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Abstract−− Reducing the use of fresh water can 
lead to energy savings when this is properly planned 
and executed. Chemical process simulation has 
proven to be an effective tool for performing a global 
analysis of water systems to identify routes for 
maximizing the process efficiency concerning to wa-
ter recovery.  System closure has been introduces in 
pulp mills resulting in simultaneous buildup of non-
process elements (NPEs). This buildup generates 
operational problems in the bleach plant, the biggest 
consuming stage of water. This paper describes how 
to use computer simulation tools to carry out a 
global analysis of a bleach mill plant in Brazil, using 
WinGEMS and CADSIM simulators, and the NICA-
Donnan Model to predict NPE (Mn2+, Fe3+, Mg2+, 
Ca2+) distribution. Results obtained from simulation 
in this paper show which changes in the Kraft pulp 
process in order to implement water savings should 
be associated to new advanced technologies. The 
simulated value results for the NICA–Donnan model 
have been satisfactorily compared with the meas-
urement value. The model made a good description 
of NPE behavior, and might assist the pulp mill in 
operating problems caused by the buildup of those 
elements. 

Keywords−− simulation process; fresh water; 
pulp mill; NPEs. 

I. INTRODUCTION 
Pulp and paper mills, one of the most important sectors 
in Brazil, require a high volume of water to produce the 
pulp. The bleach stage is one of the biggest water con-
sumers in Kraft processes. Therefore, the minimization 
of fresh water consumption in the bleach process is an 
important goal for this sector to achieve. 

There are several ways to minimize water consump-
tion in the pulp mill. One of them is system closure in 
pulp mills, made by inner optimization with water and 
energy recovery, which is specific for each pulp mill 
and its operating conditions. And another alternative is 
the computer simulation, which is more economical and 
represents a useful tool to evaluate possible alternative 
processes (Dogan and Guruz, 2004). 

The first effort at closing the water circuit of a mill 
process took place at the Great Lakes Forest Products 
Bleach Pulp Mill in Thunder Bay, Ontario in the mid-
1970s. Later, Norrstrom carried out a conceptual study 
of the closed cycle mill for the production of bleached 

chemical pulp (Parthasarathy and Krishnagoplan, 2001). 
So, the system closure in the pulp mill starts with quan-
tification of water consumption in the stage of process-
ing, with attention focused on the stages with highest 
consumption, followed by introduction of alternative 
processes and continuous monitoring of each stage’s 
performance (de Andrade and d’Angelo, 2006; Oliveira 
2006). 

Nowadays, there are several modeling and simula-
tion software available. The most commercial simula-
tors used in pulp and paper mills are listed in Table 1. 
This software comprises of: (1) modular units, repre-
senting the operations that occur in the pulp mills; (2) 
executive program, responsible for administration of the 
modular units; and (3) databases of physicochemical 
and thermodynamic properties of all components in-
volved in the pulp process. In this paper, WinGEMS 
and CADSIM have been chosen to predict and simulate 
the specific changes in the overall process. 

However, the water minimization through the recov-
ery results in a simultaneous buildup of Non-Process 
Elements (NPEs). The NPEs are inert elements that are 
not within the Kraft recovery process. Their sources 
include wood chips; make-up lime; mill water and 
chemical reagents. When NPEs have accumulated in 
process streams, it has led to different operating prob-
lems in the bleach plant (Dogan and Guruz, 2004). Re-
cent experiences have shown that NPEs can be modeled 
by computer simulations (WinGEMS and CADSIM) if 
fundamental models are carefully included in the simu-
lation (Oliveira, 2006; Gu et al., 2004). 

This paper describes how to use computer simula-
tion tools (Oliveira, 2006; Gu et al., 2004) to carry out a  
 

Table 1-Pulp and Paper simulators (Connaghan and Wunder-
lich, 1999) 
Simulation pakages Institution 
FlowCalc -Flowsheet Calculus Simulation Software 
WinGEMS 5.3 - General Energy 
and Material Balance System 

Department of Chemical Engineer-
ing University of Idaho; Pacifc 
Simulation 
http://www.pacsim.com  

MAPPS – Modular Analysis of 
Pulp and Paper Systems 

Institute of Paper Science and 
Technology 

MASSBAL – Mass and Energy 
Balance 

SACDA Inc. (Systems Analysis 
Control and Design Activity) e 
Open Models Inc. 
http://www.openmodels.com 

ASPEN PLUS - Advanced System 
for Process Engineering 

Aspen Technology, Inc. 
http://www.aspentech.com 

CADSIM PLUS, PAPDYN Aurel System Inc. 
http://www.aurelsystem.com 
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global analysis of bleach plant mill in Brazil, using 
WinGEMS and CADSIM simulators. Furthermore, this 
study proposes to use NICA-Donnan Model to predict 
NPE (Mn2+, Fe3+, Mg2+, Ca2+) distribution (Duong et al., 
2004; Koopal et al., 2005; Xiao and Englezos, 2005) 
and to simulate an alternative process to water con-
sumption minimization through effluent recovery. 

Simulation – The bleach of Kraft pulp mill is complex. 
There are many streams and significant number of vari-
ables. So, the computer simulation is a more economical 
alternative and represents a useful tool to evaluate pos-
sible process alternatives such as changing to new 
equipment and/or different operating conditions. Proc-
ess simulation involves representing a chemical process 
through mathematical models. The main goals of mill 
process simulation are integration of stages and improve 
mill performance without directly affecting the process. 
Nowadays, many process simulation packages for 
steady-state and non-steady-state balances have been 
developed for the pulp and paper industry. Recent ex-
periences have shown that these phenomena can be 
modeled by an existing modular simulator if fundamen-
tal models are carefully included in the simulation. 
Simulation was used to evaluate the conversion of a 
conventional oxygen delignification softwood bleach 
plant to TCF bleaching based on hydrogen peroxide. 
Other experiences  in volatile organic compound (VOC) 
air emissions and bleaching have shown that the effects 
of process details can be modeled by an existing modu-
lar simulator (WinGEMS and CADSIM) if fundamental 
models are carefully included in the simulation (Dogan 
and Guruz, 2004; Oliveira, 2006; Gu et al., 2004). Both 
simulators, WinGEMS and CADSIM, are modular pro-
grams designed to perform the mass and energy balance 
calculations. Calculations are grouped together in mod-
ules called blocks (WinGEMS) or equipment 
(CADSIM). The programs have a wide selection of 
blocks or equipment, which perform specific process 
calculations. These blocks must be chosen and linked to 
create the block diagram (flowchart), which should rep-
resent the industry in particular. In this paper, the 
WinGEMS has been used for steady-state simulation 
and CADSIM for non-steady-state simulation. 

However, WinGEMS and CADSIM simulations 
don’t describe satisfactorily the behavior, concentration 
and distribution of NPEs (Oliveira, 2006). Therefore, in 
this paper it has been proposed a description of the 
complex behavior of NPEs through the NICA-Donnan 
thermodynamic model for simulation (Xiao and Engle-
zos, 2005). 

NICA-Donnan Model – When the pulp is suspended in 
solution, it has a significant charge quantity due to func-
tional groups, the carboxylic and phenolic groups on the 
lignin/fibers structure.  The presence of the functional 
groups is related to the adsorption of cations and ion 
exchange capacity. The metal binding to lignin/fiber 
structure may be by specific interactions between the 
cations and the functional groups with negative charge 

and by nonspecific electrostatic binding to any residual 
negative charge (Räsänen, 2003). 

The NICA-Donnan Model was expanded from the 
Donnan theory to express specific binding (the NICA 
equation) and nonspecific binding (the Donnan equa-
tion). This model considers the equilibrium, electroneu-
trality, mass balance relationships, and binding metal 
with various functional groups on the lignin/fiber struc-
ture. This approach combines chemical heterogeneity 
and electrostatic effects (Xiao and Englezos, 2005; 
Susilo, 2003). 

Nowadays, the application of NICA-Donnan Model 
has been improved by the computer program Visual 
MINTEQ of Gustafsson. Visual MINTEQ is a version of 
MINTEQA2, which was released by the USEPA in 
1999 as a chemical equilibrium model for the calcula-
tion of metal speciation for natural waters. Visual 
MINTEQ has been developed to make the features of 
MINTEQA2 more easily accessible and it includes sev-
eral options for adsorption and metal-functional group’s 
interaction modeling (NICA–Donnan Model).  The pro-
gram can be downloaded from: www.lwr.kth.se/ Eng-
lish/OurSoftware/vminteq. 

In this paper, the Visual MINTEQ software was 
chosen to represent the complexity of NPE behavior 
during the simulations. 

II. METHODS 
Pulp mills can be divided in two major processing lines: 
fiber and chemical recovery (Oliveira, 2006). The fiber 
processing line extends from the wood digester to the 
pulp bleaching section, passing by the brown pulp 
washing step. The main goal of the fiber processing line 
is to remove lignin from wood and to achieve high 
brightness pulp in the end of the bleaching sequence, at 
which the water used is very significant. In the present 
study, an Elemental Chlorine Free (ECF) eucalyptus 
kraft pulp bleach plant was used as the model system 
(Fig. 1). A five-stage bleaching sequence, OD(EPO)DP, 
was considered: oxygen delignification (O); chlorine 
dioxide (D); peroxide and oxygen extraction (EPO); 
chlorine dioxide (D); hydrogen peroxide (P). The simu-
lation used in the paper has been divided in the follow 
steps: 

• Acquisition data from the Brazilian mill (including 
samplings and measurements); 

• Elaboration of flowchart for the bleach plant proc-
ess / Evaluation and description of input data of the 
WinGEMS and CADSIM simulators; 

• Validation of simulation; 
• Development of NICA-Donnan/CADSIM computer 

program designed; 
• Experiments measurements of samples and filtrate 

mill; 
• NICA-Donnan/CADSIM computer program de-

signed validation; 
• Implementation of water minimization alternative 

and Simulation data after implementation. 
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Acquisition data mill – To simulate the bleach plant, 
about 25 sets of data, containing 5 variables per set, 
have been acquired from the Brazilian mill. These vari-
ables are listed in Table 2 and data acquisition from this 
mill unit extended by six months of operation. First, the 
data acquisition was taken over one hour of measure-
ment values. After that, they were averaged over one 
day of measurement and used in the simulation after-
wards.  
Flowchart and Simulation – The information obtained 
from the Brazilian mill was gotten through the PID sys-
tem. And the acquired data mill was divided in two 
groups: 1) the project and design data which were fixed 
parameters 2) the operating variables which were flow-
rates, pressures, temperatures and/or compositions of 
gases, water and steam, measured at several points in 
the bleach plant of the mill unit. Before the mill data has 
been input data for the WinGEMS and CADSIM simu-
lation has been the quality control statistical with their 
data. Data collected during start-up operations and un-
stable operating conditions were removed from the da-
tabase to avoid mass and energy balance errors. Input 
data for the WinGEMS and CADSIM simulation have 

been organized in an electronic Excel spreadsheet to be 
transmitted to the WinGEMS simulator by an executa-
ble routine programmed in Visual Basic computer lan-
guage. For CADSIM, it wasn’t necessary to use a pro-
grammed executable routine because the software has a 
facilitated interface with Excel. With all information 
from this spreadsheet, the WinGEMS and CADSIM 
simulators start to run to solve the mass and energy bal-
ance models by iterative calculations. The iterations 
stop when the convergence criterion is reached. Results 
from WinGEMS and CADSIM simulations include the 
operational variables of each equipment and flow-rate. 
Simulated results are available in another Excel spread-
sheet for being compared to actual mill data. 
Validation of Simulation – For validating the models 
and the simulation methods used, the measured values 
in the bleach plant and simulated values were compared. 
The validation of simulation was confirmed by statistic 
analysis through the Relative Average Error (RAE) of 
the variables, defined by Eq.1 
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ymeasured is the mill data and ysimulated is the predicted val-
ues by CADSIM and WinGEMS simulators; N is the 
data number(Costa et al., 2005). 

NICA-Donnan/CADSIM computer program designed 
– the NICA-Donnan application was developed linking 
the CADSIM simulator to Visual MINTEQ (NICA-
Donnan Model) software by an executable routine pro-
grammed in C++ computer language.  

The NICA-Donnan Model was used to describe spe-
cific binding (the NICA equation) and nonspecific bind-
ing (the Donnan equation) between metal with various 
functional groups (carboxylic and phenolic groups) on 
the lignin/fiber structure (Xiao and Englezos, 2005). 

The derivation of the NICA-Donnan model has been 
seen in the papers of Kinniburgh  et al. (1996; 1998; 
1999) and will not be repeated here. The final expres-
sion of the consistent NICA model for multicomponent 
binding states that the amount bound, Q, of a compo-
nent i, at solution concentration ci, is given by Eq.2. The 
values of parameters used in the paper have presented in 
Table 3.  
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The subscripts 1 and 2 refer to the carboxylic- and phe-
nolic groups distribution, respectively; subscript H re-
fers to the proton; Qi is the total amount of component i 
bound to the surface of the lignin/fiber structure (mol 
kg-1); Qmax is the amount possible of sites (mol kg-1); 
K~ is the median affinity constant for component i; and 
ci is the local concentration of component i near the 
binding sites (mol L-1). The value of p (0<p≤1) deter-
mines the width of the distribution due to the intrinsic 
chemical heterogeneity of the sorbent and is the same 
for all components. The parameter ni accounts for the 
“non-ideal” behavior (n≠1, non-ideal; n = 1, ideal) of 
component i, for ion adsorption, ni takes values of 
0<n≤1. 

For non-specific binding interactions (Donnan equi-
librium) the lignin/fiber structure is regarded as an elec-
trically neutral homogeneous phase, which is separated 
from the external solution. The presence of fixed 
charged phenolic and carboxylic groups on the lig-
nin/fiber structure induces a Donnan equilibrium. This 
Donnan phase has a particular volume throughout which 
there is a uniform, averaged electrostatic po 
 

Table 2 – Variables of the bleach plant 
Sets of Data Variables Measured 

Unbleached pulp - feed volumetric flow rate (m3/h); 
Kappa number; consistency* (%); 
temperature (°C) 

Oxygen - O stage volumetric flow rate (m3/h); 
pressure (bar); temperature (°C) 

NaOH - O stage volumetric flow rate (m3/h) 
Steam - O stage flow rate (kg/h);pressure (bar) 
Pulp - O stage  flow rate (kg dry air/h);  

Kappa number; consistency* (%); 
temperature (°C);pressure (bar) 

Filtrate - O stage volumetric flow rate (m3/h); pH 
Fresh water - washer O stage volumetric flow rate (m3/h) 
Dioxide Chlorine - D stage volumetric flow rate (m3/h) 
Pulp – Dst stage temperature (°C); pH 
Filtrate-Dst stage volumetric flow rate (m3/h); pH 
NaOH-EPO stage volumetric flow rate (m3/h) 
Peroxide-EPO stage volumetric flow rate (m3/h); 

temperature (°C) 
Steam-EPO stage flow rate (kg/h); pressure (bar) 
Oxygen-EPO stage volumetric flow rate (m3/h); 

pressure (bar); temperature (°C) 
Pulp-EPO stage temperature (°C); pH; 

Kappa Number 
Filtrate - EPO stage volumetric flow rate (m3/h); pH 
Dioxide Chlorine -2nd D 
stage 

volumetric flow rate (m3/h);  
pressure (bar); temperature (°C) 

Pulp - 2nd D stage temperature (°C) 
Water feed – 2nd D stage volumetric flow rate (m3/h); 

temperature (°C); pH 
Filtrate - 2nd D stage volumetric flow rate (m3/h); pH 
Peroxide - P stage volumetric flow rate (m3/h); tem-

perature (°C) 
NaOH- P stage volumetric flow rate (m3/h) 
Pulp- P stage pH 
Fresh water-washer P stage volumetric flow rate (m3/h) 
Filtrate-P stage volumetric flow rate (m3/h); pH 

(*) consistency = pulp concentration 

Table 3 – Recommended Generic NICA-Donnan Model Parameters for metal-ion binding by phenolic and carboxylic groups 
(Milne et al., 2003). 

 Phenolic Groups 
 substrate parameters: b, 0.57 Qmax1,H, 5.88 Qmax2,H, 1.86 p1, 0.59 p2, 0.70 

Ion-specific Parameters ion log Ќ1 n1 log Ќ2 n2  
  Ca2+ -2.13 0.85 -3.0 0.80  
  Fe3+ 6.0 0.25 36 0.19  
  Mg2+ -2.1 0.77 -2.4 0.59  
  Mn2+ -1.55 0.72 -1.1 0.56  

  Carboxylic Groups 
  substrate parameters: b, 0.57 Qmax1,H, 5.88 Qmax2,H, 1.86 p1, 0.59 p2, 0.70 

Ion-specific Parameters ion log Ќ1 n1 log Ќ2 n2 
 Ca2+ -2.13 0.85 -3.0 0.75 
 Fe3+ 6.0 0.25 36 0.25 
 Mg2+ -2.1 0.77 -2.4 0.59 
 Mn2+ -1.55 0.72 -1.1 0.56 



Latin American Applied Research  40:81-90 (2010) 

85 

tential known as the Donnan potential. The volume of 
the Donnan phase can be related to the swelling proper-
ties of the pulp suspensions. In the Donnan equilibrium, 
the assumed volume is that the Donnan volume value 
and it depends on the strength according to expression 
in Eq.3 (Milne et al., 2003; Xiao and Englezos, 2005) 

( ) 1log1log −−= IbVD      (3) 
where I is the ionic strength and b is an empirical pa-
rameter describing how the Donnan volume varies with 
ionic strength. The value of b is adjustable within the 
model and is a property of the type of the carboxylic 
groups. For phenolic groups in particular, the calculated 
Donnan volumes are too large given the small size of 
the molecules, so the Donnan volume is also assumed to 
include a contribution from the diffuse double layer 
surrounding the particle. Altogether b is positive, indi-
cating that the Donnan volume increases with decreas-
ing ionic strength. A smaller b value suggests a smaller 
Donnan volume. Therefore the relationship given by Eq. 
3 also accounts for the expansion of the diffuse double 
layer in dilute solutions. 

Experiment measurements of samples and filtrate 
mill– For experiment measurements, 10 samples, which 
were pulp and filtrate, have been collected from bleach 
plant mill. The pulp was collected before the washer and 
filtrate was collected after the washing of the pulp for 
each bleach stage. Later, the amount (mg/L) of NPEs 
(Mn2+, Fe3+, Mg2+, Ca2+ ) was measured from these 
samples (pulp and filtrate) by atomic absorption spec-
trophotometer (Varian–Spectro AA400). 
NICA-Donnan/CADSIM computer program designed 
validation – After, the experiments measured were 
transformed in kg/m3 for input in the NICA-
Donnan/CADSIM computer program designed and it 
the routine programmed in C++ computer language was 
executed.  To validate the NICA-Donnan/CADSIM 
computer program designed, the experiments and simu-
lated values were compared. The analysis made in this 
paper was a qualitative analysis, only to describe the 
applicative efficiency developed in this paper to evalu-
ate the NPEs behavior in the bleach plant mill. 
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Figure 3 - Comparison between the measured values and the simulated values by WinGEMS simulator. 
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Figure 4 - Comparison between the measured values and the simulated values by CADSIM simulator. 
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Table 3 – significant Relative Average Error of NPEs evalu-
ated by NICA-Donnan/CADSIM computer program designed. 

Relative Average Error 
Bleaching Stage  Ca2+ Fe3+ Mg2+ Mn2+ 

O stage 14.9 * * * 
1st D stage 14.1 * * 2.5 
EOP stage * * 12.0 * 
2nd D stage * 10.9 7.4 * 
P stage * 6.3  4.0 

*In these bleaching stages the NPES not shown significant 
relative average error. 
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Figure 5 - Comparison between simulated values and experi-
ments values of NPEs distribution (O stage). 
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Figure 6 - Comparison between simulated values and experi-
ments values of NPEs distribution (1st D stage). 
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Figure 7 - Comparison between simulated values and experi-
ments values of NPEs distribution (EPO stage). 

Implementation and simulation of water minimization 
alternative – The water reduction alternative proposed 
and discussed in this paper was made by using alkaline 
filtrate (EPO) in the P washer to substitute the fresh 
water used in this stage (Fig. 2). Although the reuse of 
(EOP) filtrate to wash P-stage pulp is not a common 
mill practice, this alternative could be implemented and 
this concept was applied here since such filtrate had a 
low color in the bleach plant evaluated (Tervola and 
Räsänen, 2005). 

III. RESULTS 
Simulated values of all variables of the bleach plant mill 
are shown in Fig. 3 and Fig. 4, using WinGEMS and 
CADSIM simulator, respectively. The simulated values 
are in close agreement with measured values and were 
confirmed by low values of the relative average error 
(RAE) of these variables. For the kappa number vari-
able was found an error of 10.57% because the simula-
tor model used to predict the variable is specific for 
each mill, pulp and operating conditions. The same 
situation was observed for brightness variable, which 
showed errors of 1.95%, 5%, 1.75%, 0.46%, 1.42% and 
0.21%, for the successive five bleach stages. For the 
other variables: volumetric flow rate, pH’s filtrate, tem-
perature and consistency of pulp errors over 1% were 
found. As corroborated by simulations results obtained 
here, that WinGEMS and CADSIM simulators can be 
used to describe the bleach variables in Kraft process 
mill. 
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Figure 8 – Comparison between simulated values and experi-
ments values of NPEs distribution (2nd D stage). 

P Stage

0

2

4

6

8

10

12

14

1 2 3 4

Ion

C
on

ce
nt

ra
tio

n 
of

 io
ns

 b
ou

nd
 

(m
g/

kg
 fi

be
r)

Experimental
Predicted.

 
Figure 9 – Comparison between simulated values and experi-
ments values of NPEs distribution (P stage). 
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The simulation of NPEs distribution in the bleach 
plant using NICA-Donnan/CADSIM computer program 
designed was a satisfactory agreement between simula-
tion values and experiment values. The high error val-
ues found for NPEs evaluated in this work are shown in 
Table 3. This proposed NICA-Donnan/CADSIM com-
puter program designed for simulation methodology 
should be used only for qualitative analysis of NPE be-
havior in the process mill. In the next works, it would be 
necessary to improve this applicative to be implemented 
in mills and provide information about NPE accumula-
tion in the bleach mill. This accumulation avoids the 
following operational problems: loss of hydrogen perox-
ide and consequently of pulp brightness by Mn2+ com-
plexation, incrustation in tubes by the calcium oxalate 
formation; increase of chemical consumption by Fe3+ 

and incrustation in equipment by Mg2+. 

The alternative of fresh water minimization in the 
bleach plant was made by using alkaline filtrate (EPO) 
in the P washer to substitute the fresh water used in this 
stage (Fig. 2). Simulation of this alternative resulted in 
an average savings of 219 m3/h volumetric flow rate of 
fresh water (savings of 74%). The implementation of 
this alternative might signify savings of fresh water/air-
dried pulp ton. The simulation after EPO filtrate recov-
ery and NPE distribution are shown in Figs. 5 to 9. The 
EPO and 2nd D stage have significant changes after 
simulation of EPO filtrate recovery. However, in the 
other bleaching stages there have been no significant 
changes about NPEs distribution. There has been an 
increase of Ca2+, Mn2+ and Mg2+ concentrations in fil-
trate (36%, 15%, 12%) in the EPO stage consequently. 
In the same stage there is a decrease of Fe3+ concentra-
tion (12%). In the 2nd D stage there is a decrease of 3% 
and 2% of Ca2+ and Mn2+ in pulp. The alternative im-
plementation would require special attention to the ob-
served increase of manganese in the EPO stage and cal-
cium in the D1 stage which used the filtrate’s 2nd D stage 
for pulp washing because operational problems. It is 
important to show that this work took into account only 
a simulation, without measured values and validation 
was not possible. This validation should be the focus of 
future research.   

IV. CONCLUSIONS 
This paper shows that the application of the simulation 
methodology to water minimization opportunities must 
contribute to significant savings in pulp mills. However, 
changes the conventional Kraft process for implementa-
tion these opportunities should be associated to new 
advanced technologies to include techniques for appli-
cation of filtrates cleaner concepts in the bleach plant 
mill. 

The bleach plant process simulations showed in this 
paper describe satisfactorily the bleach plant mill. This 
conclusion is further corroborated by low values of rela-
tive average error when measured and simulated values 
were compared. The process simulation allowed a 
broader view of the bleach plant and provides important 
information about performance process. 

The NICA-Donnan/CADSIM computer program de-
signed in this work allowed qualitatively to describe the 
behavior NPEs (Mn2+, Fe3+, Mg2+,Ca2+) in the bleach 
plant. This conclusion is further corroborated by NPEs 
behavior when measured and simulated values were 
compared. 

Finally, this simulation methodology associated to 
computational methods for process integration must be 
applied to the overall industrial process since all units 
are linked together and any change in one operation 
affects the others. 
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