MetalRecovery Systems:
Development&UseofCostEstimationEquations

By J.Schumann&S.K.Ong

The goal of this paper is to provide Tablel

an easy way for environmental pro- SummaryofFlows&Concentrations During Sampling
fessionals to derive rough estimates

of capital costs required to build

Volumetric Copper  Nickel Copper Nickel
waste recovery systems and the op- Flow Rate  Conc. Conc. Mass Flow Mass Flow
erating costs required to keep them galmin*  mg/L  mglL  Ibiday Ib/day
running. Cost estimation equations  pinsewater 195 7 93 6.3 73
were developed as part of a facility- :
specific cost estimate. These equa-Acid wastes 0.34 890 420 1 0.5
tions were normalized, based on flow Basic wastes 0.25 65 24 0.06 0.02
rate (gal/min) and metal mass flow g
rate (metal loading, Ib/day), to make CYriitE es Lol B ks R
them applicable to many situations. ~ Total — — — 18.6 7.8

o * Mixed metal waste streams—includes copper, nickel, tin & lead.
The metal finishing industry generates

a considerable amount of heavy metal

wastes, much of which is disposed of as hazardous wdsteastewater treatment plant (WWTP) that utilizes a lime-pre-
As hazardous waste disposal costs increase, more and| migrigation process to remove dissolved metals. The WWTP
firms in the metal finishing industry are looking to methadsroduces a hydroxide sludge containing a mixture of metals.
that will allow recovery of metals for refinement or resald.he current sludge cannot be recycled and is disposed of as
By this approach, liability issues are avoided and, frequentiyhazardous waste at considerable cost.

disposal costs can also be reduced. Environmental regula the spring of 1996, a snapshot sampling event was com-
tions administered through the Resource Conservation gheted at the facility. Copper and nickel concentrations were
Recovery Act (RCRA), governing heavy metal-bearing wastietermined, along with flow rates. The results of this sam-
streams are quite specific on one matter—a spent matepiatig event are detailed in Table 1. From the concentration
that is recycled or reclaimed is considered differently if ¢isgnd flow rate data, metal mass loading rates in pounds metal/
posed of by land-filling (40 CFR 261.1 (c)). This regulatioday were determined for each waste stream (Table 1). The
has far-reaching impact on disposal of the spent materiithsewater stream constitutes the majority of flow and met-
Under the RCRA “cradle-to-grave” system of waste handlirds loading at the facility. The cyanide stream contributes
and disposal, the generator has permanent liability fof tile majority of copper. The basic and acidic wastes, while
disposed hazardous wastes. Permanent liability is avoideddficentrated, do not contribute large amounts of metals be-
the waste material is recovered for reuse or resale. Buildirayise of low flow rates. With the exception of the cyanide
and operating a recovery plant, however, requires capaad basic streams, all waste streams were acidic. The last
expenditure and yearly operating expenses, the magnituthes columns of this table are for segregated flows, which
of which are difficult to determine. will be covered below.

DescriptionoffFaciity&Waste Streams MetalRecovery Methods & Technology Screening
The project that provides the basis for this article was ofiditxing of metals within a waste stream renders the final treat-
nally completed for an active electroplating facility in thenent product useless to a recycler, inasmuch as no metal can
eastern United States. The facility employs standard ¢lbe-readily separated from the sludge in pure folimvaste
troplating techniques, resulting in the following distinct wassdreams are segregated on the basis of individual metals,
streams: however, the final product of the treatment will be relatively
« A high-flow-rate, low-concentration rinsewater streanpure, making it useful for recyclirigh technology capable
derived from rinse stations following each step in th&f recovering dissolved metals is thus applied to a segre-

plating process; gated waste stream from which each metal can be recovered
« A high-concentration, low-flow-rate acidic waste streafior reuse or resale, and hazardous waste generation is re-
composed of dumped plating baths; duced?

« A high-concentration, low-flow-rate basic waste stream Based on available literature and the following criteria, a
from dumping of sodium hydroxide-based cleaner bathmeliminary screening of recovery technologies was con-
« A cyanide waste stream from dumped cyanide-basgdcted to determine which technologies were applicable to
plating baths and cyanide rinses. the facility. The screening criteria were:
The waste streams are segregated by their respective ¢chem-Technology recovers metals in a form that could be re-
istries. Dissolved metals in these streams are a mixture of used on site, or in a form acceptable to a secondary met-
copper, nickel, lead, tin and iron. The facility has an existing als refiner
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« Capable of meeting the current discharge permit-
ted concentrations in the plant outfall "
« Compatible with the chemistry of the waste stream .

to be treated

e Currently in commercial use
Because copper and nickel represent the largest qu&w—
tity of metals at the facility, this project focused on thelrE
recovery. Based on the preliminary screening, threer
covery technologies were selected for design and ¢
analyses. The three recovery technologies were ion
exchange, segregated precipitation, and electrodeposi-*
tion. A general description of these technologies, along =
with their application are described below. Detailed
discussions of each recovery technology are covered
elsewhere (see references).
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Fig. 1—Segregated flow rates and metals loading.

lonExchange

lon exchange (IX) removes metal ions from a dilut
waste stream by exchanging them for nonhazardc
ions. The exchange takes place on electrically char¢

o

Ul

sites within resin beads. When the sites on the resin = A .,-’f

up with exchanged ions, the IX column is taken of
line for regeneration. Regeneration is accomplished
flushing the column with a concentrated acid. The r
sulting regenerated solution consists of the metal s

.g..i.l'lmn

of the acid. The reactions at the IX resin surface are| «

dependent, and resins have optimum pH ranges s
cific to their manufacturéAt this facility, IX can be
applied to treat the rinsewater stream, as well as !
acid and basic wastes if neutralization is first carrie
out. lon exchange can also be used for copper recov
after cyanide destruction. Fig

Y
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. 2—Operating range for ion exchange systems.

SegregatedPrecipitation . L

The goal of segregated precipitation (SP) is to fol s -
insoluble metal precipitates that can be senttoarefi ...« AL AN -

for metal recovery. This system is basically a standi
hydroxide precipitation system applied to waste strea
segregated by metal. The resulting sludge is relativ
pure in a single metal, which allows metal recovery

be accomplishetiAt this facility, SP can be applied t¢c &
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treat the rinsewater stream, and the acid and bz
wastes, if neutralization is first carried out. Segregal
precipitation can also be used for copper recovery

ter cyanide destruction. K
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Electrodeposition (ED) involves the application Of ele &- s cass. 1w s bty Ko o

trical current to plate dissolved metals out of wastevva-_

ter onto a cathode. It is carried out in tanks equippe ggaumin

with insoluble cathodes and anodes. In service, met

bearing wastewater is passed through the tanks. Cur-
rent passed through the waste stream causes reduction
metal ions, resulting in metal deposition on the catfidde
the anode, various oxidation reactions take place, base

Wbl W, KLy

3—Ilon exchange required capital costs: low-flow, high-concentration, 4-

ofdimglitions in the facility and to provide information on trends
in costs, designs were performed at several flow rates. The
2dlow rates shown in Table 1 were overall mixed metal flows.

the chemistry of the waste stream. After a time, the cathoe design recovery systems, the segregated flow rate and

is removed and the deposited metal recovered. Electrod
sition can be used for metal recovery from the IX regen
tion solutions.

Design
At the time of the sampling snapshot, only a few of the g

epesociated metals loading for each metal had to be deter-

erained. Segregating the overall flow rates was done by de-
termining flows from each step of the plating process and
which metal was used in that step. The resulting segregated
flow rates were 73.8 gal/min and 32.9 gal/min for copper
latnd nickel, respectively. The balance of the original overall

ing lines at the subject facility were operating. To brag
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kiow rate went into a stream containing a mixture of lead, tin
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Tab|e2_DesignAssumptions 4. Separate SP systems for copper and

. : nickel recovery, the same as Item 3, but
Assumption Raiionale&References with reuse of the facilities’ existing fil-

IXDesign :
* Resin capacity for hydraulic loading e Value provided byPref. ;esrsﬂﬁzz t?]rédfaséﬁggi ;;);%r'elgtsmzy%?gj

was 2 gal/min/ft . ) .
* Resin capacity for metals loading * Value provided by tef. fé%'é%i?; Ssel/sstteerrr? and is upgrading to a

was 2.93 Ib metalftesin Lo : .
* Resin specified has optimum pH of 3-4 « Minimized pH adjustment SM;Z?]: 'ngsrgr? ?502;) Po'hr:)ewl'asass of each
e ’

» Maximum pressure loss through resin  « Allowed use of less expensive piping Wi

specified as 70 psi minimizing the required number of reactors o lssues
* Piping spec. as Sched. 40 or 80 PVC  « Based on pressure condition o
. Suﬁfu?ic 2Cid chosen as regenerant * Relatively ?nexpensive To allow metal recovery, it is necessary
* |X reactors are coated carbon steel * Minimized capital cost while allowing to segregate the waste streams into cop-
COITosion resistance per- and nickel-bearing wastes. For this,
' : . > : . . the waste piping system within the fa-
. Bag filters and strainers required -_M|n|m|;ed risk of plugging the resin cility must be modified. For instance,
prior to reactors with particulates instead of having one rinsewater pipe, a
ED Design pipe for copper rinsewaters and one for
* Cathodes were plates, or shot made * Allowed maximum surface area in a nickel rinsewaters would be provided.
of the metal to be recovered minimum space Copper acidic and basic wastes must be
» Anodes were graphite pellets + Corrosion resistant material that kept in separate systems until they are
maximized surface area processed for neutralization. Neutraliza-
* ED tanks specified as fiberglass « Corrosion resistant materials that tion would be accomplished by mixing
or polyethylene minimized capital costs together copper acidic and basic streams
SPDesign together in a holding tank under con-

» Batch operation of sludge dewatering  + Minimizes amount of equipment requit&glled conditions. The facility does not
+ Sludge thickeners sized for 1-2 day « Allows sludge to be accumulated and 9enerate a nickel basic waste. Therefore,
retention time dewatered on a batch basis nickel acidic wastes were stored in a

« Inclined plate clarifiers specified « Minimized footprint required in facility Separate holding system and bled into the
nickel rinsewater stream.

and iron. From these segregated flows, several other [flow
rates and associated metals loads were extrapolated. Fid¢xiDesign
1 shows the range of flows used in design. Table 2 lists the specific assumptions for the 1X design. The
In addition, to assess costs at low flows, designs were|atsain parameter for IX design was the volume of resin re-
performed at flow rates corresponding to 25 percent of theired. This volume was based on either the flow rate or on
above-described segregated flows, with the same metals|ldhd-metals loading, whichever required a greater volume. In
ings. These flow rates and metal loadings (shown in Fig.th¥ course of design, it was apparent that flow rate controlled
were then used for copper and nickel recovery system tlee design in all cases except for low flow/high metals load-
signs. Inclusion of the cyanide stream as a copper wasteimg- Pumps were sized according to pressure requirements
sulted in additional design flow rates for copper wastad flow rates. A pH adjustment system was included in the
streams. The following systems were designed: designs to adjust flows to this range. A regeneration system
was also included. The IX system was stripped down with
1. Separate IX systems for copper and nickel recovery, géitthe automation beyond timers to start and stop the regen-
including: eration cycle.
* pH adjustment system
* Resin columns, surge tank, pumps, valves and pro;,

cess piping SE -
* Batch neutralization systems for the acidic and ba- e
sic wastes B o i < ik st
» Regeneration system = il P P
2. Separate IX systems for copper and nickel recovefy, e
the same as described above, with addition of an T e
ED system to recover metals from the regeneratigr™** i i i
solutions. I~ e
3. Separate SP systems for copper and nickel recovery;*** er
each including: s ek - araema - ne
« Batch neutralization systems for the acidic and ba-~+* ¥ B b Ok
sic wastes 12000 o o T =

* Flocculation tanks, clarifiers and sludge thickeners = _Sr— T

* Surge tank, pumps, valves and process piping
 One lime feeder, dissolving tank, filter press arfoiss s, i daien

sludge dryer for the combined copper and nickgl 4_jon exchange required capital costs: low-flow, high-concentration, 17-
recovery systems. 200 gal/min.

Wilal leading rate, |bodory
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Fig. 5—lon exchange required capital costs: high-flow, low-concentr
38 gal/min.
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Fig. 6—lon exchange required capital costs: high-flow, low-concen
38-152 gal/min.
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Fig. 7—Copper IX operating costs: flow rate 9.5 to 38 gal/min.

EDDesign
Electrodeposition systems were designed to recover cq
and nickel from the concentrated sulfate solutions prod

Pt

il

SPDesign

Table 2 lists assumptions that went into SP design. Be-
cause the facility already uses precipitation processes,
some of the equipment could be reused, such as the
sludge dryer and the filter press. By reusing equipment,
capital costs may be greatly reduced. Reuse of the ex-
isting sludge dewatering equipment assumes that cop-
per- and nickel-bearing sludges would be dewatered
on a batch basis. Each waste stream (copper and nickel)
required a dedicated clarifier. A new lime feeder sys-
tem was included in the design.

+ AT

CostEstimates

Based on the design for each system, detailed cost es-
timates were prepared. Capital costs for installed sys-
tems were determined for each flow rate and associ-
ated metals loading. Table 3 lists assumptions for the
capital and operating costs analyses. Costs were de-
rived from literature and engineering cost estimation
sources. Included in capital costs were piping for seg-
regated waste streams, process piping, pumps, valves,
meters, and electrical equipment, plus labor for instal-
lation. Engineering costs were based on the assump-
tion that these systems would be designed in-house.
Using an outside consultant to perform the engineer-
ing will raise costs. All costs were based on 1996 dol-
lars.

Operating costs were determined from chemical
consumption, power required to operate pumps and
metal resale, if applicable. At the time of this project,
the chosen secondary metals refiner indicated that, for
the quantity of metals generated at this facility, the re-
finer would accept the metals wastes for no chérge.
Acceptance charges vary by refiner and are therefore
specific to each situation.

ation, 9-

4

5
tration,

DevelopmentofCostEstimation Equations
Because costs were specific to this facility, plotting
the costs as a function of either metals loading or flow
rates allowed development of normalized cost equa-
tions. A statistical analysis was performed on each data
set to determine equations resulting in the best fit for
the data. Plotting the data as a function of metal load-
ing rates provided a better statistical fit than did flow
rates. In most cases, it was determined that the data
followed a linear relationship between costs and met-
als loading. The data were found to contain sharp
discontinuities, however, corresponding to changes in
flow rate. Cost equations also had to reference flow
rate, which led to development of Figs. 2 through 12.
Estimation equations are valid over a certain range
of flows (Figs. 2-12). To use the equations, the metal
loading rate (Ib metal/day) must first be determined.
This rate can be estimated from the flow rate of a waste
stream and the concentration of metal within the stream.
Capital cost equations include a fixed cost (represented
pperthe y-intercept in the linear cost equations). This fixed
losmbt represents the price that must be paid regardless of the

during IX regeneration. Table 2 lists parameters used in tr@ume of waste to be treated. Since operating costs consist

design. Sizing of cathodes and anodes was based on s
reaction rate constants derived from refereficdhe ED
tanks were sized based on the volume of regeneration

urdiamnsumable items, a no-flow situation results in a zero
operating cost situation (y-intercept of zero). Use of ED to
sobicover metals after IX results in income from metals resale.

tion from the 1X and the time required for plate-out.

102

This income is linked to the current market price of the metals.
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Fig. 8—Copper IX operating costs: Flow rate 38 to 200 gal/min.
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Fig. 9—Nickel I1X operating costs: Flow rate 4 to 17 gal/min.
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Fig. 10—Nickel IX operating costs: Flow rate 17 to 68 gal/min.

dependent on the type of metal to be removed. Designs
for IX were greatly affected by flow rate resulting from
system hydraulics (flow-through resin beads). It was
found that two distinct operating ranges for X could be
defined, as shown in Fig. 2. The low-flow-rate, high-
concentration range corresponds to concentrated flow
streams, as found in low-flow rinse streams and concen-
trated streams made up of plating baths. The high-flow
rate, low-concentration range corresponds to a high-flow
rate situation with low corresponding metal loads (in-
dicative of dilute, high-flow rinsewater streams). This
operating range required a greater number of columns
for a given metal loading rate to process the volume of
waste effectively.

To use the cost equations for 1X, the operating range
must first be determined from Fig. 2. For example, a metal
load of 12 Ib/day at a flow rate of 80 gal/min results in a
high-flow, low-concentration situation (Point 1 in Fig.
2). Figures 3 through 6 show the cost estimation trends
and equations for the operating ranges. Included in these
figures are capital costs for an X system complete with
tanks, regeneration equipment, and all pumps, piping and
electrical needs; the capital cost for an ED system and
capital for the IX/ED system combined. As can be seen
from these figures, for a given metal load, it is signifi-
cantly cheaper to build and operate an IX system at a
lower flow rate.

OperatingCosts
Operating costs depend on the flow rate of the waste
stream and the metal loading rate. Because recovered
copper and nickel have different resale values per pound,
operating costs must also take into account the type of
metal. The IX system could be operated in three differ-
ent schemes:
* Regeneration solutions could be shipped to a refiner
directly,
* Solutions reused on site if the facility uses metal sul-
fate solutions, or
» Metals could be recovered from the regeneration so-
lutions through use of an ED system.

Because each operating scheme has differing eco-
nomics, equations were derived for each scheme. It was
found, however, that the operating costs did not vary sig-
nificantly as a function of the different operating ranges
(as defined in the capital cost section).

Cost equations are shown in Figs. 7-10. The IX
operating costs consist of resin replacement, power costs,
and costs for chemicals such as regeneration acid and
pH adjustment chemicals. Resin was assumed to require
replacement every five year$olume of chemicals was
calculated based on resin capacity and flow rates, while
power costs were based primarily on required pump power.

The least attractive operating scheme was shipment
of regeneration solutions to a refiner. The nearest refiner

The operations cost equations for IX/ED contain a term timthis facility requires shipment over a distance of 400 miles.

account for the sale price of metals.

Results
lonExchange(IX)
Capiel

Shipping the regeneration solutions to a refiner for disposal
results in significant transportation costs, thereby rendering
this method uneconomical.

Use of ED to recover metals from the regeneration solu-
tions results in additional power costs, but little transporta-

Capital costs for IX are a function of the mass of metal tp ien expense. Recovery of metals for resale through ED al-
removed (metal loading rate) and flow rate, and are not highdyvs at least a portion of the operating costs to be recouped.
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Fig. 11—Selective precipitation required capital costs, 4-200 gal/min.
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Fig. 12—SP operating costs: (a) copper; (b) nickel.
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Seecive  Precipiation SP)

i Costs
The SP capital costs were well represented by a single
linear equation over the flow rate range of 4 to 200 gal/
min (see Fig. 11). Because SP systems consist of tanks,
clarifiers and mixing equipment that constitute a less re-
strictive hydraulic situation than 1X, SP costs are less de-
pendent on flow rate. If the facility already uses precipi-
tation, the existing lime feeder and sludge dewatering
equipment can be reused, thereby lowering capital ex-
pense (see Fig. 11). Such SP systems will require sepa-
rate clarifiers for each metal stream, but sludge can be
dewatered and dried in batch processes by including a
sludge thickener tank with 1-2 days’ capacity.

OperatingCosts

The SP operating costs consist of chemical use, power
costs and transportation. Because sludges must still be
shipped to a secondary metals refiner every 90 days,
sludge transport constitutes a significant portion of oper-
ating costs. Equations for SP are summarized in Fig. 12.
Operating costs for copper and nickel systems were more
indicative of metals loadings and flow rates than of the
metals themselves, inasmuch as no income was derived
from the sludge.

. ComparisonoflXtoSP

Ceptal  Cost

IX systems require less capital cost at low flow rates than
other systems for the same flow and metals loading. For
example, at a metals load of 5 Ib/day (10 gal/min), IX has
a capital cost of $73,060 vs. $97,500 for SP. At higher
flow rates, however, the situation is reversed. At 10 Ib/
day (20 gal/min), IX capital costs are $174,400 vs.
$123,930 for SP. Figure 13 depicts this situation. As can
be seen, capital costs for SP systems do not become
cheaper than capital costs for IX systems until flow sur-
passes about 11 gal/min.

" OperatingCost

To provide an example based on the time of the sampling
snhapshot, consider the case where nickel waste streams
are flowing at 33 gal/min, with a total metals loading of
7.75 Ib/day (Table 1). Using the appropriate operating cost
equations from Figs. 10 and 12, an SP system would cost

$26.75/day to treat those waste streams. If nickel was sell-

The cost effectiveness of the IX/ED system is linked to|tlwg for roughly $3/Ib, however, an IX/ED treating the same
current price of metals; therefore, the operating cost eguaaste streams would actually generate a small profit of $0.85/
tions contain a term to account for the price of the metal.day. As can be seen from this example, IX/ED can be oper-
these equations, a negative cost would result from incoated more cheaply than SP. The IX/ED system would cost
from metals sales greater than operating costs, thereby|imilére to build, however, than a comparable SP system
cating a profit. Using the equations, the break-even price {$466,500 for IX/ED vs. $112,040 for SP). Operating costs
the metals can be determined for a specific metals loadarg a function of many factors, such as metal resale and re-
by setting the operating costs to zero and solving for the|cfimer acceptance charges. A comparison between IX and SP
rent price.For instance, nickel wastewaters in the 4-17 galhould be specific, therefore, to the operational situation. If
min, 10 Ib/day range had a break-even nickel price of $1.938brecovery system is desired, a facility-specific comparison
Reuse of regeneration solutions on site also greatly |osirould be made to determine which system will result in the
ers costs (no transportation). The cost effectiveness df lmwvest operating costs.
generation solution reuse, however, is also linked to the mar-
ket price of metals. Because the study facility did not juSenclusions
sulfate solutions as plating materials, this aspect wag fbterall, for a given metals load, it is significantly cheaper to
explored, and the operating cost equations do not reflect dawild and operate a metals recovery system at a lower flow
ings resulting from solution reuse. rate. Lower flow rates allow the size of equipment to be mini-
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Table3—AssumptionsforCapital Costs

Assumption

* Electrical costs were 20% of project

* Engineering costs were 5% of project

* Site preparation work (excavation, etc.)
was 10% of total project costs

* Tanks are all plastic, costing $6.50/gal,
including installation

* Plant waste piping required roughly 600 ft
of 40 PVC pipe per segregated waste stream

AssumptionsforOperatingCosts

* Yearly costs based on 250-day working yr

» Work day based on eight hr

» Transportation to a refiner would require a
400-mile trip

* Transportation cost was $122/ton-trip

« Standard co
* Standard co

» Standard for

located approx.
* Value derive
for a 400-mile tr
* Metal recovery systems will not increase
operator time and cost

» Pumps and motors were 70% efficient

* No refiner acceptance charges for sludges ¢ Value provi

Rationale&References
« Standard cost féctor

» Cost factor derived from reférence
for polyethylene or fiberglass tanks
* Value specific to the study facility

It should be noted that the cost
estimation equations in this article
are intended to give rough estimates
in 1996 dollars. Because the situa-
tions governing waste generation are
ultimately very specific to each fa-
cility, these equations are not in-
tended to give a detailed, construc-
tion-ready cost estimate.

st factor
st factor

Editor’s note: Manuscript received,
February 1998.

« Standard for this facility

this facility SummaryofAbbreviations

* The refiner chosen for this analysis iRCRA—Resource Conservation and

400 miles away Recovery Act
d froni aefd corrected WWTP—Wastewater Treatment
ip Plant

* The facility already employs a full tim€—Capital cost in dollars
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