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Abstract

A leaching method similar to the toxicity characteristic leaching procedure (TCLP) was designed and evaluated for testing of bulky wastes,
such as discarded electronic devices. The objective was to meet the intent of the TCLP (same leaching solution, liquid-to-solid ratio and same
leaching time) but to allow more representative and rapid testing. The procedure was evaluated by examining lead leaching from computer
CPUs as a test case; disassembled CPUs were leached in their entirety (or close to entirety) in a large vessel using a drum rotator. The
difference in rotation speed between the large-scale test and the TCLP was found to have no statistical impact on lead leaching. The lack of
size reduction resulted in less reducing conditions than the standard TCLP (because of increased iron and zinc leaching), and this resulted in
greater lead leaching. For electronic wastes with large amounts of steel, the large-scale procedure provides a more conservative estimate o
TCLP lead leaching. The large-scale procedure greatly reduces sample processing effort but does increase the cost of analysis. Evaluation o
this approach by the regulatory community is important as the CPUs tested here tended to leach lead at greater than the toxicity characteristic
(TC) limit (5 mg/L) using the large-scale test, but less than the TC limit using the standard TCLP.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 37% lead) is the most common solder alloy used in electron-
ics today[3].

The growing need for cheap, reliable and efficientcomput- ~ Although individual components encountered in elec-
ing power has resulted in an increasing number of computertronic devices have been found to leach lead at concentrations
CPUs entering the municipal solid waste (MSW) stream. The greater than the RCRA TC limit (CRT[8], PWBS[5,6]), the
National Safety Council estimated the number of personal TC status of a device is impacted by the entire composition
computers becoming obsolete in the US between 1997 and7]. In order for generators to comply with existing US waste
2007 at more than 20 milliofi]. In the US, computer CPUs  regulations, there is a need to determine the TC status of elec-
have the potential to be classified as Resource Conservatiorironic devices such as computer CPUs. The TC status of a
and Recovery Act (RCRA) toxicity characteristic (TC) haz- solid waste is determined by performing the toxicity char-
ardous wastes as they are known to contain elements, suclacteristic leaching procedure (TCLP), a method developed
as arsenic, barium, cadmium, chromium, lead, mercury andby the US Environmental Protection Agency (USEH8)).
silver. Reports document that approximately 6.3% of a typ- The TCLP was designed to simulate the plausible worse-
ical computer is composed of lead, a majority of which is case leaching scenario that might occur when a solid waste
attributed to the cathode ray tube (CRZ). Lead also occurs  is co-disposed in a MSW landfill. Limitations to the TCLP
in printed wire boards (PWBSs); tin/lead solder (63% tin and have been identifiefs,9—-11] but the procedure remains the

testing requirement that waste generators must follow.
* Corresponding author. Tel.: +1 352 392 0846; fax: +1 3523023076, P rescribed as part of the TCLP methodology are the

E-mail address: town@ufl.edu (T. Townsend). sample mass (100g), waste particle size (<0.95cm),
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liquid-to-solid ratio (20:1), speed of the rotary extractor plastics and wires/cables. The manufacturer and model of
(30£ 2rpm), time on the extractor (B2 h) and extraction  each CPU is shown ifiable 1 Forty of the collected CPUs
fluid composition (glacial acetic acid and 1N sodium weretestedtocompare the results betweenthe standard TCLP
hydroxide; pH 4.93t 0.05). Within the bounds of the testing  and the modified large-scale TCLP. Three methods were per-
protocol, the analyst must determine how best to size reduceformed on each of the eight CPU models collected: (1) alarge-
the waste and how best to collect a sample representative oscale TCLP on disassembled CPUs, (2) a standard TCLP on
the waste as awhole; this can prove difficult for bulky devices samples of mechanically shredded CPUs and (3) a standard
such as computer CPUs. Laboratory grinders commonly TCLP on manually size-reduced (i.e., hand cut) CPUs.
used for sample preparation are ill equipped to process large
items and materials containing components having different 2.2. Standard leaching procedure: TCLP
mechanical properties (e.g., plastic versus steel). Electronic
equipment recycling facilities often use large-scale industrial ~ Two techniques for conducting the standard TCLP, each
equipment (e.g., shear shredders) to size reduce electronieneeting the requirements of the method, were performed on
scrap; such equipment, however, is not readily available for 23 of the CPUs. Eleven CPUs were shredded by passing the
routine testing and in most cases will not provide adequate entire CPU through an industrial shear shredder located at an
size reduction for the TCLP. Manual size reduction using electronic equipment demanufacturing facility in Largo, FL
devices such as shears is an option, but it is difficult, time and equipped with 5 cm blades (SSI Series 40H Model 2000-
consuming and may introduce human bias into the sampleH). Since the materials did not meet the TCLP size require-
preparation process. Selecting a representative sample can bment after passing through this shredder, each CPU was
difficult due to the various materials of differing properties passed through a second shear shredder located at SSI Shred-
that comprise discarded electronics. ding Systems Inc. headquarters in Oregon, reducing the mate-
The research presented in this paper was conducted inrial nominally to 1.9 cm (SSI Series 22Q Model Q55ED(40)).
support of an effort to determine the likely TC status of The shredded CPUs were placed in plastic storage contain-
a number of different types of discarded electronic equip- ers and transported to the laboratory. Six 100 g samples were
ment[12]. A leaching method was developed and tested to collected from each CPU and placed on a 0.95 cm sieve. Any
address the difficulty in applying the TCLP to bulky and het- material that was retained on the sieve was further processed
erogeneous waste materials. It was designed to represent &y manually size reducing (i.e., hand cutting) the pieces until
large-scale version of the TCLP in which an entire electronic they were capable of passing the 0.95 cm sieve.
device is placed into a large extraction vessel and leached; the Twelve CPUs were disassembled and portions of the five
TCLP requirements for liquid-to-solid ratio, extraction time major material categories were selected at random. The mate-
and extraction fluid are maintained. The scaling of the TCLP rials were then manually size reduced (hand cut) using shears
for larger sample sizg43] and smaller sample siz§s4,15] to a size capable of passing the 0.95 cm sieve; 100 g samples
has been reported previously. The major difference betweenwere created corresponding to the component distribution
the testing protocol examined here and the TCLP is that thedetermined during sample collection and disassembly.
samples are not size reduced; devices are disassembled into Each 100g CPU sample was placed into a 2L extrac-
primary components before leaching, but they are not fur- tion vessel. Two liters of TCLP extraction fluid #1, which
ther processed. It was hypothesized that (1) disassembledconsists of 11.4 mL of glacial acetic acid and 128.6 mL of
devices would be more representative of the condition that 1N sodium hydroxide solution diluted to 2L with reagent
such devices would exist as when disposed in a landfilland (2) water, was added to the extraction vessel. The initial pH of
leaching concentrations for disassembled devices would bethe TCLP extraction fluid was 4.980.05. Initial measure-
conservative (i.e., size reduced devices would leach more tharments of the pH, oxidation—-reduction potential (ORP), and
disassembled devices). In this experiment, computer CPUsdissolved oxygen (DO) were recorded. All pH and ORP mea-
were examined as a test case, with lead investigated as thesurements were made using an Orion Model 710A+ benchtop
element of greatest concern. meter equipped with an Orion Model 91-55 combination pH
electrode and an Orion Model 91-79 ORP platinum triode.
The pH probe and meter were calibrated with standard buffer

2. Materials and methods solutions (4.0, 7.0 and 10.0) with a three-point calibration.
The ORP probe and meter were calibrated using a reference
2.1. Sample collection and processing standard (475 mV) in the relative millivolt (RMV) mode and

all measurements were in RMV. Dissolved oxygen measure-
Computer CPUs were collected from a demanufacturing ments were collected using an YSI Inc. Model 55 handheld
facility and alocal household hazardous waste collection cen-dissolved oxygen meter. The samples were placed on arotary
ter. A total of 43 personal computer CPUs were collected. extractor and rotated at 302 rpm for 18 h. The leachates
Each CPU was completely disassembled and separated intavere then filtered through a Ouim glass fiber filter using
five material categories to determine the CPU composition pressure filtration and preserved with nitric acid for metals
and total weight: PWBs, ferrous metals, nonferrous metals, analysis[16]. In addition to collecting the filtered leachate,
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Table 1

Summary of computer CPU test methods

Manufacturer/model Sample number  Standard TCLP mechanicallgtandard TCLP hand cut Large-scale TCLP disassembled
shredded

Number of CPUs tested

Sun Microsystems SPARK Station 2 1-8 3 2 3

Compag ProLinea 4/66 9-12 2 1 1

IBM PS2 55SX 13-16 1 1 2

NCR 6020 17-20 1 2 1

Oli M4 Module M464 21-28 2 2 4

Network General Sniffer Server 29-32 1 1 2

AT&T Globalyst 550 33-36 1 2 1

Compag Prlinea 4/33 37-40 0 1 3

Total 11 12 17

samples of unfiltered leachates were also collected and pre2.5. Impact of extractor speed
served to determine possible differences by filtration.
The TCLP requires the rotation of the samples at

2.3. Modified leaching procedure: Large-scale TCLP 30+ 2rpm. However, the rotator used in the Iargg—scale

TCLP was only capable of 13 rpm. To determine the impact
of the slower extractor speed on lead leachability, three sam-
ples of a “synthetic” CPU mixture were tested at 0, 13 and
28 rpm using the standard TCLP (USEPA Method 1316).

The modified TCLP was performed by leaching an entire
computer CPU using a large-scale version of the TCLP
method. A 55 gal extraction vessel (high density polyethy- ) .
lene (HDPE) drum) was placed on a Morse 1-300 Series, Samples of 100 g were prepared by manually size reducing

Endover Drum Rotator (Morse Manufacturing, East Syra- (i.e., hand cutting with shea'rs) a “synthetic.”.CPU mixture
cuse NY) and a sufficient volume of TCLP extraction fluid to pass through a 0.95cm siefs$]. Five add|t!onal CPl_Js
#1 was added to the drum to maintain a 20:1 liquid-to-solid "We'® collected atrandom to create the synthetic CPU mixture.

ratio. For example, a 10 kg CPU required 200 L of extraction Approxim?tely 500fg . ':WB' 24049 Olf plgstic, 22?0 g offer-

fluid. The maximum sample mass possible for the large-scale®US Metal, 170 g of nonferrous metal and 100 g of wires were
TCLP was 10kg due to volume limitations of the extraction 'andomly selected from each of the five CPUs. Each material
vessel. For samples larger than 10kg, representative fraclYP€ Was combined and mixed. The “synthetic” CPU sam-

tions by weight of each material type were chosen at random ples were prepared by mixing th_e differing _materlal _types
to obtain a 10 kg sample. to match the component composition determined previously.

The extraction fluid was mixed by rotating the solu- 1hus: €ach 100g sample was comprised of 15.8 g of PWB,
tion on the drum rotator. Initial measurements of the pH, 7.5 of plastic, 68'2,9 of ferrous metal, 5.4 g of nonferrous
oxidation-reduction potential and dissolved oxygen were metal and 3.1g of wwes/cable;. Three samples and a blank
recorded. The disassembled CPU was placed into the extrac¥V'® tested for each of the rotation spe_eds (0,13and 28 rpms).
tion fluid and rotated end-over-end at a speed of 13 rpm for The ;amples were prepared, rotated, filtered and preserved as
18h. After rotation, samples were obtained from the bottom Préviously described.
of the extraction drum and the final pH, DO and ORP of ) .
the leachates were measured. Filtered and unfiltered TCLP>0- Time studies
leachates were collected and preserved using the identical

procedures used in the standard TCLP. A series of tests were conducted to investigate lead leach-

ability from CPUs as a function of time for the large-scale
TCLP method. The standard TCLP was developed under the
2.4. Digestion and analysis of leachates assumption that the leaching solution chemistry would be at
equilibrium after approximately 18 h. Since the CPUs were
Although lead was the primary metal of concern, other not size reduced, the time tests were conducted to assess
studies have shown that the presence of iron and zincwhen equilibrium conditions at the larger particle size of the
can affect the resulting lead leachate concentrafiof]. waste (relative to standard TCLP) would be obtained. Three
Therefore, analysis of lead, iron and zinc were performed CcpuUs, two of which were identical models, were leached in
by digesting the samples using the hotplate acid diges-the large-scale vessel for approximately 90 h. Throughout the
tion procedure (USEPA Method 3010£96]. The digested  testing period, 2 L of leachate were collected approximately
samples were then analyzed using USEPA Method 6010Bevery 9 h for analysis. Fresh extraction fluid was not added to
(Inductively Coupled Plasma-Atomic Emissions Spectrom- replace the sample, thus the liquid-to-solid ratio of the sample
etry) on a Thermo Terrell Ash Trace Analyzer ICP gradually decreased below 20:1 over the period of the exper-
[16]. iment. However, the ratio was greater than 19:1 after 90 h.
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Samples were collected of filtered and unfiltered leachateto an orange (rust) color as time progressed, an indication

and preserved using the prescribed procedure as before.  of iron oxidation. The lead concentrations measured in the
filtered leachates ranged from 1 to 10 mg/L, while the iron
concentrations ranged from 13 to 341 mg/L. The zinc con-

3. Results centrations in the filtered leachates varied between 116 and
167 mg/L and did not change greatly with time. The high-
3.1. Impact of extractor speed est lead concentrations (6—10 mg/L) measured in the filtered

leachates occurred between 18 and 27 h of rotation. After

Although the TCLP requires samples to be rotated at 27 h the lead concentration decreased below the 5mg/L TC
304 2 rpm, the large-scale TCLP extractor was only capable limit, but did begin to increase again over time. Iron con-
of 13 rpm, requiring determination of the change in speed on centrations in the filtered leachates increased with time and
test results. Results of the extractor speed study are presentegeaked between 45 and 60 h at concentrations ranging from
in Fig. L A Student's-test (= 0.5) performed on the results 292 to 341 mg/L. After approximately 60 h, the iron concen-
indicated that lead and iron concentrations in the standardtrations in all three samples decreased somewhat during the
TCLP leachate were not significantly different between the remainder of the experiment.
samples rotated at 28 rpm and the samples rotated at 13rpm. The pH of the TCLP leachate measured in Samples 1,
Therefore, the speed of the large-scale extractor was con-2 and 3 peaked between 45 and 60 h of rotation with val-
cluded not to be a factor. ues of 5.47, 5.42 and 5.44, respectively. After 60 h the pH

Results also showed that the lead concentration measuredended to decrease with time to values ranging from 5.22 to
in the TCLP leachate was significantly higher in the sample 5.30 at approximately 90 h. The ORP of the leaching solu-
that was not rotated (0 rpm). Conversely, the iron concentra- tion fluctuated throughout the study and peaked between 9
tion in the O rpm sample was significantly lower (Student’s and 27 h, ranging from 55 to 153 RMV. Measurements indi-
t-testa =0.05). The impact ofiron and zinc leaching fromthe cated that the TCLP leaching fluid in the large-scale vessel
steel content of the computer CPUs was recently examinedremained an oxidizing environment during the duration of the
[7] and this impact will be discussed throughout this paper. In experiment.
the rotation speed experiment, lead ions, normally oxidized In the same fashion as has been reported by Kefitig|!
in the TCLP solution to the divalent Ph were reduced to  for the impact of added iron waste to lead-bearing foundry
metallic lead by iron and zinc in the leachate, thus decreas-sand, it is believed that the initial lead leachability was domi-
ing the amount of lead releasgty]. In the Orpm sample, it  nated by the oxidation—reduction process. Lead leaching was
is thought the lack of mixing allowed an oxidation layer to affected by the preferential oxidation of metalliciron and zinc
form on the iron, decreasing the amount of iron available and in the solution. As time progressed beyond approximately

increasing the quantity of lead entering the solution. 30 h, lead leachability was impacted by adsorption to hydrous
ferric oxide (HFO); iron continued to oxidize and form HFO,
3.2 Time studies which adsorbed the Bbin solution. This allowed additional

lead to leach into solution as evidenced by the relatively con-
The lead and iron results of the large-scale TCLP time stant lead concentrations measured in the filtered leachate
studies are presented for three different CPUSign 2 This samples._The lead adsorbed to_ the _HFO was remov:_ad during
figure also provides a comparison of the filtered and unfil- _the filtration process, and as tl_me increased, the_dlfference
tered leachate results. In all three runs, the leachate sample¥? the lead and iron concentrations between the filtered and
were visually observed to change from an initial gray color _unﬁltergd samples mcyeased. Zinc congentratlons meqsured
in the filtered and unfiltered samples did not greatly differ,
which indicated that zinc was not adsorbed,; this follows pre-
100.00 vious work that shows that zinc is not significantly adsorbed
to HFO at pH values below [17].

g
:

10.00
3.3. Comparison of standard TCLP and large-scale

TCLP

1.00 1

Results of the TCLP method comparison are presented
in Table 2 The lead concentrations measured in all of the
leachates ranged from 0.2 to 21.4 mg/L with 14 of the 40
At R CPUs tested exceeding the 5mg/L TC limit. Of the 14 CPUs
ORPM | 13REM 8 RPM that exceeded the TC lead limit, 13 were tested using the

Pb O Fe large-scale TCLP method and one was tested using the stan-
dard TCLP method (shredded). Shredding the CPUs did not
Fig. 1. Impact of rotation speed results. greatly impact the lead concentration in the leachate when

Concentration (mg/L)

0.10

0.01 -
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compared to the samples that were hand cut. Iron concen-through 8 presented iRig. 3. In general, the lead concen-
trations ranged from 6 to 255 mg/L and zinc concentrations trations measured in the leachate of the large-scale method
ranged from 27 to 156 mg/L. were higher than those of the standard TCLP method. The
The final pH measurements of the leachate ranged fromiron concentrations of the large-scale TCLP were equal to
4.99 to 5.26 for samples produced using the standard TCLPor greater than the standard TCLP method on a majority of
and from 5.03 to 5.32 for samples produced using the large-occasions. The zinc concentrations tended to vary among
scale TCLP. The ORP and DO measurements indicated thatall of the samples and were not impacted by the testing
the large-scale TCLP produced a more oxidizing environ- method.
ment than the standard TCLP method. Prior to leaching, DO  The pH, ORP and DO data from the Sun Microsystems
measurements in the large scale system averaged 7.30 mg/ICPUs, samples 1 through 8, are presentdeign4. The pH
and decreased to an average of 3.03 mg/L following leach- measured in the leachates ranged from 5.04 to 5.19 and did
ing. For the standard TCLP tests, DO values started at annot greatly differ between the testing methods. However, as
average of 5.90 mg/L then decreased to 0.56 mg/L after leach-seen in the overall averages, DO and ORP were impacted
ing. The average ORP measurement of the leachate fromby the testing method. The DO measurements of the
the standard TCLP decreased during leaching from 286 tolarge-scale TCLP started at greater values (7.15-8.35 mg/L
—185RMV while the large-scale TCLP decreased from 294 versus 4.27-5.50mg/L) and finished at greater values
to —2.6 RMV. The ORP measurements from the large-scale (2.95-3.85 mg/L versus 0.25-0.42 mg/L) than those in the
TCLP were positive on a majority of occasions. standard TCLP tests. The final ORP ranged from 14.5 to
Typical results for lead, iron and zinc are exemplified 124.1RMV in the large-scale TCLP and from310 to
by the results of the Sun Microsytems CPUs, samples 1 —98 RMV in the standard TCLP tests. The leaching solution

10000 10000

1000 L 1000 SR
—_ _ﬂ..’v-—v"‘v - 3 —V"-—v} e
o — o —
% _}4" -'F--.___-‘ E{J /ﬁ;v-—-— v-.,__‘-“'
E 100 4 = Z 100 ./-/
o (=]
k= {/ Lon© -2 ‘f oo’
] TR 5] WO,
=] 10 [l et L b = 10 J0meacr” o
= m\/f Q=) W
o ot
o |5
= =}
S <
o 1 o] 1
0.1 . . . . 0.1 ‘ ‘ ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
(A) Hours (B) Hours
10000
_ 1000 JE——
ST ———
Eﬂ LT - e ————
100
= i/
=
£ 10
o
[}
[¥]
[=]
S
&) 1
0.1 T : : ;
0 20 40 60 80 100
(C) Hours

=—————Pb Concentration Filtered Samples

"""" Onaenes Pb Concentration Nonfiltered Samples
——=—v——— Te Concentration Filtered Samples
—+=—-=—-=- e Concentration Nonfiltered Samples

Fig. 2. Comparison of metals results from TCLP time study experiments: (A) Sample 1, (B) sample 2 and (C) sample 3.



106 K. Vann et al. / Journal of Hazardous Materials B129 (2006) 101-109

10 120
8 100
80
6 =
=) S
£ E 60
£ 4 i
40
2 20
Shredded La Hand C 0
(A) rge and Cut (B) Shredded Large Hand Cut
180
160

140
120

Zn (mg/L)
2

Shredded Large Hand Cut

©

Fig. 3. Metal concentrations from method comparison for Sun Microsystems CPU (A) lead concentration, (B) iron concentration and (C) zinciepncentrat

5.20
100
5.15
~ 0
-~
= Z
5.10 =
= a, -100
=4
C
305 -200
0 7 Shredded La Hand C
Shredded Large Hand Cut arge and Cut
(A) (B)

DO (mg/L)

0
(©) Shredded Large Hand Cut

Fig. 4. Laboratory measurements from method comparison for CPU #1-8: (A) Final pH, (B) final ORP and (C) final DO.



Table 2

K. Vann et al. / Journal of Hazardous Materials B129 (2006) 101-109

TCLP leachate concentrations for differing methods
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increased the surface area of the steel exposed to the leaching
solution. In addition, since the steel in a computer tends to be

CPU  Processing ~ TCLP method Lead  lIron Zinc coated with a thin galvanizing layer of zinc, the size reduc-
method (mglL) (mglL) (mglL) tion process resulted in more raw steel (iron) being exposed
1 Shredded Standard 14 92 112 to the leaching solution. The size reduction step likely had
2 Shredded Standard 6.0 38 107" only a minimal impact on creating more surface area for lead
2 Shredded Standard 1.00 86 103 ° |eaching, as the initial size of tin-lead solder on the PWBs was
isassembled  Large-scale 9.0 104 143 " ) . .
5  Disassembled Large-scale 9.0 94 153 small. The additional iron and zinc exposed to the leaching
6 Disassembled  Large-scale 8.0 93 156  solution caused the TCLP leaching environment to become
7 Manual Standard 0.5 50 105 more reducing, consuming the DO and &hd lowering the
8  Manual Standard 0.4 11 118 ORP, which reduced lead leachability. This was observed by
1?) gzredded Standard 1.1 106 8 the negative ORP measurements and the greater DO con-
redded Standard 0.9 85 122 . . -
11 Disassembled  Large-scale 55 255 128  Sumption in the samples that were tested using the standard
12 Manual Standard 0.3 18 147 TCLP.
13 Shredded Standard 32 84 128 The leachates of the large-scale TCLP were more oxi-
14 Disassembled  Large-scale 214 117 81 dizing than the standard TCLP as evidenced by the positive
12 Eﬂ'zsjzfmb'ed S';:;%i'rzca'e ;%4 21032 L 43 2 ORP measurements and relatively higher DO concentrations.
17 Shredded Standard 1.0 119 99 Inthe large-scale procedure, solution preparation introduced
18 Disassembled  Large-scale 9.5 127 103  more dissolved oxygen into solution by mixing the TCLP
19 Manual Standard 0.4 24 130 solution in the vessel. Additionally, the components were not
20 Manual Standard 0.5 31 122 sjized reduced, limiting the amount of iron and zinc exposed
g; gﬂ::ggzg ggzgig ig 122 ;4'; to the solution. To verify the effects of the size reduction
23 Disassembled  Large-scale 5.3 65 21 upon the solution ORP and DO, samples of the shredded
24 Disassembled  Large-scale 3.1 24 33 CPUswere leached in the large-scale apparatus and the ORP
25 Disassembled  Large-scale 15.5 131 27 and DO recorded. The final leachates of the shredded CPU’s
26 Disassembled  Large-scale 4.0 62 34 tested in the large scale device were lower in both ORP and
g m:zz: g:z:gz:g gf 52 ﬂg DO (=102 RMV: 1.30 mg/L) when compared to disassem-
29 Shredded Standard 13 111 111 bled CPUs leached in the large scale devie2.6 RMV,
30 Disassembled  Large-scale 0.6 44 99  3.03mg/L), supporting the concept that the greater the iron
31  Disassembled Large-scale 0.5 50 101 surface area, the greater the impact on oxidation—reduction
32 Manual Standard 0.3 35 106 chemistry of the solution.
2431 g?srzs::zble J Sngiigale %‘_51 11‘;'32 111114 ~ Analysis of the unfiltered samples indicated that the lead,
35 Manual Standard 0.2 6 168 iron and zinc concentrations did not greatly differ from the
36 Manual Standard 0.1 19 129 concentrations measured in the filtered samples during both
37 Disassembled  Large-scale 8.4 201 215  TCLP methods evaluated in this study. This indicated that
38  Disassembled  Large-scale 71 253 160 although the large-scale TCLP produced a more oxidizing
431?) “Dﬂ'zsizfmb'e‘j S';aa;%‘:rzca'e 0%6 2?7 134 environment, lead leachability was not impacted by adsorp-

tion by hydrous ferric oxide. This was expected since the
time study results indicated that adsorption by hydrous ferric

in the large-scale TCLP test was more oxidizing than the oxide did not occur until after 30 h of rotation.
leachate of the standard TCLP.

The difference between the standard TCLP and the large-
scale TCLP can be explained by understanding the oxida-4. Discussion
tion/reduction capabilities of metallic iron, zinc and lead. The
electrode potentials, with respect to the oxidization of the
metal to divalent ions of zinc{0.76 V) and iron £0.44 V)
are higher than lead—<0.126 V), which means that both
metallic zinc and metallic iron can reduce®lions that are

The standard TCLP method has requirements that often
make it difficult to perform on electronic devices, such as size
reduction and mass of the sample being tested. The largest
issue with performing the TCLP on electronic devices is
leached into solutiofil8]. As iron is oxidized, it consumes obtaining a representative size-reduced sample of the device.
dissolved oxygen and hydrogen ions'fiHcausing the TCLP  In addition, size reducing an electronic device such as a CPU
solution to become more reducing and increasing the solu-is difficult due to the large bulky nature of the components.
tion pH[18]. The fact that pH did not change greatly in these CPUs, for example, are composed of a high percentage of
experiments is likely a result of the buffered nature of the steeland other metals that are difficultto cut or grind. The use
TCLP solution. ofindustrial shredders for processing electronic devices is not

In the standard TCLP, the CPU components were practical because they oftenlead to sample loss and cross con-
decreased in size. Size reduction of the components greatlytamination, in addition to not meeting the size requirements.
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Manual size reduction (i.e., hand cutting) using small-scale does not specify oxidizing or reducing conditions; this can be
laboratory equipment is the only reasonable option; this is controlled within the framework of the test to some extent by
difficult and very time consuming. It is often left to the tech- changing the head space volume or composition, which can
nician that is performing the test to select the components thus have animpact on leaching res{dtk,19] The reducing
and to process them for testing, which can introduce humanconditions in the small scale test of computer CPUs are an
bias into the results. artifact of the particular waste composition. Since the TCLP
A modified procedure was developed to allow testing of does not provide a minimum particle size, a generator could
an entire device by scaling up the TCLP. The intent was to in theory continue to reduce TCLP lead concentrations of a
design a procedure that met the basic intent of the TCLP butwaste by even more aggressive size reduction.
would permit more representative testing. Several advantages The authors conclude that the large-scale testing proce-
to using the proposed large-scale TCLP for testing of devicesdure provides value in that it allows testing of devices that
such as CPUs are evident. The modified procedure allowswould otherwise prove too difficult to examine without great
an entire electronic device to be tested (or nearly an entire effort and expense. Recent work (to be reported elsewhere) is
device). This reduces possible analyst bias introduced whenusing the large-testing protocol as part of a study examining
collecting the sample and processing it for testing, and resultsthe TC of a variety of electronic devices. The acceptance of
in a sample more representative of the device as a whole. Asthe results of the large-scale test by the regulatory commu-
demonstrated here and in a related st{ifly even compo- nity remains to be seen. Aside from the potential regulatory
nents that do not contain the toxic element of interest can significance of this work, the results add to the current under-
have a notable effect on TCLP results for that element. The standing of the TCLP and its limitations for some waste
method is clearly advantageous with respect to the time andstreams and elements.
effort of processing a given sample.
It is important to recognize that the large-scale method is
not the TCLP; itis a different test designed to meet the intent 5. Conclusions
of the TCLP. The leaching solution, liquid-to-solid ratio and
leaching time are maintained the same as the standard pro- A modified leaching procedure was designed to meet the
cedure. The rotation speed differs, but this was found to be intent of the TCLP but to allow more representative sampling
inconsequential. A greater sample mass is used, but this isof bulky, heterogeneous wastes such as electronic devices.
matched by a greater leaching solution volume; the use of The procedure was evaluated by examining lead leaching
larger sample masses has preced&Bt The largest depar- from computer CPUs as a test case. The primary differ-
ture from the defined TCLP methodology is the lack of size ences between the large-scale test and the standard TCLP
reduction. The results indicate that size reduction of com- were the sample size, the rotation speed and sample process-
puter CPUs does have an impact, but one different than thating. The larger sample size was considered a benefit because
first hypothesized. In most cases smaller particle sizes (withit permitted a more representative sample to be tested; the
increased surface area) result in greater leachate concentrdiquid-to-solid ratio was maintained the same as the TCLP.
tions; in this case, the size reduced CPU samples createdrhe rotation speed difference was determined to have no
more reducing conditions in the leachate (due to increasedstatistical impact on lead leaching. The lack of size reduc-
iron and zinc leaching) which resulted in lower dissolved lead tion resulted in less reducing conditions than the standard
concentrations. Additional factors for consideration are the TCLP (because of increased iron and zinc leaching), and this
increased dissolved oxygen levels within the large-scale rota-resulted in greater lead leaching. For electronic wastes with
tor and its head space, proven to be a factor in prior researchlarge amounts of steel, the large-scale procedure provides a
by the author$7]. more conservative estimate of TCLP lead leaching. The large-
The use of the large-scale method should result in greaterscale procedure greatly reduces sample processing effort but
lead concentrations than the standard TCLP for wastes ofdoes increase the cost of analysis.
similar characteristic. The opposite phenomenon might be
observed for other waste types and other elements (i.e.,
greater leachability using the standard TCLP); testing of addi- Acknowledgements
tional waste types should be conducted. The utility of the
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