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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 determineg
based on experience and engineering practice. In thi
paper, a systematic, structure-based mathematical ap
proach is introduced to design an optimal water reusg

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 w
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itﬁb 1—Diagram of a conventional electroplating process.

consumers and wastewater generators in the manufacuurlng

industries. In an electroplating plant, a huge amount of
ter is used daily to remove dirt and chemicals on metal |
in various cleaning and rinsing operations. The wastew
generated contains a variety of hazardous or toxic ch
cals, metal and non-metal pollutants that are regulate
the EPA! Facing more and more stringently environmer
regulations, this industry has been under constant pre

to significantly reduce fresh water consumption, and certai

wastewater generation.

Over the past decades, tremendous efforts have been
in the industry to design more efficient rinsing systems
in-plant wastewater treatment faciliti€sThis has led to tre

mendous reduction of wastewater and optimization of cle

ing, rinsing, and plating processes. This is a proactive p
tion prevention approach that aims at wastewater redu
from the beginning. In recent years, our research group

(el

developed a series of first-principles-based mathem
models for characterizing various cleaning and rinsing
erations:® With these models, parts cleaning and rinsing s

iE®) 2—Mass transfer diagram for a rinsing process: (a) mass transfer
tween process and water streams; (b) uniform concentration in stream
Utlets; (C) counter-current two-rinsing-step process; (d) potential water
q@ductlon in two tanks in series.

dards can be scientifically set, chemical solutions through

drag-in and drag-out can be quantified, and water contarBasicStrategiesforWastewaterMinimization

nation dynamics in rinsing tanks can be described. Mor¢ Pegeneral plating process is depicted in Fig. 1. Parts in bar-
cently, a set of sludge models has also been developgdete pass through a series of cleaning-rinsing processes to
characterize sludge generation in cleaning and rinsing stepsmove dirt from their surfaces to achieve high plating qual-
These dynamic and steady-state models can provide |digégpn the plating process, fresh water enters different rins-
understanding of cleaning and rinsing operations, whigig processes to remove drag-out chemical solutions carried

greatly facilitate the development of strategies for opti
water use and reuse in electroplating plants.

In this paper, we introduce another type of proactive
proach for wastewater reduction. This approach focuse
the modification of existing rinsing systems through re-|
signing water flow patterns and optimizing their flow rat
under the constraints of parts rinsing quality and produg
ity. The approach is applicable to cleaning-rinsing syst

may parts from cleaning or plating tanks. The effluent water
from rinsing tanks is mixed with different kinds of chemical

amntaminants. To evaluate the feasibility of reusing water, a

sharsic mass balance relationship for all rinsing water streams

derust be established.

eS,

tiMaximum OutletWater Concentration

e ure 2a illustrates a mass transfer process between a pair

containing multiple chemical pollutants.

80

of contaminated (rich) streams and rinsing water (lean)
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Fig. 3—System representation of a reused-water rinsing process.

streams. The concentration in the rich stream, after a ce
amount of contaminant is removed, is decreased frérat(
the inlet to ¢ at the outlet of a rinsing tank. Meanwhi
the concentration in the lean stream is increased frgrtoG
C,°", because the stream washes off chemical residue
the surface of the parts. Note that the slope of lean-st
line L, determines the water flow rate; the larger the sl
the smaller the required water flow. If the concentration
the inlets of both rich and lean streams and at the outl
the rich stream are specified, the amount of water req
will depend on the outlet concentration of the lean stre
When the maximum outlet concentration of the contami
is reached through mass transfer, water consumption is
mized.
For a specific rinsing process in a plating plant, a

o vy
wi———-w R, = R, ' wpe
o ool
- o
Ryj L) £
“'F —— H?\.l R"‘j‘ wl
1“‘T I;a. v [
Wil Wiy,
W e R, R E— Rﬂ_ L w;“

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

rtaiffror a plating system containing various rinsing steps, the
C development of a general mathematical model characteriz-
ejng a water reuse rinsing system is the first step toward mini-
mization of water usage.
from
relsiodel Development
bpk, general rinsing system in a plating process is sketched in
skifg. 3. This system consists of N sub-rinsing systems, each
etobfwhich is designed for rinsing off chemical solutions on
lirgakts carried by barrels from a preceding cleaning or plating
aaperation. Each sub-rinsing systemmiy contain more than
naotie rinsing tank. As depicted, fresh water is sent to each
mib-rinsing system. In the figure, dotted lines show all pos-
sible water reuse options in the system. Thus, this is a super-
richructure of the water reuse system. Certainly, a number of

stream refers to chemical solution on the surface of parntswéter reuse options will eventually be eliminated after sys-

is reasonable to assume that a complete mixing of wate|
rinsing tank takes place. Thus, the chemical concentrati
the rinsing tank can be considered nearly the same as t
the parts after rinsing. This is illustrated in Fig. 2b. The m
developed by Huangt al? has been used to determine

chemical concentration on the parts.

ReductionofWaterUsageinRinsingProcesses

An effective way to reduce fresh water usage is to maxi

the contaminant concentration of rinsing water at the ou
Figure 2c shows a rinsing process with two tanks in serie
countercurrent process between parts and water flow

ranged in such a way that water flows through rinsing te
R, and R, and parts are carried over through rinsing tg
R, and R. A mass transfer diagram of the process is depi
in Fig. 2d. The slope of linel, determines the water flo
rate required for a two-tank rinsing process. Obviously,

r e optimization. The mathematical model for this problem

prean be developed based on the following assumptions: (i) no

nattemical reaction in water, and (ii) uniform chemical con-

bdmdntration in a rinsing process, which means complete mix-

himg taking place between water flow and chemical residues
on parts. Of course, minimization of water usage must not
violate process operational requirements.
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cause of the increment of contaminant concentration
water outlet of the rinsing process, water consumptio

this case can be reduced, compared with the consumptic

a single tank that is represented by ling Theoretically,
based on a given rinsing requirement, the increment o

number of rinsing tanks in a rinsing process can significgn 8 e wh _—

operations, capital cost, and productivity, however. Indt
trial experience suggests that two or three rinsing tanks ..

t Wy, i Wik, s =

Win,

series for each rinsing step are practical for most cases. Fig. 5—Superstructure of water reuse system for optimization.
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% . Tablel
i ] J."“ "G lnﬁ y ProcessData&ConstraintsinaRinsingSystem
Lo ) ;
L o i R, [ L8 Symbol Flow rate Concentration, ppm
Wip A !
g [t i — GPM N H z P
o] l”?' _ ”"5]‘ o . o) i 0.52 2,000 0 0 0
W n, | R [ D, " 016 0 500 0 0
e ] D, " 0.24 0 0 13,000 0
D“I ot wnd 03 [0 D,," 0.45 0 0 0 10,000
Sae |k e D, " 0.75 180 O 0 0
LI} T E -~ ’
e B M R R 0.11 o 0 0 1,120
out
Fig. 6—Modified rinsing system. Dl:l 0.75 T T o T
D, 0.24 — — — —
ProblemSpecification D, 0.16 - — — —
Given drag-in rate ) and drag-out rate © and their con- D, out 0.11 _ _ _ _
tamination levels of chemicalg,Cand Q"“‘ (ON,jOM) | 32 '
in rinsing process Rdetermine ‘the minimum consumptionV;" 6.0 0 0 0 0
of fresh water, W (| 0 N). This can be accomplished byw, 3.0 0 0 0 0
maximizing water reuse and possible outlet wastewater CW n 4.0 0 0 0 0
centration G**, assuming that water can be reused fromja '
effluent water stream to any source water stream with f IdO(/Rl T 6.0 <30 <30 <30 <30
rate W* and concentration,C*. For theith rinsing sub-sys; W, o 4.0 <30 <30 <30 <30
tem, it may receive N recycle streams from all sub-systems; ",
these streams are mixed, then enter the sub-system at flowe.. l 8.0 =80 =30 =30 <30
rate W, and concentration (". After rinsing, the effluen
stream has an increment of chemical concentration ¥t € ot out out out
Crp We = CR W +C D C.D
OptimizationModel
With the characterization of stream concentrations and flow i=1,...,N; k=1, ..M (6)
rates for each stream in Fig. 3, an optimization model can be
developed as follows: The objective function is defined {@v) Process constraints:
minimize the total amount of fresh water used in the system, n_
ie., Cz2C,=20 i=1, ...,N; k=1, ..M )
N
min 22 W (1) i
i=1 Cex20 i=1, ...,N; k=1, ....M (8)
This optimization is subject to four types of constraints: 0 n out
W, W, , W, =20 i=1, ...,N 9
(i) Mass balances for mixers:

A W+Zw i=1, ...,N @) W, 20 i=1, ..,N; j=1, ..., N (10)

i=1
where C '™ is the maximum permissible concentration of
ot i in out the ith chemical in the effluent stream of itk rinsing pro-

W =W, +D -D i=1, ...,N (3) 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-

(i) Mass balances for splitters: linear programming approach.
out Aqim

W =W+ Z W i=1, ...,N (4) A rinsing system in an electroplating plant is depicted in Fig.

=1 4. The three-step rinsing can remove four types of chemical
contaminants from parts surfaces. In the system, parts are
(iif) Mass balances for each component in each rinsing predgthdrawn from a soak tank and charged into rinsing tanks
ess: R,,and R , in series, where the concentration of chemical N
nom S s on parts is reduced from 2,000 ppm to 20 ppm. The parts,
Cr Wy 2 C.W, i=1,..,N; k=1, ..,M (5) | after acid cleaning, are rinsed in rinsing tank ®Rhere the
=1 concentration of chemical H is reduced from 500 ppm to 25
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ppm. The effluent water stream from rinsing tank i@ then
reused to wash out chemical Z on parts in rinsing tank
After plating, the parts have a final rinsing in tanks and
R, , in series to remove chemical P on parts, through w
the concentration is reduced from 10,000 ppm to 20 p
The process data and constraints are listed in Table 1.
that drag-out rates [y, D, ", D, )", and ) ,” are from clean-
ing and plating processes; D and D" |nd|cate drag-out
rates from tanks R and ng, respectwely The chemicg
concentration on the parts after rinsing in tanks R, ,,

and R, must be strictly controlled to equal or be below
ppm for each chemical contaminant. Figure 5 illustrate
superstructure of the water reuse system for optimiza
The specific model for the system is formulated below.

3

min 2. W (11)
i=1
subject to
(i) Mass balances for mixers:
W= 2 W, =W, i=1,2, 3 (12)
=1
W S+ D WRI|+ D i=1, 2, 3 (13)
Z W, = i=1,2,3 (14)
vv‘;:z+c'>?2:w:f;+ 5 L2z 4y
(i) Mass balances for splitters:
Zw W i=1, 2, 3 (16)
Wy =W, + Wi, i=1,2,3 (17)

(iif) Mass balances for each component in each rinsing p
ess:

jzlcj W, =CWq,  i=1,2,3,k=P, H,Z, N (18)
C, W, +CD,=C, (W, +D,)

i=1,2,3; k=P, H,Z,N  (19)
C, W, +chvj r= CoVe

= i=1,2,3: k=P, H, Z,N  (20)

ClaWy, + C.D.,= ¢ (W, + D)

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

(iv) Concentration requirements:

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

Table2
R Comparisonof FreshWater Consumption
ich OftheOriginal&ModifiedProcesses
pWater stream Symbol Flow rate, GPM
Note Original Modified
Fresh water 1 w 6.0 4.13
alFresh water 2 w 3.0 251
Fresh water 3 W 4.0 2.81
3\(}{élastewater 1 Vg 6.52 4.46
idMastewater 2 L 3.0 0.0
Wastewater 3 V- 4.45 4.35
Reused water 1 W = 131
Reused water 2 W — 251
Total fresh water 13.0 9.45
Water reduction — — 27.3%

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

W, ;W_ >0

iRi1’ " iR} 2 i:]-a 2,3 j:l, 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 R, is completely returned to rinsing tank R
and about 36.5 percent of the effluent stream from tapk R
needs to be returned to tank,R

roc-

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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concentration, mol/ctn

diffusion coefficient, crifs

Faraday’s constant, 96487 C/mol

current, Alcni

peak current

off current

on time, sec

off time, sec

transition time, sec

time, sec

copper discharged, Coulombs

ratio of t/t , dimensionless

number o? electrons transferred in the reaction
potential, volts

Tafel constant

atomic percentage

mass transfer boundary-layer thickness, cm
overpotential, V

dimensionless time

aSubscripts

bulk
species
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