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Abstract—An industrial system for the production of white 

liquor of a paper industry, Klabin Paraná Papéis, formed by ten 
reactors was modeled, simulated, and analyzed. The developed model 
considered possible water losses by evaporation and reaction, in 
addition to variations in volumetric flow of lime mud across the 
reactors due to composition variations. The model predictions agreed 
well with the process measurements at the plant and the results 
showed that the slaking reaction is nearly complete at the third 
causticizing reactor, while causticizing ends by the seventh reactor. 
Water loss due to slaking reaction and evaporation occurs more 
pronouncedly in the slaking reaction than in the final causticizing 
reactors; nevertheless, the lime mud flow remains nearly constant 
across the reactors. 
 

Keywords—Causticizing, lime, prediction, process.  

I. INTRODUCTION 

CCORDIG to the Brazilian Association of Cellulose and 
Paper, BRACELPA [1] Brazil is one of the largest world 

producers of cellulose (4th) and paper (11th). In 2008, the 
cellulose and paper industry produced 114,000 direct jobs and 
500,000 indirect jobs. In the last ten years (1999-2008), the 
production of cellulose paste rose from 7,209,132 tons to 
12,696,546 tons, while the paper production rose from 
6,953,246 tons to 9,409,450 tons, with increases of 76.1 and 
35.3%, respectively [2].  

This fast growth must continue in the future, mainly due to 
the high productivity of Brazilian planted forests and the low 
cost production in relation to other countries [3]. In addition to 
this characteristic of the sector in Brazil, the incorporation of 
new technologies and the application of computational tools 
tend to consolidate the growth and increase the economic 
advantages. Among the new technologies, the use of enzymes 
in pulp bleaching [4], [5] and the substitution of the 
conventional causticizing process by the selfcausticizing 
process are important [6], [7] which do not require the use of 
preset slaker reactors as in the conventional process. The use 
of computational tools to simulate, analyze, optimize, and 
control processes also already is a reality in the paper sector 
[8]-[14]. However, the development of these tools frequently 
faces the inexistence of appropriate and validated 
mathematical models.  

In Brazil, the company Klabin S.A. produces most of the 
paper, and the state of Paraná is the second paper and cellulose 
producer [2]. In the kraft pulping process, the chemical 
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recovery step of causticizing which is utilized to regenerate 
the hydroxide, the main component of white liquor, has an 
impact on the operating cost of the kraft mill. A typical 
causticizing system consists of a slaker and a series or 
causticizers. The reactor system of Klabin Paraná Papéis that 
produces white liquor for the cellulose digesters consists of ten 
stirred tank reactors: a slaker reactor (SR) that is followed by a 
series arrangement of nine causticizing reactors, C1 to C9, as 
shown in Fig. 1. In this system, all the reactors are open at the 
top, operate at atmospheric pressure, and the last five reactors 
(C5-C9) are thermally isolated. Green liquor and lime are 
continually fed into the slaker reactor under stirring. Green 
liquor from the recovery boiler is basically a diluted Na2CO3 
aqueous solution, while the lime from the calcination kiln is 
predominantly calcium oxide and inert solids, around 11.5%. 
Lime immediately reacts with water when it is mixed with the 
green liquor in the slaker reactor, forming calcium hydroxide 
through the highly exothermal slaking reaction: CaO(s) + 
H2O(l) Ca(OH)2(s). In turn, calcium hydroxide 
simultaneously reacts with sodium carbonate in the green 
liquor to form sodium hydroxide and calcium carbonate 
through the slightly exothermal reaction: Na2CO3(aq) + 
Ca(OH)2(s) 2 NaOH(aq) + CaCO3(s). Two distinct streams 
leave the reactor outlet: grits and lime mud. The grit stream is 
constituted of inert solids in lime sedimented at the bottom of 
the reactor and driven out through the reactor outlet by an 
inclined endless screw for disposal. The lime mud stream is 
mostly constituted of unreacted suspended solids and NaOH 
and Na2CO3, in aqueous solution.  

The suspended solids are formed by the inert substances, 
such as CaCO3, residual reagents, such as Ca(OH)2, CaO, and 
a percent of grits dragged by the lime mud stream. After 
leaving the slaker reactor, the lime mud stream sequentially 
runs through the series of nine causticizing reactors (C1-C9) to 
provide the necessary residence time for the causticizing 
reaction to complete. The usual residence times (τi = Vi/qi) 
are shown in Table I. Klabin Paraná Papéis is located in the 
city of Telêmaco Borba, in Paraná State, south Brazil. It 
produces paper and cellulose from pine and eucalyptus wood 
from its own reforestation cultures. The overall performance 
of a causticizing system is affected by various factors, such as 
the quality and quantity of lime, the concentration of the green 
liquor components, temperature, and mixing intensity [15]. In 
this sense, the determination of the optimal operating 
conditions and the possibility of using suitable control systems 
will contribute to improve the system performance and 
economy. Both the control and the analysis of the process and 
the optimization of the operating conditions can be carried out 
through the development and validation of appropriate 
mathematical modeling. Reference [16] developed static and 
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dynamic models for a causticizing plant and lime kiln; 
however, the level of details given is insufficient. Apparently, 
it is a black box-type empirical model. It is not possible to 
prove the use of industrial data in the validation of the models 
or their applicability. According to the authors, the dynamic 
models were used with success in a novel control system of 
both the causticizing plant and the lime kiln.  

 
TABLE I 

 USUAL RESIDENCE TIMES 

Reactor SR C1 C2 C3, C4 C5,C6 C7 to C9

τ (s) 1051 1387 1386 1385 1437 1493 

 
Reference [17] successfully automated an industrial 

causticizing process by applying an adaptative control system. 
They overcame the inexistence of a duly identified 
phenomenological model by using a black box-type transfer 
function based on a series of Laguerre’s orthogonal functions, 
while [18] presented one of the few studies in the literature 
involving the dynamic phenomenological modeling and the 
validation with industrial data for a conventional causticizing 
process. The authors developed a phenomenological model 
based on unsteady-state material and energy balances in the 
slaker and causticizing reactors and by admitting constant 
volume, perfect mixture, and apparent concentrations. In this 
model, the causticizing reaction speed was obtained by adding 
a Ca(OH)2 concentration term to the empirical kinetics 
equation to account for the influence of the added amount of 
lime [19], while the slaking reaction rate was approximated by 
a first order reaction rate expression.  

Other study [20] analyzed the effect of water loss by 
evaporation and chemical reaction in an industrial slaker 
reactor operating in steady state. They developed a dynamic 
model using an approach similar to that used by [18]. Among 
the main differences are the uses of actual concentrations 
instead of apparent concentrations by subtracting the volume 
of solids in suspension in the calculation of the concentrations 
and the estimate of the global coefficient value from a U 
phenomenological model based on the association of thermal 
resistances. The predictions of this model in steady state 
satisfactorily represented the experimental temperature 
measures, active alkali (AA) and total titrable alkali (TTA), 
without parameter fitting. In this context, this work sought to 
model, simulate, and analyze the while liquor reactor system 
of Klabin Paraná Papéis (Fig. 1). Mathematical models were 
developed for nine causticizing reactors using the same 
approach adopted by [20]. The models were numerically 
resolved with the concepts of apparent and actual 
concentrations, and the simulation results were compared to 
each other and with the plant measurements of temperature, 
AA and TTA.  

II. MATHEMATICAL MODELING 

The causticizing reactor system shown in Fig. 1 is divided 
in two distinct parts: a slaker reactor and nine causticizing 
reactors. The causticizing reactors C1 to C9 are analyzed in 

this work in the same process operating conditions that the 
slaker reactor was previously modeled and simulated by [20]. 
 

 

Fig. 1 Klabin Paraná Papéis reactor system 
 

The causticizing reactor mathematical model was obtained 
by mass balancing each component for a generic reactor i, 
according to (1) to (7), and energy balancing (9), based on 
causticizing reactor i. It was considered a perfect mixture and 
constant volume, water loss by evaporation, and variations in 
the volumetric flow of lime mud at the reactor outlet due to 
the production of carbonate and calcium hydroxide and the 
consumption of water and calcium oxide by the slaking and 
causticizing reactions. 
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where: a – Na2CO3; b – NaOH, c – Na2S; d – CaO and – 
Ca(OH)2; f – CaCO3; g – inert solids. 
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The supposition of a perfect mixture is grounded on [25], 
which demonstrated that the distribution of the residence time 
of solids is equal to that of the liquid in a causticizing reactor 
system. The balance of components a, b, and c was deduced in 
terms of apparent concentrations (Ca

*, Cb
*, Cc

*). These 
concentrations represent the mass of a given dissolved 
component per reactor volume unit (RVU). However, in strict 
sense, these concentrations do not represent their actual 
concentrations in the liquid phase of the reaction mixture, as 
part of the reactor volume is filled with solids. CaCO3, CaO, 
Ca(OH)2 and inert solids from the lime added to the slaker 
reactor must have their volumes subtracted for evaluating the 
actual concentration of the component in the solution. In this 
way, the actual concentration of a generic component i (Ci) 
was determined from its apparent concentration (Ci

*) using 
(8).  
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The operating temperatures of the first causticizing reactors 

are very close to the boiling point of the reaction mixture. 
Additionally, the reactions involved in the process are 
exothermal, which favors the increase of the medium 
temperature. In this way, it was computed the energy loss by 
evaporation (qevap) in the energy balance in (9). For further 
details, see [21]. 
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As the reactor temperature (T) was lower than the boiling 
temperature of the reaction mixture (Teb), evaporation was 
dismissed, therefore, qevap = 0. However, as soon as the reactor 
temperature reaches Teb, water will evaporate at constant 
temperature. The evaporation rate (qevap) was evaluated 
instantaneously with the following expression: C1 - qevapC2 = 
0. As previously mentioned, the lime mud stream is basically 
formed by an aqueous solution of sodium hydroxide with 
carbonate and calcium hydroxide, inert solids, and 
occasionally unreacted calcium oxide in suspension. 
Consequently, the lime mud volumetric flow inside reactor i 
(qi) is constituted by the sum of five distinct components: 
water (qH2O), calcium carbonate (qCaCO3), calcium hydroxide 

(qCa(OH)2), calcium oxide (qCaO), and inert solids (qinert), as 
shown in (10): 
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In turn, the volumetric flow of water (qH2O) can be 

calculated from its mass balance considering a pseudo 
stationary behavior, evidencing the water consumption in the 
slaking reaction (qreaction) and loss by evaporation (qevap), such 
as given in (11): 
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Combining (10) and (11) gives the volumetric flow of lime 

mud at the outlet of causticizing reactor i, qi, (12): 
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The reaction speed equations for slaking (r2), CaO(s) + 

H2O(l)  Ca(OH)2(s), and causticizing (r1), Na2CO3(aq) + 
Ca(OH)2(s)  2NaOH(aq) + CaCO3(s), employed in this work 
are those used by [22], showed in (13) and (14), respectively: 
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III. NUMERICAL SOLUTION 

The mathematical model described above was numerically 
solved by integrating the model differential equation system 
sequentially with subroutine SDRIV2, which is available at 
[23], that is: causticizing reactor 1 (C1) was simulated by 
admitting that initially it is in the same conditions as the slaker 
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reactor is in steady state conditions. Next C2 was simulated by 
admitting that it was initially in the same conditions as those 
of C1 at steady state, and so forth until the last reactor (C9). It 
is worth pointing out that the initial conditions of simulation 
of C1 were obtained from steady state values reported by [20] 
for the operation of the slaker reactor of the system depicted in 
Fig. 1 operating in steady state.  

IV. EVALUATION OF THE MODEL PARAMETERS 

The mathematical model has a thermal parameter, U, and 
three apparent kinetic parameters: k2, k1,0, and k2,0. The kinetic 
parameters used are those employed by [22], while the global 
parameters of causticizing reactors C1 to C4 were estimated 
with (15) in [24], as described by [20]. These values were 
considered null for causticizing reactors C5-C9, as they are 
thermally isolated, as shown in Fig. 1. All the parameter 
values used in the simulations are presented in Table II. 
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TABLE II 

 THERMAL AND KINETIC PARAMETERS 
Reactor U  

(J/K.m.s) 
k2  

(s-1) 

*k1,0 

( - ) 

**k2,0 

( - )
C1 – C4 6.2790 5.55 10-3 950.0 5.95 

C5 – C6 0.0 5.55 10-3 950.0 5.95 

C7 – C9 0.0 5.55 10-3 950.0 5.95 

* ]/27190)33.112(105.9exp[ 2
0,11 RTTTAxkk  

 
** ]/14.23004)33.112(1004.6exp[ 2

0,2'1 RTTTAxkk    

V. RESULTS AND DISCUSSION 

Figs. 2-10 give the results of the simulations for SR and C1 
to C9 in steady state. The analysis of Figs. 2-4 reveals that the 
simulations made based on the apparent concentration concept 
resulted in values lower than those obtained using the actual 
concentration concept, which is due to the use of only the 
actual liquid volumes in the reactors in the calculations of the 
actual concentrations, while in the case of the apparent 
concentrations, the solid and liquid volumes were considered 
together, thus giving a lower value for the apparent 
concentration of the component. 

 

 

Fig. 2 Na2CO3 concentration  
 

In a similar way, both the active alkali (AA) values and the 
total titrable alkali (TTA) obtained from the apparent 
concentrations were also lower than the values obtained from 
the actual steady state conditions, as can be seen in Figs. 5 and 
6.  

 

 

Fig. 3 NaOH concentration 
 

The comparison of the AA and TTA experimental 
measures, free of solids in suspension and in steady state, 
leads to the conclusion that the actual concentration concept 
results are closer to the experimental values, indicating its 
preferential use.  
 

 

Fig. 4 Na2S concentration 
 

The fact that the active alkali increased up to C2, Fig. 5, and 
it is stabilized from C3 on indicates that the causticizing 
reaction occurs more pronouncedly up to C3 without further 
significant effect in the subsequent reactors.  

 

 

Fig. 5 Active alkali (AA) 
 

A possible explanation for the nearly invariable TTA values 
in the causticizing reactors, Fig. 6, is that TTA consists of the 
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concentrations of components Na2CO3, NaOH, and Na2S, 
relative to the same base (Na2O).  

 

 

Fig. 6 Total alkali (TTA) 
 

Thus, the TTA value remains constant because an increase 
in the NaOH concentration results in a decrease in the Na2CO3 

concentration because of the causticizing reaction, 
compensating each other, while the concentration of Na2S 
remains constant, Fig. 4, as it does not participate in the 
slaking and causticizing reactions. 

The analysis of the mass simulations of Ca(OH)2 per RVU 
in steady state conditions given in Fig. 7 shows a high 
consumption of CaO in the slaking reactions in C1 and that it 
tended to zero in C3.  

 

 

Fig. 7 CaO and Ca(OH)2 masses 
 
In turn, the mass of Ca(OH)2 per RVU also decreased 

across the causticizing reactors due to its increased 
consumption, in contrast to the total CaO mass, which slowly 
decreased in the first reactors and tended to a negligible value 
only after C7, showing that the causticizing reaction speed 
was much smaller than the slaking reaction speed. 

Calcium hydroxide is produced in the slaking reaction from 
calcium oxide and consumed in the causticizing reaction, 
producing calcium carbonate, so that the Ca(OH)2 mass in the 
reactors at any instant results from the competition between 
these two reactions. Fig. 7 shows that the CaO mass quickly 
decreased after the slaking reactor, tending to null close to C3, 
which indicated the end of the slaking reaction. In contrast, the 
Ca(OH)2 mass became null only around C7, characterizing a 
smaller reaction speed and the end of the causticizing reaction. 
Therefore, it was observed that the reactor system analyzed is 
overdimensioned and that the last two reactors, C8 and C9, are 
redundant. This allows for an increase in the white liquor 
production without an expansion of the current reactor system. 

The calcium carbonate mass increased significantly in the 
first three causticizing reactors and to a lesser extent in the 
subsequent reactors, as shown in Fig. 8.  

 

 

Fig. 8 CaCO3 and inert solid masses 
 

In contrast, the inert solid mass remained constant across all 
reactors, as it resulted from the inert solids in the lime added 
to the slaking reactor. Similarly for AA and TTA, the 
mathematical model explained the thermal behavior of the 
system satisfactorily in steady state conditions. As can be 
observed in Fig. 9, the largest difference between the 
simulation and the experimental values was in the order of 
2°C in C9. It can also be noted that the simulation temperature 
remained at 100°C from C1 to C3, decreasing to 99.6°C in C4 
and remaining nearly stable throughout to C9. 

 

 

Fig. 9 Temperature in steady state 
 
The lime mud volumetric flow across the causticizing 

reactors (qi) was influenced mainly by the water (qH2O) and 
secondarily by the calcium carbonate (qCaCO3), and in 
negligible form by the calcium oxide and hydroxide (qCaO, 
qCa(OH)2) and inert solid (qInert), as shown in Fig. 10.  

 

 

Fig. 10 Total lime mud flow, qi 
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The difference between the total qi and qH2O flows at the 
outlet of C9 is in the order of 7.10%, almost entirely due to the 
production of calcium carbonate in the causticizing reaction. 

Water is the main constituent of lime mud. However, the 
water content of this stream (qH2O) can be affected by both the 
water consumption in the slaking reaction (qr1) and by water 
loss by evaporation (qevap), in agreement with (11). The 
analysis of Fig. 11 shows that water loss by both evaporation 
and in the slaking reaction was significant only in the slaking 
reactor, being negligible in the other reactors (C1 to C9), 
which makes the difference between the water flow input 
(qH2O,i-1) and output (qH2O,i) of the causticizing reactors null. 

 

 

Fig. 11 Water flow rate, qH2O 

VI. CONCLUSIONS 

 The developed model simulated the behavior of the 
industrial causticizing reactors in steady state 
satisfactorily, not requiring any parameter fitting. 

 The use of the actual concentration concept is indicated 
for modeling the white liquor reactor system. 

 The difference between the actual and apparent 
concentrations of Na2CO3, NaOH, and Na2S is significant, 
with a mean value of 7.0%. 

 The causticizing reaction is much slower than the slaker 
reaction. 

 The difference between the lime mud and water flow at 
the causticizing reactor system outlet is about 7.1% and it 
results mainly from the calcium carbonate present in the 
lime mud suspension. 

 In steady state conditions, the slaking reaction is nearly 
completed in C3, the fourth system reactor, while the 
causticizing reaction is completed in about the eighth 
reactor, C7.  

 In the operating conditions investigated, the reactor 
system analyzed is overdimensioned, making the last two 
reactors, C8 and C9 redundant, which allows for an 
increase in the white liquor production without an 
expansion of the current reactor system. 

NOMENCLATURE 

A   area, m2 
AA  active alkali, such as Na2O, kg/m3 
C  concentration, kg/m3 
Cp heat capacity, J/(kg.K) 
E  activation energy, J/gmol 

e  reactor wall thickness, m 
EA effective alkali, such as Na2O, kg/m3 
H  heat transfer coefficient, J/(K.s.m2) 
H  causticizing reaction enthalpy, J/kgNa2O; slaking reaction 
enthalpy, J/kgCaO  
k  thermal conductivity, J/(s.m.K), or relative to kinetic parameters 
m  mass, lb 
PM molecular weight  
q  volumetric flow, m3/s 
R  ideal gas constant, J/(gmol.K) 
r  reaction speed, kgNa2O/(m3.s) for the causticizing reaction, 
and kgCaO/(m3.s) for the slaking reaction 
T  temperature, ºC 
TTA  total titrable alkali, such as Na2O, kg/m3 
U  global heat transfer coefficient J/(K.m2.s) 
V  operating volume, m3 

A. Greek Symbols  

  variation 
  fluid density, lb/ft3 
τ  residence time, s 

B. Subscripts 
eb  boiling 
evap evaporation 
ext external 
in  reactor inlet 
int  internal 
mud liquor and lime mud suspension 
lm  logarithmic mean 
w  wall 
i  relative to the reactor number 
1  relative to the causticizing reaction 
2  relative to the slaking reaction 
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