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Wastewater minimization has drawn great attention in
the electroplating industry for decades. An effective way
to reduce wastewater is to maximize the reuse of rinse-
water in rinsing steps. Conventionally, the water flow
patterns and flow rates in rinsing systems are determined
based on experience and engineering practice. In this
paper, a systematic, structure-based mathematical ap-
proach is introduced to design an optimal water reuse
system. The attractiveness of the approach is demon-
strated by solving a practical rinsing water minimization
problem.

The electroplating industry is one of the major fresh water
consumers and wastewater generators in the manufacturing
industries. In an electroplating plant, a huge amount of wa-
ter is used daily to remove dirt and chemicals on metal parts
in various cleaning and rinsing operations. The wastewater
generated contains a variety of hazardous or toxic chemi-
cals, metal and non-metal pollutants that are regulated by
the EPA.1 Facing more and more stringently environmental
regulations, this industry has been under constant pressure
to significantly reduce fresh water consumption, and certainly
wastewater generation.

Over the past decades, tremendous efforts have been made
in the industry to design more efficient rinsing systems and
in-plant wastewater treatment facilities.2,3 This has led to tre-
mendous reduction of wastewater and optimization of clean-
ing, rinsing, and plating processes. This is a proactive pollu-
tion prevention approach that aims at wastewater reduction
from the beginning. In recent years, our research group has
developed a series of first-principles-based mathematical
models for characterizing various cleaning and rinsing op-
erations.4-6 With these models, parts cleaning and rinsing stan-
dards can be scientifically set, chemical solutions through
drag-in and drag-out can be quantified, and water contami-
nation dynamics in rinsing tanks can be described. More re-
cently, a set of sludge models has also been developed to
characterize sludge generation in cleaning and rinsing steps.7

These dynamic and steady-state models can provide deep
understanding of cleaning and rinsing operations, which
greatly facilitate the development of strategies for optimal
water use and reuse in electroplating plants.

In this paper, we introduce another type of proactive ap-
proach for wastewater reduction. This approach focuses on
the modification of existing rinsing systems through re-de-
signing water flow patterns and optimizing their flow rates,
under the constraints of parts rinsing quality and productiv-
ity. The approach is applicable to cleaning-rinsing systems
containing multiple chemical pollutants.

Basic Strategies for Wastewater Minimization
A general plating process is depicted in Fig. 1. Parts in bar-
rels pass through a series of cleaning-rinsing processes to
remove dirt from their surfaces to achieve high plating qual-
ity. In the plating process, fresh water enters different rins-
ing processes to remove drag-out chemical solutions carried
by parts from cleaning or plating tanks. The effluent water
from rinsing tanks is mixed with different kinds of chemical
contaminants. To evaluate the feasibility of reusing water, a
basic mass balance relationship for all rinsing water streams
must be established.

Maximum Outlet Water Concentration
Figure 2a illustrates a mass transfer process between a pair
of contaminated (rich) streams and rinsing water (lean)
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Fig. 1—Diagram of a conventional electroplating process.

Fig. 2—Mass transfer diagram for a rinsing process: (a) mass transfer
between process and water streams; (b) uniform concentration in stream
outlets; (c) counter-current two-rinsing-step process; (d) potential water
reduction in two tanks in series.
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streams. The concentration in the rich stream, after a certain
amount of contaminant is removed, is decreased from Cr

in at
the inlet to Cr

out at the outlet of a rinsing tank. Meanwhile,
the concentration in the lean stream is increased from C1

in to
C1

out, because the stream washes off chemical residue from
the surface of the parts. Note that the slope of lean-stream
line LR determines the water flow rate; the larger the slope,
the smaller the required water flow. If the concentrations at
the inlets of both rich and lean streams and at the outlet of
the rich stream are specified, the amount of water required
will depend on the outlet concentration of the lean stream.
When the maximum outlet concentration of the contaminant
is reached through mass transfer, water consumption is mini-
mized.

For a specific rinsing process in a plating plant, a rich
stream refers to chemical solution on the surface of parts. It
is reasonable to assume that a complete mixing of water in a
rinsing tank takes place. Thus, the chemical concentration in
the rinsing tank can be considered nearly the same as that on
the parts after rinsing. This is illustrated in Fig. 2b. The model
developed by Huang et al.5 has been used to determine the
chemical concentration on the parts.

Reduction of Water Usage in Rinsing Processes
An effective way to reduce fresh water usage is to maximize
the contaminant concentration of rinsing water at the outlet.
Figure 2c shows a rinsing process with two tanks in series. A
countercurrent process between parts and water flow is ar-
ranged in such a way that water flows through rinsing tanks
R1 and R2, and parts are carried over through rinsing tanks
R2 and R1. A mass transfer diagram of the process is depicted
in Fig. 2d. The slope of line LR1, determines the water flow
rate required for a two-tank rinsing process. Obviously, be-
cause of the increment of contaminant concentration at the
water outlet of the rinsing process, water consumption in
this case can be reduced, compared with the consumption in
a single tank that is represented by line LR. Theoretically,
based on a given rinsing requirement, the increment of the
number of rinsing tanks in a rinsing process can significantly
reduce water consumption. This may affect overall process
operations, capital cost, and productivity, however. Indus-
trial experience suggests that two or three rinsing tanks in
series for each rinsing step are practical for most cases.

For a plating system containing various rinsing steps, the
development of a general mathematical model characteriz-
ing a water reuse rinsing system is the first step toward mini-
mization of water usage.

Model Development
A general rinsing system in a plating process is sketched in
Fig. 3. This system consists of N sub-rinsing systems, each
of which is designed for rinsing off chemical solutions on
parts carried by barrels from a preceding cleaning or plating
operation. Each sub-rinsing system Ri may contain more than
one rinsing tank. As depicted, fresh water is sent to each
sub-rinsing system. In the figure, dotted lines show all pos-
sible water reuse options in the system. Thus, this is a super-
structure of the water reuse system. Certainly, a number of
water reuse options will eventually be eliminated after sys-
tem optimization. The mathematical model for this problem
can be developed based on the following assumptions: (i) no
chemical reaction in water, and (ii) uniform chemical con-
centration in a rinsing process, which means complete mix-
ing taking place between water flow and chemical residues
on parts. Of course, minimization of water usage must not
violate process operational requirements.

Fig. 3—System representation of a reused-water rinsing process.

Fig. 4—Original rinsing system in an electroplating plant.

Fig. 5—Superstructure of water reuse system for optimization.
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Problem Specification
Given drag-in rate Di

in and drag-out rate Di
out and their con-

tamination levels of chemicals Ci,j
in and Ci,j

out (i ∈ N, j ∈ M)
in rinsing process Ri, determine the minimum consumption
of fresh water, Wi

in (i ∈ N). This can be accomplished by
maximizing water reuse and possible outlet wastewater con-
centration Ci,j

out, assuming that water can be reused from any
effluent water stream to any source water stream with flow
rate Wi,j

s and concentration Ci,j
out. For the i th rinsing sub-sys-

tem, it may receive N recycle streams from all sub-systems;
these streams are mixed, then enter the sub-system at flow
rate WRi

in and concentration CRi,j
in. After rinsing, the effluent

stream has an increment of chemical concentration of Ci,j
out.

Optimization Model
With the characterization of stream concentrations and flow
rates for each stream in Fig. 3, an optimization model can be
developed as follows: The objective function is defined to
minimize the total amount of fresh water used in the system,
i.e.,

N

min Σ Wi
in (1)

 i=1

This optimization is subject to four types of constraints:

(i) Mass balances for mixers:

in  in
N

s
WRi

 = Wi + Σ Wj,i i=1, ...,N (2)
 i=1

out  in in out
WRi

 = WRi
 + Di  - Di i=1, ...,N (3)

(ii) Mass balances for splitters:

out  out
N

s
WRi

 = Wi + Σ Wi,j i=1, ...,N (4)
 j=1

(iii) Mass balances for each component in each rinsing proc-
ess:

 in in
N

out s
CRi,k

 WRi
 = Σ Cj,k Wj,i i=1, ...,N; k=1, ...,M (5)

  j=1

 out out in in in in  out out
CRi,k

 WRi
 =  CRi,k

 Wj,i + Ci,k Di - Ci,k Di

 i=1, ...,N; k=1, ...,M (6)

(iv) Process constraints:
 lim out

Ci,k ≥ Ci,k ≥ 0 i=1, ...,N; k=1, ...,M (7)

 in
CRi,k

 ≥ 0 i=1, ...,N; k=1, ...,M (8)

 in in out
Wi , WRi

 , WRi
 ≥ 0 i=1, ...,N (9)

  s
Wi,j ≥ 0 i=1, ...,N; j=1, ..., N (10)

where Ci,k
lim is the maximum permissible concentration of

the ith chemical in the effluent stream of the kth rinsing pro-
cess. The optimization is to determine the optimal structure
of the water flow pattern and the optimal water flow rate of
each recycle stream. This problem can be solved by a non-
linear programming approach.

Application
A rinsing system in an electroplating plant is depicted in Fig.
4. The three-step rinsing can remove four types of chemical
contaminants from parts surfaces. In the system, parts are
withdrawn from a soak tank and charged into rinsing tanks
R1,2 and R1,1 in series, where the concentration of chemical N
on parts is reduced from 2,000 ppm to 20 ppm. The parts,
after acid cleaning, are rinsed in rinsing tank R2,1 where the
concentration of chemical H is reduced from 500 ppm to 25

Fig. 6—Modified rinsing system.

Table 1
Process Data & Constraints in a Rinsing System

Symbol   Flow rate Concentration, ppm
                 GPM N H Z P

D1,2
in           0.52 2,000 0 0 0

D2,1
in           0.16 0 500 0 0

D2,2
in           0.24 0 0 13,000 0

D3,2
in           0.45 0 0 0 10,000

D1,1
in           0.75 180 0 0 0

D3,1
in           0.11 0 0 0 1,120

D1,1
out          0.75 — — — —

D2,2
out          0.24 — — — —

D2,1
out          0.16 — — — —

D3,1
out          0.11 — — — —

W1
in             6.0 0 0 0 0

W2
in             3.0 0 0 0 0

W3
in             4.0 0 0 0 0

WR1,1
out         6.0 ≤30 ≤30 ≤30 ≤30

WR2,1
out         4.0 ≤30 ≤30 ≤30 ≤30

WR3,1
out         3.0 ≤30 ≤30 ≤30 ≤30
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ppm. The effluent water stream from rinsing tank R2,1 is then
reused to wash out chemical Z on parts in rinsing tank R2,2.
After plating, the parts have a final rinsing in tanks R3,2 and
R3,1 in series to remove chemical P on parts, through which
the concentration is reduced from 10,000 ppm to 20 ppm.
The process data and constraints are listed in Table 1. Note
that drag-out rates D1,2

in, D2,1
in, D2,2

in, and D3,2
in are from clean-

ing and plating processes; D1,1
in and D3,1

in indicate drag-out
rates from tanks R1,2 and R3,2, respectively. The chemical
concentration on the parts after rinsing in tanks R1,1, R2,1,
and R3,1 must be strictly controlled to equal or be below 30
ppm for each chemical contaminant. Figure 5 illustrates a
superstructure of the water reuse system for optimization.
The specific model for the system is formulated below.

3

min Σ Wi
in (11)

 i=1
subject to
(i) Mass balances for mixers:

in
3

in
Wi = Σ Wj,Ri,l

 = WRi,l
i=1, 2, 3 (12)

j=1

in  in out out
WRi,l

 + D
i,l
 = WRi,l

+ Di,l i=1, 2, 3 (13)

out
 3

 in
WRi,l

 + Σ Wj,Ri,2
 = WRi,2

i=1, 2, 3 (14)
 j=1

in  in  out out
WRi,2

 + D
i,2

 = WRi,2
+ Di,2 i=1, 2, 3 (15)

(ii) Mass balances for splitters:

out
 3

out
WRi,2

 = Σ Wi,j  + Wi i=1, 2, 3 (16)
 j=1

 
Wi,j  = Wi,Rj,1

 + Wi,Ri,2
i=1, 2, 3 (17)

(iii) Mass balances for each component in each rinsing proc-
ess:

3  k
 Σ Cj Wj,Rj,1

 = C
i,l
WRj,1

i=1, 2, 3; k=P, H, Z, N (18)
 j=1
 k in k in k out  out

Ci,l  WRi,1
 + Ci Di,1 = Ci,2 (WRi,1

 +Di,l )

i=1, 2, 3; k=P, H, Z, N (19)
 k out

3
 k

C1,2WRi,1
 + Σ Cj Wj,Ri,2

= C1,3WRi,2
  j=1

i=1, 2, 3; k=P, H, Z, N (20)
 k in in in  k out  out

C1,3 WRi,2
 +  C1,4D1,2 = Ci (WRi,2

 + Di,2)

 i=1, 2, 3; k=P, H, Z, N (21)

(iv) Concentration requirements:
 k

Ci,2 ≤ 30 i=1, 2, 3; k=P, H, Z, N (22)

 k k
Ci ; Ci,j ≥ 0 i=1, 2, 3; j = 1, 2, 3; k=P, H, Z, N (23)
 

WiRi,1
; Wi,Rj,2

 ≥ 0 i=1, 2, 3; j=1, 2, 3 (24)

The above formulation can be solved using a constrained
non-linear programming. The optimal solution is obtained
with the minimum water usage of 9.45 GPM. This is 27.3
percent of fresh water reduction compared with the water
consumption in the original rinsing process (13 GPM). Table
2 lists all reused water flow rates and concentrations, as well
as water usage for the original process. The solution is so
simple that it needs only two reuse water streams for the
original process. As shown in Fig. 6, the effluent stream from
rinsing tank R2,2 is completely returned to rinsing tank R3,2,
and about 36.5 percent of the effluent stream from tank R3,2
needs to be returned to tank R1,2.

Summary
A structure-based mathematical representation developed in
this study has provided a general model for characterizing
rinsing processes with all possible water reuse options in an
electroplating plant. The model with various specified pro-
cess constraints generates an optimization problem that can
be solved by systematic non-linear programming. The ap-
plication to a practical rinsing problem has shown signifi-
cant reduction of fresh water consumption and wastewater
generation. This approach can be applied to design and
modify any type of rinsing process with multiple chemical
contaminants to achieve both economic and environmental
goals in the electroplating industry.

Editor’s note: Manuscript received, September 1998.
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Table 2
Comparison of Fresh Water Consumption

Of the Original & Modified Processes

Water stream Symbol Flow rate, GPM
Original Modified

Fresh water 1 W1
in 6.0 4.13

Fresh water 2 W2
in 3.0 2.51

Fresh water 3 W3
in 4.0 2.81

Wastewater 1 W1
out 6.52 4.46

Wastewater 2 W2
out 3.0 0.0

Wastewater 3 W3
out 4.45 4.35

Reused water 1 W2,R3,2 — 1.31

Reused water 2 W3,R1,2 — 2.51

Total fresh water 13.0 9.45

Water reduction — — 27.3%
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List of Symbols
C concentration, mol/cm3

D diffusion coefficient, cm2/s
F Faraday’s constant, 96487 C/mol
i current, A/cm2

ip peak current
i.p off current
tp on time, sec
t.p off time, sec
t1 transition time, sec
t time, sec

Q copper discharged, Coulombs
R ratio of t1/tp, dimensionless
z number of electrons transferred in the reaction
V potential, volts
β Tafel constant
0 atomic percentage

mass transfer boundary-layer thickness, cm
- overpotential, V
* dimensionless time

Subscripts
b bulk
k species
o surface

rev reversible
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