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ABSTRACT A study of kraft-antbraquinone pulping kinetics was conducted KEYWORDS

10 develop a mechanistic model valid over the bulk and residual Dhases. A Anthraguinone

competitive sequential experimental design criterion was used to choose Chemical analysis

conditions for each pulping run. Itevations of experiment, data analysis, and Delignification

choice of new experimental conditions were used to discriminate among Kraft pulping

candidate models and 10 obtain precise parameter estimates for the best Matlf(l)zmlatical
models

models,

The best delignification model incorporated three parallel pathways for
lignin solubilization, a lignin condensation patbway, and a residual
delignification pathway in which the condensed lignin is dissolved. The best
models for dissolution of cellulose, glucomannan, and xylan were composed
of two parallel pathways for peeling, 1wo for stopping, and one for chain

cleavage.

In recent years, we have seen con-
siderable progress toward the goal of
developing quantitative descriptions
ofthe kineties of kraft pulping that are
hoth aceurately predictive and mech-
anistieally plausible. As yet, however,
there exists no model that is fully
cpable of predicting the effects of the
cncentrations of sedium hydroxide,
sedium sulfide, and anthraquinone,
nor of temperature history and chip
e, on the outeome of a kraft cook.
This is particularly true in view of the
importance of being able to predict
riects levels and other pulp properties
determined by uniformity of delign-
jfication. To do so requires a model
that aceurately simulates the dynamies
ofmass and heat transfer as well as the
khetics of the important chemical
reactions.

Previous efforts to formulate such
amprehensive models have, in many
cses, been limited by the availability
of rate expressions for the chemical
pirts of the process. Accordingly, the
qudy reported here was undertaken
& an early part of a larger effort to

construct a detailed dynamic simula-
tion model applicable to both kraft and
kraft-anthraquinone pulping pro-
cesses. Our intent was to experimen-
tally develop expressions for the rates
of removal of lignin, glucomannan,
arabinoxylan, and cellulose which
could later be coupled with mass and
heat transfer models to achieve the
total process simulation. Further de-
tails deseribing the entire study may
be found elsewhere (2).

Experimental design

Experimental conditions for the reac-
tion kinetics study were determined
using the joint design criterion devel-
oped by Hill, Hunter, and Wichern (2)
to drive a sequential experimental
design. The process began with asmall
initial setof experiments, then iterated
through a cycle of experiment, data
analysis, and a choice of new experi-
mental conditions. After each set of
experiments, all the data were anal-
yzed and used to determine the levels
of the experimental variables (time,

temperature, and concentrations) that
maximized the numerical value of the
joint design eriterion, C. At each iter-
ation, C was optimized once each for
lignin, cellulose, glucomannan, and
xylan. The four C optimal points in
experimental space were used for the
next set of experiments. The cycle of
experiment, analysis, and prediction
continued until arbitrary stopping eri-
teria were satisfied.

Joint design criterion C postulates
the existence of a finite number of
possible mechanistic models, one of
which is assumed to be the correct
representation of the system being .
studied, The parameters for each mod-
el are determined by fitting the models
to the available data. Experimental
conditions that maximize C do com-
promise best between two component
criteria, model digerimination D and
parameter estimation .

The model discrimination eriterion
D is a normalized form of the “raw”
discrimination eriterion Dy

D=D0/D0,max (1)
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where
Dy oy = the maximum value of Dy over

the operability region OR
(experimental design space).
D, is a weighted sum of the
squares of the differences
between all unique pairs of

model predictions:
m m
DO =0.5 2 Z i, H.i-na (2)
izl j=iH

in which

a = [(’IJ; = 1)5)2 + (y in#l yj.m-])z (’U +
vi+v+u)) +odv+)

where

m = number of models

I, = probability that Modell is correct
based on the first » runs

¥l = predicted value of ¥4 using

Model 1
w = variance of y;, about yu
caleulated from the first » runs
v = inherent variance of the process.

The II values are calculated from

m
M=y pd/[ El OinaDi 3

pi=e¥[2 = (v +vl% 4)
in which
a = [ -nW 2+ )]
where

p, = probability density function for
ynusing Model L.

Disoptimal for experimental condi-
tions where the responses of the candi-
date models disagree the most. Run-
ning D optimal experiments maxi-
mizes the likelihood that only one mod-
el will be able to fit both the data
generated by the run and the prior
data.

The parameter estimation criterion
E increases the precision of the model
parameters. E is the weighted sum of
the individual E; for each of m models.

m
E= 151 O30 BB o {8)

where

Emee = maximum value of E, over O,
E, = determinant of the
transpose product of an array
composed of the partial
derivatives of Model 1 with
respect to Model I's parameters.
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1. Reaction network for best lignin modei.

2. Reaction network for best carbohydrate
models.

i —

B =|xx] ®)
X =iz )
Xiu= af(vauJ/apllP:P(ln) ®
for
x = 1L2.,n
1 = 1,2 .,p
where
P, = {th parameter
Py, = parameters for Model | based on
the data from the first » runs
V. = independent variables for run %

AP, V}is the predicted value of y given P
and V.

E is optimal for conditions where
the models are the most sensitive—i.e,,
where a small change in model para-
meters causes a big change in model
prediction. Running £ optimal experi-
ments minimizes the confidence vol-
ume about the model parameters.

Simultaneous optimization of model
discrimination and parameter estima-
tion is accomnplished by using the rela-
tive probability of the most likely mod-
el (I1,) to weight model discrimination
against parameter estimation. The
joint design criterion is

C=dD+el (9}
where d and ¢ are weights (d +e=1)
ealeulated from (IT,):

d=m(l - I/ (m-1) (10
 e=1-d (11)
where

m = number of models

If all models are equally likely to be
correct (Il,=1/m), thend=1and e=0
(pure model discrimination). If the
best model fits the data perfectly and

the other models do not fit the data at
all (I, =1), then d =0 and e =1 (pure
parameter estimation). As the experi-
ment proceeds, I, increases, and C
shifts from emphasizing D to empha-
sizing E.

Results and discussion

Sequential experimental design

The models were fitted using NON-
LINWOQOD, 2 nonlinear regression
program(3). A program named MDPE
(Model Discrimination/Parameter
Estimation) was written to optimize
C.

The reaction kinetics study began
with 12 runs—a five-variable frac-
tional factorial in eight runs plus four
center points. Three of the factorial
runs were discarded and were later
repeated because of analytical diffi-
culties experienced early in the experi-
mental program. The variables were
time, temperature, [NaCH], [NaSH],
and [AQ]. The responses were lignin,
cellulose, glucomannan, and xylan.
Thereafter, NONLINWOOD was run
once per model to fit the candidate
models to the data, and MDPE was
run once per response to optimize C
for each response. The four conditions
obtained were used for the next set of
runs. Ten iterations of the sequential
design were performed, resulting ina
total of 52 usable runs.

Many candidate models were con-
sidered for each response. For exam-
ple, over 60 lignin models were consi-
dered at onetime or another, although
no more than 10 were entertained at
any one time. As the reaction kinetics
study progressed, inferior models were
discarded, and new models were pos-
tulated.

Each model represents a mechanis-
tically plansible reaction scheme. For
instance, carbohydrate models ac-
counting for just the peeling reaction



I. Parameters for best lignin model

Il. Parameters for best cellulose model

ll. Parameters for best glucomannan
modei

were considered, as well as models
accounting for simultaneous peeling,
stopping, and cleavage. The reaction
variables include the order of species
dissolution with respect to [NaOH],
[NaSH], and [AQ]. Almost all of the
candidate models studied used parallel
reaction pathways due to the experi-
mental observation that alkaline pulp-
ing proceeds in the absence of NaSH
and/or AQ.

Bulk and residuél phase kinetics

The final product of the reaction kinet-
ies study was a set of equations, valid
during the bulk and residual phases,
which deseribe the rate of change of
lignin, cellulose, glucomannan, and
xylan contents. The equations below
represent the best candidate model for
each species and have been tested over
a wide experimental space using ex-
perimental conditions specifically de-
signed to weed out inferior candidates.
The best lignin model consisted of the
reaction network shown in Fig. 1. The
parameters and standard errors for
the best lignin model are shown in
Table I.

The network e¢an be summarized as
lignin=N+R

dlignin/ 8t = aN/ &t + 2R/ ot
aN/ ot = -k N

AR/ 3t= Koondense 1D — Kresiduat 2
8D/ dt= Koux N — keondense D
where

(12)

N = native lignin

E = residual lignin

D = dissolved lignin

DI = inert digsolved lignin
t = time h.

Bulk delignification converts N to D,
condensation converts D to B, and
residual delignification converts K to
DI, Bulk delignification was modeled
as the sum of three parallel reaction
pathways, dependenton NaOH, NaSH,
and AQ:

ke ={NaOH] T* o*NDOH-AENDOHT™)
+ [NaOH]¥ [NaSH)## elwoss-AExosk 0+
[NaOHJ%[AQ]% T% enpac-AENpag ™ (13)

where
T = temperature, °K.
T, = 1/T-1/483

Conventionally, brackets denote molar
concentrations of the species they en-
close, except for AQ, wherethey denote
millimolar concentration.

Condensation was modeled as a sin-
gle reaction pathway independent of
[NaOH], [NaSH], and [AQ]. The con-
densation activation energy was fixed
to a value expected for diffusion-con-
trolled reactions after attempts to fit
the activation energy resulted in values
approaching zero:

Kcondense =TVe tkpr- 26007")

Residual delignification was modeled
as a single-reaction pathway depen-
dent on [NaOH]:

K pegius = [NaOH]T%e (kzp - AERD 7 (15)

Thethree carbohydrate fractions(cellu-
lose, glucomannan, and xylan) were
best modeled by the reaction network

(14)

shown in Fig. 2. The parameters and
standard errors for the best cellulose,
glucomannan, and xylan models are
shown in Tables II, II], and IV,
respectively.

The carbohydrate reaction network
can be summarized as

C=N+X
oC/ ot =8N/ ot + X/ &t
aN/ ot= kcleaveX_(kpe&l +k!t°P)N

X/ 0t = Ketop N - Keteave X (16)
where
C = cellulose, glucomannan, or xylan
N = native fraction
D = dissolved fraction
X = oxidized fraction.

Peeling converts N to I, stopping
converts N to X, and cleavage converts
X back to N. The only distinetion
between N and X is that X does not
peel. Peeling was modeled as two paral-
le] reaction pathways dependent on
NaOH and NaSH:

K peet = [NaOH] Te xpon 7+ [ NaSHJ
Te (NDSH - AENDSH 7T) (17)

Theactivation energy for xylan peeling
due to NaSH was fixed to a value
expected for diffusion-controlled reac-
tions after attempts to fit the activation
energy resulted in values approaching
Zero.

Stopping was modeled as two paral-
lel reaction pathways dependent on
NaOH and AQ:

Ko = [NaOH] Te i - ABNKOH T
+[NaOH)[AQ)% The (nxaq-AENxaq TT(18)

Cleavage was modeled as a single
reaction pathway dependenton NaOH:

kcleave = [NaOH]T%e Gexn - AEXNT'-) (19)
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V. Complete experimental data
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8. Observed and predicted glucomannan
contents, normalized by wood glucoman-
nan content.

4, Observed and predicted cellulose con-
tents, normalized by wood celiulose con-
tent.

3. Cbserved and predicted lignin yields.

Implications for kraft AQ pulping

The fact that these models were se-
lected over many rejected models has
several implications for an improved
understanding of the kinetics of kraft-
AQ pulping. Delignification is a first-
order reaction with respect to the con-
centration of lignin. Cellulose, gluco-
mannan, and xylan dissolution reaec-
tions are first order in the concentra-
tions of cellulose, glucomannan, and
xylan, respectively. Models with inac-
cessible fraction parameters are inap-
propriate; the reaction kineties study
showed that these terms must equal
zero for lignin, cellulose, gluco-
mannan, and xylan.

Lignin networks consisting of bulk
delignification, lignin condensation,
and residual delignification reactions
work much better than schemes for
bulk delignification only. Direct con-
densation of native lignin is insigni-
ficant compared to condensation of
dissolved lignin. Dissolved lignin ean
condense with lignin or carbohydrate;
models with a condensation rate de-
pendence of [lignin] x[dissolved lignin]
were inferior to models with a conden-
sation rate dependent on [dissolved
lignin), Reaction schemes that included
explieit conversion between native lig-
nin and a reactive intermediate showed

that the conversion rates were much
faster than bulk delignification rates.
Reaction schemes without the conver-
sion reactions gave essentially the same
results.

Carbohydrate networks consisting
of simultaneous peeling, stopping, and
cleavage reactions worked much better
than networks for peeling only. Carbo-
hydrate peeling is accelerated by
NaSH for all three carbohydrate frac-
tions, the reaction rate being propor-
tional to [NaSH]% The carbohydrate
stopping reaction is accelerated by AQ
for all three fractions; the rate is pro-
portional to [NaOH] [AQ]%.

Conclusions

Rate expressions for the removal of
lignin, xylan, mannan, and cellulose
during kraft-AQ or kraft pulping have
been identified by a sequential ex-
perimental technique. This sequential
experimental design strategy proved
to be an efficient method for conduect-
ing pulping kinetics studies. Five mod-
els were selected from over 200 candi-
date models in a 5-dimensional ex-
perimental space, and their 43 para-
meters were estimated in only 52 runs.
All parameters were significant at the
95% confidence level. By comparison, a
conventional 4-variable response sur-
face study replicated in real time
would have required at least 250 runs.

The best kinetic models were chosen
from many possible candidate models
using experiments specifically de-
signed fo discriminate between the
candidates. This is important, for it is
all too easy to propose a particular
reaction mechanism, develop an equa-
tion based on that mechanism, then
generate plausible data that “prove”
the mechanism.

Experimental procedures

Details of the experimental method
have been discussed previousiy (7).

Vacuum-impregnated southern pine
shavings were pulped at a liquor-to-
wood ratio of 40:1 in a rotating multi-
unit digester. The internal tempera-
ture of each bomb was monitored con-
tinuously during the cook.

The pulp was washed, leached, ex-
tracted, and analyzed for lignin (4)
and sugars (5).

Complete experimental data are giv-
en in Tabie V. Figures 8-6 are plots
of observed and predicted values.
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