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Water is an important natural resource and is used in large scale in the pulp and
paper industry for several applications as: washer filters, bleaching, liquors clarification,
cooling towers and boilers. Therefore the process generates a great quantity of effluents.
The concern with the environmental and also with the fresh water cost, has taken
researchers to develop several procedures about water consumption minimization
through reuse. The aim of this work is the application, in the pulp and paper industry, of
the procedure called Water Source Diagram (WSD), developed by Gomes et al. (2007).
It is based on the synthesis of mass exchange network through a heuristical algorithmic
procedure, in which the objective is the water consumption minimization and the
wastewater generation. The WSD procedure was capable to minimize about 46% the
water consumption, considering maximum reuse and about 76,8% considering
regeneration with reuse.

1. Introduction

The pulp and paper industry consumes large volume of water and one of its
latest trends is the water and wastewater minimization. Several methodologies are been
developed to synthesize mass exchange networks focusing in water and wastewater
reuse. As reuse causes problems of accumulation of non process elements, the use of
regeneration processes in order to reduce contaminants concentration becomes
necessary.

Wang and Smith (1994) used the limiting water profile to minimize the water
flow rate in systems with single and multiple contaminants, considering reuse, and
regeneration and reuse of effluents. In order to overcome the problems concerned with
the method proposed by Wang and Smith (1995), Castro et al. (1999) developed a
procedure in which the water consumption and the synthesis of mass exchange network
were attained simultaneously. This procedure was used in systems with single
contaminants and considered only the reuse of effluent streams to reduce fresh water
consumption.

Partasarathy and Krishnagopalan (2001) used the mass integration in the
minimization of the external water consumption in the bleaching process of kraft pulp;
first through graphical method (source sink diagram and path diagram) and followed by
non-linear mathematical programming, where the final fluxogram is obtained. The



source sink diagram identifies the external water sources as well as all the possible
internal sources generated as effluent of the several operations, allowing visualize the
sources most adequate to satisfy the specifications of the entrance conditions of each
operation. The rule based on lever arm, derived from the mass balance, was the criterion
used for the reuse of effluent in one determined process; it consists in calculate the flow
rate necessary from the source(s) chosen to assure that be transferred the exactly mass
amount to satisfy the minimum flow rate of entrance and the maximum exit
concentration of chloride in that operation. It was considered: direct reuse, mixing
between two sources (effluent) and reuse, and mixing and reuse with fresh water.

The only contaminant chosen in the procedure application was the chloride
(non-process elements). The effect of the accumulation of these elements due to reuse
and recycle of streams, can be observed in the path diagram, whose equations were
included in the mathematical optimization program. This program also considers the
initial solutions obtained in the source sink diagram.

Diverse solutions were obtained; also considering regeneration of streams, in
order to become reuse and recycle thermodynamicaly viable. It was observed that when
increases the number of recycle operations, increases the cost with regeneration of
streams, although the water consumption is lower. The result consists in the reduction of
the consumption of 57% of fresh water, supplying three options of regeneration
processes, with investments for about 7.2 to 3.6 millions dollars in effluent treatment
and operational costs of 2.1 millions to 880 thousand dollars/year.

The Water Source Diagram Procedure presented in Gomes et al. (2007) and
here proposed, can be considered as an improvement of Castro et al. (1999) and Gomez
et al. (2000) procedures. It is able to take into account a variety of situations, such as: (i)
reuse; (ii) multiple water sources; (iii) water losses along the process; (iv) flow rate
constraints; (v) regeneration and reuse; and (vi) regeneration and recycling.

In this work the water source diagram procedure (WSD) is applied in the pulp
and paper industry to synthesize mass exchange networks with minimum water
consumption through reuse, and regeneration and reuse. One case is studied involving
the WSD procedure and showing its applicability.

2. Methodology

The Water Source Diagram divides the process in concentration intervals and
water is allowed to be reused between intervals. Concentration limits of each interval
are considered sources of water. Water supply and regenerated water are considered
external water sources. These concentrations are ordered and represented into a grid of
concentrations. Then the amount of mass transferred (Am;) in each operation (k) in
each interval of concentration (i) is calculated and indicated between parenthesis.

After initial construction, heuristics rules are followed: i) external water
sources are allowed to be used only when internal water sources are not available, ii) the
greatest amount of mass must be transferred into the interval of concentration, iii) when
an operation is present in several intervals, its water flow must remain along these
intervals until its end. The advantage of this procedure is that the network structure is
obtained simultaneously with the minimum fresh water consumption target.



The amount of mass transferred in each operation k and each interval i (Amy;)
is calculated by equation 1.

Am,; = £, (C; —Cy) (1

in which Cy is the final concentration of interval i, C;; is the initial concentration of
interval i, fi (t/h) is the mass flow rate through k operation, k = 1..., N,, The
concentration intervals are identified by the index i, where i = 1..., Nj,; and Ny, is the
number of concentration intervals i. Concentrations are in ppm, therefore the amounts of
mass transferred (Am) are in g/h.

The flow rate required from the water source p for operation k, in the interval
of concentration i, can be determined by the following equations:

e  External water sources:

Nfla’i i

R Amki - Zj:l ( fjki X[C fi Cij ]

pki — e )
Cq-C,

o Internal water sources:

i Amki _z;):p_l(fjiki X[Cfi _Cij]
pki = i (3)
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where Cj is the concentration in which internal source j is used in interval i, C°, the
concentration of the external source p, Cy; the final concentration of interval i and Ng,,;
is the number of available internal sources in interval i. One must use internal source in
the interval, and the respective values of f i are calculated before fepki. The sum in the
eq. (3) represents the amount of contaminant removed by the internal sources, in
operation k in interval i, that has preference on the external sources.

The minimum external water source flow rate at 0 ppm can be calculated:

fr=d > i 4)

More details about WSD can be seen in Gomes et al. (2007) and also are
illustrated in the following examples.

3. Case study

The WSD procedure was applied in a example extracted from Parthasarathy
and Krishnagopalan (2001). It involves the minimization of water consumption through
maximum reuse and alternatively by regeneration and reuse in a pulp mill. The example
uses only one contaminant: chloride. Proposals for reducing fresh water consumption
are developed in this case by the Water Source Diagram procedure (WSD) application.



Figure 1 presents major operations concerning water consumption in this pulp

mill process.
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Figure 1: Initial water consumption in pulp mill process
(Parthasarathy and Krishnagopalan, 2001)

Table 1 presents operational data for the ones cited in Figure 1. For WSD
application, operations which present water gain or loss are divided in two parts. The
first is the one with fixed flow rate and the second represents the water gain or loss. For
example, operation 1.2 represents water loss, and operations 4.2 and 5.2 water gain,
according to Figure 1. In this process, operations with fixed flow rates are not present.
Table 1 also shows the results for the amount of mass transferred (Amy;) in each
operation, assuming operational conditions.

Table 1
Operational data with corresponding mass transferred (Amy;)
Operations f Cin Cou Ay
(vd) (ppm) (ppm) (kg/d)
:;%;Z“hers 945 42 275 255.906
ije;rs’asmrs 8728.5 42 36.6597
;;r};;ccgvery 6850 42 28.7700
3 - Washer Filters 3603.9 4.2 --- 15.1364
4.1 - Acid Stage 14360 4.2 235 3314.2880
4.2 - Acid Stage 160 42 0.6720
5.1 - Alkali Stage 13433 4.2 504 6713.8134
5.2 - Alkali Stage 317 4.2 - 1.3314

In Table 2 all maximum inlet and outlet contaminant concentrations is
presented; these are directly related to limits of corrosion, plugging, scale and deposit
formation and accumulation of inert in lime cycle according to Parthasarathy and

Krishnagopalan (2001).



From these concentrations, using eq. (1) and also considering that the amount
of mass transferred is maintained in each operation, the limit flow rates of each
operation are recalculated.

Table 2
Limiting data of the pulp mill process, fimmin

Operations fIim,min Cm,mzix Cout,méx Alnkj

(t/d) (ppm) (ppm) (kg/d)

.1 - Washers 1550.95 110.0 275.00 255.91
screens
1.2 - Washers 333.27 110 36.66
screens
2 - Recovery 5230.91 5.50 28.77
Furnace
3 - Washers Filters 393.15 38.50 --- 15.14
4.1 - Acid Stage 14738.03 10.12 235.00 3314.29
4.2 - Acid Stage 66.40 10.12 0.67
5.1 - Alkali Stage 13679.33 13.20 504.00 6713.81
5.2 - Alkali Stage 100.86 13.20 1.33

Figure 2 presents the Water Source Diagram (WSD) considering maximum
reuse, related to data of Table 2, obtained by the proposed procedure.
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Figure 2: WSD of pulp and paper mill with maximum reuse.

It can be seen that the minimum water consumption with 4.2 ppm is 25784.88
t/d. Figure 3 shows the mass exchange network corresponding to the WSD of Figure 2.



As observed in Figure 3, the consumption of water at 4.2 ppm was reduced
from 47920 t/d to 25784.9 t/d.

One of the latest trends in pulp and paper industry turns towards closing-up the
process water systems. However, water reuse is accomplished with accumulation of non
process elements and the increase of microbiological activity into the process, causing
problems related to deposits, corrosion and odors. In order to consider these aspects,
regeneration has become an important tool to reduce contaminant concentration before
water/wastewater reuse. The WSD procedure can easily include the regenerated water,
considering it an external water source. Operations flow rates using regenerated water
are calculated using eq. (3), although the regenerated water flow rate available is limited
by process effluents flow rates.
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Figure 3: Mass exchange network for maximum reuse. The unit of contaminant
CI" isin ppm.

Assuming the existence of a regenerator which regenerates streams to the
concentration of 6.2 ppm of chloride, Figure 4 shows the new WSD, where there is a
new source of water at 6.2 ppm, coming from regeneration of the acid stage (operation
4) effluent. In the procedure, this new water source is considered as an external source.
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Figure 4: WSD with fixed regeneration at 6.2 ppm and reuse.

Figure 5 shows the mass exchange network for regeneration and reuse with
operations arranged according to WSD in Figure 4. Observe in Figure 5 that with
regeneration to 6.2 ppm and reuse of the regenerated stream, the minimum consumption
of external water at 4.2 ppm is reduced to 11116.6 t/d. The regeneration of the acid
effluent, for example by ionic exchange, reduces the chloride concentration from 235
ppm to around 6.2 ppm.

Thus, the chloride removal rate by ionic exchange is about 97% and is a
feasible operation.

The consumptions determined using WSD procedure are lower than the ones
reached using the mathematical optimization procedure of Parthasarathy and
Krishnagopalan (2001).

The case study demonstrates the application of the WSD algorithm in cases
with regeneration and reuse of effluents.
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Figure 5: Mass exchange network with regeneration at 6.2 ppm and reuse.

4. Conclusion

For the two options considered: maximum reuse and regeneration with reuse,
the results of WSD procedure were better than the proposed by other authors using
mathematical programming. Besides, the case study demonstrated that the application of
WSD procedure can also be easily used in cases involving maximum reuse and
regeneration and reuse through hand calculations.
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