paulonis (6) developed the following
relationship:

RI'=4.132 [NaOH + 1.364 N& + 1.104

Na,CO, + F(C)] (6)
where
RI = differential refractive index,
RIU
C, = pulping reaction product con

centration, g/L

F, =an adjustable constant.

The C, term incorporates the effect
of many individual organic reaction
products on RI.

Material balance model

The material balance model of
Paulonis (6) can calculate the lignin
content and yield of pulp any time
during the cook. The material bal-
ance model essentially relates the li-
quor property measurements to chip
composition inside the digester. The
pulp yield derives from the dissolved
wood substance concentration as in-
dicated by the Rl measurement and
the mass of wood chips charged. The
pulp lignin content any time during
the cook comes from the lignin con-
centration in liquor and the initial
lignin content of wood. There are
three parameters in the material bal-
ance model that vary with wood spe-
cies and pulping conditions: UV
absorption calibration factor, the
kappa number to pulp lignin content
calibration factor, and the refractive
index reaction products weighting
factor. Identification of these param-
eters can minimize the deviation be-
tween measured and estimated yield
and kappa number.

Model development

Alkaline delignification commonly
divides into three phases: initial, bulk,
and residual. Rapid delignification,
significant carbohydrate degrada-
tion, and large alkali consumption
characterize the initial phase. The
bulk phase of delignification is the
period for most lignin removal with
higher selectivity. The residual phase
has a delignification rate much lower
than in the bulk phase. The transi-
tion from initial to bulk phase
delignification takes place at a lignin
content of about 20-22% on wood. It
is independent of temperature, sul-
fide concentration, and alkali concen-
tration (7). In this study, we consider
the initial and bulk phases of
delignification for model develop-
ment because of their importance to
industry. We made the following as-
sumptions in the development of the
kinetic model:
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2. EA and sulfide concentration profile in the cooking liquor

3. Bulk delignification kinetics at various temperatures
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= The liquor is in pseudo equilib- t = time, min In this study, we assume the transi-
rium with the chips. Liquor com- A = constant tion between the initial and bulk
position therefore infers chip ° phase delignification occurs at a lig-
composition. E = activation energy, cal/mole nin content of 20% on wood. This
) . _ assumption uses the experimental
= The sulfide present in the cook- R =gasconstant. P P

ing liquor completely hydrolyses
to hydrosulfide.

= Pulping reactions are irreversible.

Initial phase

Cleavage of a- and R-aryl ether
bonds occurs during the initial phase
delignification. Initial phase
delignification depends only on dif-
fusion. It does not depend on EA
concentration and sulfidity (7). The
rate of delignification depends only
on temperature, if the liquor pH is
above 12 (8). In a typical kraft cook-
ing condition, the initial pH is al-
ways above 12. A model similar to
that developed by Olm and Tistad
(7) is therefore applicable for the
initial phase. Equation 7 can then
represent the initial phase delign-
ification:

dL/dt = A(T)*2(ey=R™(L) (7)
where
L = lignin content, % on wood
T = temperature, °K
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Experimental data optimized the pa-
rameters involved in the above equa-
tion using the optimization tool box
of the software. The optimized val-
ues for A and E/R were 40 and 4807,
respectively.

Bulk phase

Bulk phase delignifications are first
order with respect to lignin (9). This
allows for the following expression
of delignification Kinetics:

dL/dt = kL 8)

where

k = a constant that depends on tem
perature, alkali concentration,
and sulfide concentration.

Integrating Eqg. 8 for isothermal con-
ditions and a constant chemical
charge gives the following:

InL =kt )

The delignification will therefore re-
sultin a linear relationship between
the logarithm of the lignin content
(% on wood) and the reaction time.

lignin data of different cooks. A
power law model represents the bulk
phase kraft delignification kinetics:
dL/dt = A(eFRTOHT{HS](L) (10)
where
[OH] = EA concentration at the begin-
ning of bulk phase, mole/L

[HS] = hydrosulfide concentration at
the beginning of bulk phase,

mole/L

A = frequency factor

a = reaction order with respect to
alkali concentration

b = reaction order with respect to

hydrosulfide concentration.

The values of E, A, a, and b come
from experimental data. Figure 3
shows the effect of temperature on
bulk delignification kinetics for cooks
1-4. The slopes of the delignification
curves give the rate constants, k.
Figure 4 is the Arrhenius plot of In
kvs. 1/T. The slope of this provides a
measure of the activation energy as
-E/R. The value of activation energy
was 29,863 cal/mole. This is compa-



4. Arrhenius plot for kraft pulping

5. Dependence of delignification kinetics on
EA

6. Delignification reaction order compared
to EA concentration
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7. Dependence of bulk delignification kinet-
ics on hydrosulfide concentration at 20%
EA

8. Delignification reaction order compared
to hydrosulfide concentration

9. Model prediction and experimental lignin
data for initial phase delignification
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rable to literature values. The inter-
cept of Fig. 4 gives the value of the
frequency factor, A.

Calculation of the reaction order
with respect to the EA concentra-
tion came from keeping the
hydrosulfide charge constant at
6.87% on wood and varying the ini-
tial EA charge. Figure 5 shows a
plot of In L vs. time for cooks 5-8
where the sulfide charge remained
constant. As the plot shows, the rate
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of delignification increases with in-
crease in EA concentration. The
slopes of these delignification lines
represent the rate constants, k. Fig-
ure 6 is a plot of In k vs. In [OH].
This is the EA concentration at the
beginning of bulk phase. It shows a
linear correlation with a slope of 0.5.
This represents the value of expo-
nent a in Eq. 10. The reaction order
with respect to the hydrosulfide con-
centration derives similarly by plot-
ting the bulk delignification rate with

various sulfide charges at constant
EA charge. Figure 7 shows a plot of
In L vs. time with constant charge of
EA and various sulfide charges for
cooks 9-12. Again the slopes of the
lines give the rate constants, k. Fig-
ure 8 is a plot of In k vs. In [HS 1].
This is the hydrosulfide concentra-
tion at the beginning of bulk phase.
The reaction order b in Eqg. 10 comes
from the slope of this plot. It is 0.60.

Equations 11 and 12 represent the
final expressions for the initial and
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bulk phase delignifications as fol-
lows:

dL/dt = 40(TY(e)*(L)  (11)

dL/dt = 7.49 x 16 (€)?%8RTOH°5
[HS1°4L) (12)

Model validation

Checking the validity of the model
involved comparing the model pre-
dictions with experimental data by
integrating the respective initial and
bulk phase model equations. Using
data from several cooks that were
not in the model development veri-
fied the model. Figure 9 shows the
model prediction and experimental
values of initial phase delignification.
Since the initial phase model is inde-
pendent of the EA concentration and
sulfidity, there is only a typical case.
Figure 10 presents the validity of
the bulk phase model for a cook that
was not in the model development.
Figure 11 shows model prediction
for a cook used in the model devel-
opment. As these figures show, the
predicted and experimental lignin
values agree well.

Conclusions

On-line liquor measurements pro-
vided a study of kraft delignification
kinetics. This led to the development
of kinetic models for both the initial
and bulk phases of delignification.
This inferential method eliminates
the need to perform many cooks to
determine the effect of cooking con-
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10. Model prediction and experimental lig-
nin data for bulk phase delignification for
18% EA and 30% sulfidity at 170°C

11. Model prediction and experimental lig-
nin data for bulk phase delignification for
20% EA and 24% sulfidity at 170°C
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ditions on delignification. The study
shows that it was appropriate to
model the initial phase delignification
independently of EA and sulfide con-
centrations under the kraft pulping
conditions used. Bulk phase
delignification kinetics used the con-
ditions at the beginning of bulk
phase. The EA and hydrosulfide con-
centrations at the beginning of bulk
phase came from liquor analysis. The
model predictions for delignification
fit the experimental data over a
range of cooking conditions of in-
dustrial importance. This is the first
step toward closing the control loop
using liquor based control strategy.
Real-time data on the consumption
of hydroxide and sulfide during a
kraft cook can now develop a dy-

namic model for delignification.
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