Modeling for Sludge Estimation & Reduction

By KQ. Luo, JP. Gong&Y.L. Huang

Sludge reduction is one of the most important environ}{ Sludge Classiication
mental issues in electroplating plants. The most effective To minimize sludge effectively, we must correctly identify
way of sludge reduction is to minimize the sludge gener-its sources, then classify the types of sludge from different
ated from each plating line. In this paper, a set of sludge sources. This will allow us to know what type of sludge can
models is developed to characterize the sludge generatiprbe reduced and to what extent it can be reduced economically.
in parts cleaning and rinsing. These models, together wit In an electroplating process, parts are packed in barrels or
a set of dynamic models for characterizing cleaning soly- placed on racks, then passed through a number of cleaning
tions, rinsewater, and parts, can be used to develdpand rinsing steps before and after plating and stripping. The
strategies for sludge reduction and quality assurance for cleaning operations can be further classified as alkaline
cleaning and rinsing. Model-based simulation has dem- cleaning, electrocleaning and acid cleaning. The rinsing
onstrated the desirability of adopting them in real proc-| operations can occur in static or continuous rinse tanks with
esses. different configurations. In cleaning and rinsing, most of the
dirt (oil, soil, grease, solid particles, etc.) on the surface of
The electroplating industry is one of the largest sludgarts can be removed by chemicals into chemical solutions
generators in the manufacturing industries. Ahuge amoungoid rinsewater. The mixture of dirt and chemicals will
sludge generated daily from more than 6,500 plating plantewventually become sludge. This kind of sludge generation is
the nation usually contains various chemical, metal, and nemavoidable and is referred to as base sludge. The majority of
metal pollutants, such as chromium, iron, nickel, tin, cyanidéjs mixture is found in cleaning tanks, and the remaining
soil and oil. These pollutants are regulated by the EPA @tion will enter rinsing systems through drag-out from
hazardous or toxic wastelhis has cost the industry huph-cleaning tanks. As a general strategy, the sludge should be
dreds of millions of dollars per year for wastewater treatmenbre localized, that is, the sludge generated in one tank
and sludge disposal. On the other hand, landfill is severshould not be sent to the next tank. More specifically, the
restricted today by its reliability, environmental impact, sitdudge generated in cleaning tanks should be prevented from
availability and cost.Consequently, a significant reductiprbeing carried into rinsing tanks whenever it is technically
of both quantity and toxicity of sludge becomes an urgemhsirable and economically acceptable.
need for this industry. Note that most plating plants generate more sludge than
According to the EPA’s waste minimization (WM) hierarnecessary as a result of improper use of chemicals, high flow
chy, source reduction is of the highest priority because it ainage of rinsewater, excessive drag-out into rinsing tanks, and
at minimizing waste in the first place. In the industry, variousinecessary dumping. The sludge generated from these
WM strategies have been practiced that are valuable $ources is called avoidable sludge. Table 1 summarizes the
sludge reduction. Drag-out minimization is one of the mostajor sludge sources. Apparently, gquantitative estimation
important strategies, because the drag-out, which contaamsl minimization of avoidable sludge should be the target for
various chemicals and dirt, is a major source of sludgegracticality.

reduction. Itis known that dumping process baths improperly
is costly and increases sludge as well. In rinsing systen|s, an

improvement of rinse efficiency can not only cut operatir ™
costs for plating operations, but also reduce the cost
chemicals used in wastewater (pre)treatment. : ™
While the current WM strategies are beneficial to slud¢  sa e
reduction, none can provide reasonably precise informati ™ g
asto the extent that sludge can be theoretically minimized i g ** " L
how much it can be practically reduced. Obviously, mini g 30 E
zation of sludge must be based on deep understanding pi* lop §
sludge generation mechanism. In this paper, we focus gn  # g e iy o
development of mathematical models for estimating slufc - : sty ot o . 18
only from cleaning and rinsing steps, and model-based $ti
egies for sludge reduction. Computer simulations will s IC ok - = = = = 0

how the models can provide valuable guidance for mininiz Daye

tion of sludge with improved process operation. ) . .
9 P P P Fig. 1—Sludge accumulation in a cleaning tank.
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Fig. 2—Classification of sludge sources in a cleaning process.

is always judged by its volume, which varies with the typ
sludge and treatment methods (Table 2). In modeling,

dry sludge will be quantified. Quantification of dry sludge
must rely on precise process information. This information

can be provided by process models for main unit opera
in cleaning and rinsing tanks.

Total Sludge
According to the sludge sources, the base sl({@gean be
found in cleaning and rinsing tanks. The base sludg
cleaning tanks includes the dirt (oil, soil, grease, solid |
ticles, etc.) removed from the surface of p483$ and the
chemicals used to remove the ¢8). In rinsing tanks, the
sludge resulting from natural contaminants in make-up w
or rinsewate(S,) and that from drag-out from cleaning tan
(S) should be considered. The total sludge is then the su
all of them:

1)

Each type of sludge can be quantified based onits sou
The sludge from cleaning tankse(, S, and ), can be
estimated by the following formulas:

SF:Sd+Sc+Sg+Sw

Mo [ Ny
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where
A = the total surface area of titl barrel of parts (cf
k; = the precipitation constant for thigh cleaner
(g-sludge/L-cleaner)
N, = the number of barrels of parts processed per
(bbl/day)
N, = the number of kinds of dirt on the surface of par
W, = the amount of thgh kind of dirt removed from the
' surface of parts in thigh barrel (g-dirt/crj)
Y= the dirt removal capacity of tljg cleaner (g-dirt/L-

cleaner)

The drag-out-related sludge from cleaning tanks into r
ing tanks consists of dirt and chemical solutions. This am
is estimated based on the drag-out rate in the following v
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Fig. 3—Comparison of sludge accumulations before and after process
optimization.
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(4)

'%WereD, = the rate of drag-out (solvent solutions and the
mixture of dirt and chemicals) from cleaning tanks to rinse
tanks (g-dirt-chemicals/cth

Asindicated, the natural contaminants in make-up water or
fresh water will eventually be part of the sludge. This amount

E d8n be modeled as
har-

S = KK.F, ()

the precipitation constant for the rinsewater (g-sludge/
g-contaminant)

the hardness of the rinsewater (g-contaminari)/cm
the volumetric flow rate of make-up and fresh water
into rinsing system (cffday).

where
at

ks P

md,
FW

'§§Ste that drag-out cannot be completely prevented from
entering the rinse system and thus into the wastewater. In the
above formulation, any drag-out between two adjacent con-
tinuous rinse tanks will not be separately considered, because
the contaminants enter the same water stream. The estimation
of the sludge accumulation in each tank is of great impor-
tance, because it will determine the most appropriate dump-
ing time of each cleaning tank.

Dit Removal in Cleaning Tanks
In estimating the total sludge, the most difficult part is the
estimation of the amount of dirt removed from each barrel of
parts. Note that the amount of dirt initially on the surface of
parts cannot be precisely determined, the shape of parts vary
greatly and the cleaning efficiency in each cleaning tank
changes dynamically. It is thus highly desirable to use dy-
gagmic models to determine the amount of dirt removed. Such
odels have not been available until recehtly.
ts In cleaning, the dirt (soil, oil and other solid particles) on
the surface is removed by applying to it certain kinds of
energy, such as mechanical, chemical, thermal, electrical
and/or radiation energy. A certain amount of the loose dirt on
parts sinks to the bottom of the tank as sludge. The remaining
dirtis carried over through drag-out to succeeding tanks. The
rRmount of the dirt on parts is negatively proportional to a dirt
»ligpoval rate. This rate is determined by the type of chemical
Vé§ed and its concentration and the type and amount of the dirt

on parts. We have, therefore,
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Table 1
Sludge Sources in aPlating Process

Sludge source Reproducibility

Make-up and rinse water (natural contaminants) yes
Dirt removed from parts (oil, metals, scaling, and smut) no
Used chemical (metals, chelated cleaner, high pH value) yes

Chemical loss (improper dumping, drag-out, leaking, spilling, etc.) yes

Table 2
Sludge Concentration Based on Treatment Type
Sludge Concentration Treatment
L1-290 oo gravity settling
3-5%0 i bridge type settling
8-149%0 ...oviieiiiiii e centrifuge
up to 50% filter presses
90-98%0.....cceeeeiieiie e drying
ad Wi it
A; : = = Y (T C, (W (1) (6)
df
Vo (1) = :.-ril.f Lot -f-.-l )
where
Ct) = the chemical concentration in the cleaning tan
timet (cn-chem/cni-sol)
W_(t)= dirt removed from théth barrel of parts at time
(g-dirt/cn?)
o = constant
y.(t) = looseness of dirt on parts at tingn? - cni-sol/
cme-chem - min)
y, = kinetic constant (cAr cni-sol/cnf-chem - min)

The amount of chemical in the tank changes as
consumed and/or added. It can be modeled thus:

dCy (1) Aj W el
e = tadilColt)-Galt)) - ——F—1+w  (g)
where
C/t) = chemical concentration in the preceding clean
tank at timet (cn?-chem/cni-sol)
k, = drag-out coefficient determined by temperaty
drainage time, the shape of parts, and surface te
V, = capacity of cleaning tank (¢asoln)
w_ = quantity of chemical added to cleaning tank ¥c
chem/min)
U = chemical capacity for dirt removal (g-dirt/&n]
cleaner)

To run these models, the amount of dirt on parts be
cleaning(W,(t,)) must be obtained through experiment
estimated, based on experience, and the initial chern
concentration in the tanfC (t)) must be specified. Th
kinetic constan{y;) and the chemical capacity for dirt r
moval (1) can be determined by the type of chemical u
The larger the value @f, the more efficient the dirt remova
By solving Egs. (7) and (8), the total amount of dirt remo
from each barrel can be calculated.

Water Consumption in Rinsing Tanks

Minimization of water consumptionin rinse systems depends
largely on the cleanness of parts after rinsing. This requires
a model to describe the dirt removal from parts and a model
to quantify water pollution level. Gorgj al. developed the
models with the following structurés:

dWe it )
i/ ] (©)]
dxy (t) )
, = r (1) + Fyithzef1) = x (1)) (10)
i '
() = &y Fe (1l W (01— W, 1| — ) (11)
where
F, () = the flow rate of rinsewater at tintg(cm?-water/
min)
kr = mass transfer coefficient (émhem - crirwater/
cme-sol - cnd) r_(t) = dirt removal rate in rinsing
tank at timet (g/min)
V. = capacity of rinsing tank (ctwater)
W._(t) = amountofdirt on parts in a rinsing tank at tinfg/
cmd)
W_(t) = amount of dirt on parts when leaving cleaning tank
at timet_(g/cn¥)
X (t) = pollutant composition in rinsewater at tirhég/
at cmi-water)
z(t) = pollutant concentration in influent rinsewater at
timet (g/cnf-water)
y(t) = looseness of dirt on parts when leaving cleaning
tank at timet, (cn? - cn-sol/cn-chem - min)
0 = unit conversion factor (cffcm®water)

The effluent water stream of the rinsing tank contains

various pollutants, such as dirt, chemicals and metal par-

ttisles. The quantity of pollutants is related to the rinsing
efficiency, water flow rate, the initial dirtiness of parts and
the cleanness of the influent rinsewater. Because water in the
tank is well mixed, the pollutant composition in the tank is the
same as that of the effluent water. In the above equations, the

_initial amount of dirt on part8V,(t,)) can be estimated from

I¥bmputation of the models for the cleaning tank. The dirti-
ness of influent rinsewatey(t) can be easily measured.

re,

'S\iddel-Based Sludge Reduction

Sludge reduction is mathematically an optimization problem

Mof minimizing S;, which is expressed in Eq. (1). This can, in
turn, be interpreted as the minimization of three types of
avoidable sludgéS, S, and §). Practically, the amount of
dirt to be removed from a part cannot be minimized because
of a plating requirement. This means that the t§nshould

fa5e excluded in optimization.

O The sludge related to chemical solve{83 can be mini-

higaed through reduction of chemical consumption by select-

Eing a cleaner with greater efficiencye(, large u). The

E-amount of chemicals required for dirt removal can be calcu-

5qdted by solving Eqgs. (6) through (8).

l. The most undesirable sludge source is the drag-out from

V‘%‘I’eaning tanks to rinsing systems. Note that the main function

of rinsing is to remove the cleaning solvents and the mixture
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of dirt and chemicals carried on parts through drag-out. The
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more drag-out, the more water consumption for rinsingd.ténk, an electrocleaning tank and two rinse tanks in series.
will then become more difficult to treat wastewater and ¢oEhe chemical concentrations in the cleaning tanks are all kept
more for sludge handling as well. Practically, drag-quat eight percent. The water flow rate through the rinse tanks
related sludggS) cannot be eliminated, but can be miniis set to 0.023 ffmin. Figure 2 shows how the sludge is
mized through operational improvement, such as adjustmantumulated. As indicated, after finishing the processing of
of chemical concentration settings in cleaning tanks using tf@barrels, the drag-out related slu@ggreaches 45 kg. The
models in Egs. (6) through (8). The drainage time and baliit-related sludgéS,) is much lower, however (16 kg). The
temperature are always factors of drag-out reduction. | quantity of the other two types of sludge is very small; that is,
The last term in the total sludge expression (Eq. (1)) ig tthe solvent-related sludgg,) and the natural contaminant-
sludge resulting from natural contaminants in make-up watetated sludg¢sS,) are 2.3 kg and 1.4 kg, respectively. The
and fresh water for rinsin@,). Equation (5) shows that it is total amount of sludge for this case is 64.7 kg. This indicates
proportional to the volume of rinsewater consumed. Redubat 69.5 percent of total sludge is from drag-out. This
tion of rinsewater is, therefore, highly desirable when [tiseiggests that the minimization of drag-out from cleaning
rinsing quality is guaranteed. The models in Eqgs. (9) throutginks to rinse tanks is of utmost importance in sludge reduc-
(11) can be used to determine the optimal flow ratg wbn.
rinsewater necessary for the operation.

Model-Based Sludge Reduction
Simulation As discussed in the preceding section, sludge can be reduced
The models developed have been used to investigate ttreugh operational improvement, such as the reduction of
sludge generation and reduction in a plating process whdrag-out and that of chemical and rinsewater consumption.
three cleaning tanks and two rinse tanks are considered, Heee, we also simulate the same cleaning and rinsing process
main task of this simulation is to determine an approprjatéth the same operational settings as described in the preced-
replenishment time for an individual cleaning tank, to distiimg example. A total of 70 barrels of parts are still considered
guish quantitatively sludge generation and to identify oppdrere. Figure 3 depicts the simulation results of the total sludge
tunities for sludge reduction through process optimizatioaccumulation in the process. The original settings of chemi-
Three examples are discussed below. cal concentrations in the presoak, soak, and electrocleaning
tanks are all eight percent. The water flow rate through the
Determination of Replenishment Time rinsing tank is set to 0.023*min. This process is optimized
The cleaning efficiency of a cleaning tank is closely relatéy the dynamic models, which leads to the chemical concen-
to the amount of sludge in it. As the sludge accumulates|, tregion settings in the presoak, soak, and electrocleaning
efficiency is decreased. When the efficiency is down totanks to 10, 8 and 6 percent, respectively. The drag-out rate
certain point, parts cleaning is no longer satisfactory. Trethus reduced from 0.012 to 0.009 gfcfrhis also allows
solvent solution must then be replenished. The replenishe reduction of rinsewater flow rate from 0.023 to0 0.0%9 m
ment point is difficult to detect in practice, however. E¢anin. With these changes, the total amount of sludge can be
nomically, the number of replenishments must be a mimeduced to 66 kg, which means a reduction of 15 percent.
mum. This is also desirable to obtain smooth operation| On
the other hand, delay of replenishment is detrimental tq tBenclusions
cleaning quality. The sludge models can provide relighféfective reduction of sludge requires deep understanding of
information for replenishment in any cleaning tank. Figusdudge generation mechanisms. The classification and quan-
1 shows the simulation results for a cleaning tank fon &fication of sludge need guidance based on chemical and
operational period of two months. For simplicity, we a®lectrochemical engineering principles. In this study, we
sume the cleaning of 200 barrels of parts per day and mlidve developed sludge models that can be used for reason
180 kg of parts per barrel. The initial dirtiness of pgrable estimation of sludge generation from different sources.
changes barrel by barrel, but not very significantly (0.008 Tmgether with the dynamic models for cleaning and rinsing
0.045 g/c). The chemical concentration is continuouslpperations, these sludge models can be used to identify
maintained at eight percent. After two months, the cleaningportunities for optimal sludge reduction. Through their
tank contains nearly 190 kg of sludge, occupying 1.136 ose, the replenishment points in cleaning tanks can also be
of the tank (see the solid line in the figure). As the sludgeedicted. These models should be attractive to platers to gain
accumulates, the cleaning efficiency decreases. As inéconomic and environmental incentives.
cated by the dotted line in the same figure, the efficiengy is
reduced to only 40 percent; here, fresh solvent with cleaiktitor's note: Manuscript received, May 1997.
concentration of 10 percent is defined as 100 percent clean-
ing efficiency. This suggests that the cleaning tank| Beknowledgment
replenished with fresh cleaner. This work is in part supported by NSF (CTS-9525127), EPA
(R-824732-01) and AESF (Proj. No. 96). The authors grate-
Analysis of Total Sludge fully acknowledge valuable discussions and comments from
As shown in Eq. (1), the total slud@f&) can be classified il Mr. Robert Groom of Reilly Plating Company and Dr. Gary
four types, based on their sources. The model can be usddoar of McGean-Rohco, Inc.
guantify each. In this case, 70 barrels of parts were simulated.
These parts are assumed to have the same shape, andRefetences
barrel is equally loaded (180 kg/bbl). The initial amount df. P.N. CheremisinoffSludge Management and Disposal,
dirt on the parts’ surface varies between 0.008 and 0.045 gPTR Prentice Hall, Englewood Cliffs, NJ, 1994.
cn?. The process simulated consists of a presoak tank, a|spalOffice of the Federal Register, National Archives and
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On August 18, 1998, in the United States
District Court for the Southern District of
Indiana, Industrial Coating Services, Inc.,
entered a guilty plea to an Information filed
by the United States Attorney for the Southern
District of Indiana. The Information alleged
that on or about December 11, 1995, we
knowingly violated the Clean Water Act by
discharging paint waste into the Indianapolis
sewer system, without notifying the City of
the discharge.

We operate a metal finishing and electro-
deposition plant, sometimes referred to as an
“e-coat” plant, on Brookville Road in India-
napolis, Indiana. This operation deposits a
protective paint covering on steel parts used in
the automobile and other industries. The
process results in wastewater which contains
heavy metals and other pollutants, which is
dumped into the sewer system for treatment
by the City’s treatment works before being
discharged into the White River.

From time to time, employees were
instructed to dump paint or paint waste by our
loading dock which contained a drain that
ultimately fed into a drainage ditch and on
into Bean Creek. Similarly, employees
occasionally dumped wastewater from the
barrel cleaning portion of our plant, which
was not subjected to pretreatment before
flowing into the sewer system.

We would like to assure the public that the
wastewater was not hazardous or toxic.
However, the discharge of any pollutants into
our community’s waterways should be
prevented, even if the risks to human health
are very small as was true in the instance.

We deeply regret this incident and hasten to
assure our neighbors that we are committed to
protecting our environment. We have termi-
nated the improper discharge at our facility
and have undertaken measures to avoid a
repetition of this incident, including the
training of our management and personnel in
complying with environmental laws and
regulations related to our type of industry.

As part of our agreement with the United
States Attorney’s Office, we will pay a fine of
$50,000, and will face an additional fine of
$50,000 if we do not satisfactorily complete a
two-year term of probation.

We apologize to our neighbors and fellow
citizens, and assure you that we are committed
to the preservation, protection and restoration
of our environment.

Free Details: Qrcle 128 on reader service card.
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