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Introduction

European reglatory requirements have created a need to define whether or not metals are removed from
freshwaters and in a timely manner, reducing their potential for adverse eabédfgcts. Discussions

among industrnand academic scientists of the Environmemtaticity Advisory Panel (ETAP) suggested
research in this area as a priority. Metatwironmental Research AssociatigMERA) decided to fund

a research effort to begin addressing the issue, of which this project is one conmmhethby the
International Copper Associatiomhe overall goals of this research project were to

1) Initiate research tdemonstrate substragssociatedu removalfrom the water column using a
range of freshwater substrate types

2) Develop and optimize &ransformation/Dissolutin ProtocoExtended TDP-E) based on the
OCED 29 method; and

3) Initiate research to better demonstithiat, onceCuis removed from the water columihis not
released from substrates during remobilization in an ecologically significant manner.

Specificproject aims were to:
1) Select from a variety of substrat@suitable substrafer conducting metal removal studies;

2) Demonstrate a neWDP-E method and its ability to remove Cu from the water coluemoval
using various low binding potential (LBP) sirages(TDP-E part 1)

3) Evaluate remobilization of Cu after removalliDP-E testing(E-TDP part 2) and

4) Begin studies on the role of pH, Eh and Kd inTi#P-E and mesocosm systef@ECD 308)to
determinetheir role in irreversibility.

Following discusi®ns with scientistérom MERA, a series of experiments were designed to evaluate
their influence ofCuremoval from the water damn. These initial tesiacludedthe following
evaluations: Comparisons of thregbstrags, introduced as dry or wet apié-incubatedvet or non
incubated; Th@H responséo the introduction of C&ln the TDP-E; Water removaeéfficiency of bedded
substrat§d OECD 308andTDP-E); and Cu response to folleup remobilization in th& DP-E.



Methods. Optimization of the Transformation/Dissolution Protocol Extended

The effect of varying selectedmerimental parameters in tAi®P-E protocol was evaluated. An
overview of all tests that were conducted is givefablel. Unless otherwise stipulated, all tests were
conducted accomdg to the followingfibasic protocol 0

Basic protocol Part 1

1.

Flasks are filled with 1 mg/L dissolved metal solution (prepared from a soluble salt of the
relevant metal) in 1 L 10x dilute OECD 203 medium. Procedural blanks containing only 10x
dilute OECD ®3 medium are included

a. Two replicates per treatment
Prior to experiment, all solutions are bubbled with 0.5% CBalance air for 24 h to maintain
pH 6.
Prior to substrate addition, a backgrouridi{) sample is taken from each flask. This serves as
stating value of metal solution (i.e. to calculaterémoval throughout experiment)
Upon initiation of the testlO grams ofubstrate are added to the flasks. The flasks are
subsequently homogenized by shaking for 1 minute at 100 r.p.m anidal shaker.
The solutionsare allowed to react f@6 h or28 days in static conditions. Bubbling with 0.5%
CO; i balance air is maintained throughout the experim&atmplesre collected filtered
through 0.2 micron filteand analyzed after 2, 6, 24, 48, 96, 188 and 672 h for dissolved
metal concentratiarpH, dissolved oxygen and temperature are measueathsampling
interval.
To maintain sufficient volume, fresh 10x dilute OECD 203 medium was added to each flask

Remobilization, Part 2

1.

2.
3.

After completionof thebasic protocqglpart 1, the flaskare agitated vigorouslyn@norbital
shaker at 150 rpm for 1 hour, in order to mimiemobilizationevent(Figurel)

The solutions arbubbled with 0.5% C&i balance air for 4 dnder static conditions

The solitions are sampled periodically at 0, 2, 6, 24, and 8fier completion of the
resuspension event. Samples are analyzed for dissOlvedd Feoncentrations; pH, dissolved
oxygenconcentration, and temperature

| E&(mnmm

}

Figure 1: Buffalo replicate post 1 h renobilization



Table 1: Overview of experiments

Experiment nr.| Factors Notes Figure nr. Table nr.
considered
1 basic protocol | substrate used] 3 3
Raisin; Buffalo
substrate
loading (1g vs
109)
2 basic protocol, | substate used:| 4 4
Raisin,
subs_trate Buffalo,
loading (10 9 VY cANMET
100 g Raisin)
duration only
96h
3 basic protocol, | substrate used] 5 58
Raisin
substrate incubated or
loading (10 g vs§ Raisin non
100 g) incubated
4 basic protocol, | substrate used] 6, 7 6,7
dual metal Raisin
exposure (Ni & | Incubated
Cu) Raisin Non
Incubated,
Buffalo,
CANMET
duration 28 d
5 remobilization | duration 96h +| 8, 9, 10, 11 9
1lh
remobilization
6 mixing time durationonly | 12, 13 10
24h
substrate used!
Raisin
7 various ionic substrate 14, 15, 16
strengths Raisin,
duration only
96h
8 modified duration28d | 17 11
OECD 308
sulfide

amendments




9 modified substrate wet | 18 12, 13
OECD 308 Raisin (84 g &
42 )
substrate .
loading duration 96 h

Basic protocol modifications
For the following experiments, selected elersasftthe basic protocol were modifiad follows

A 28 d tesiexperimentt4) was also conducted with 10x diluted OECD solution spiked with 1 mg/L of
copper chloriderad 1 mg/L of nickel chloride together, utilizing CANMET LBP, Raisin Nioicubated,
Raisinincubated, and Buffalo substrates (10 g treatmeAtssubstrates arffom riverine environments
with CANMET, Raisin Nonlncubated and Raisin Incubated are field colle¢@uatario and Michigan)
while Buffalo is a NISTcertified reference sedimenercentcopperremoval was calculated based on an
initial -1h time sample for results Trables3 - 13. As in basic protocol, jor to substrate addition, a
background-{l h) sample is taken from each flask.

fiRaisin NonIncubate@d substrées were represemtdy dried Raisin substrate, whilRaisin Incubatedl
Substrate was prepared as follvt) weigh dried Raisin substratearfPyrex botle, 2)slightly wet

substrate with deionizedater(< 3 mL), 3) purgeheadspacwith nitrogen,and4) seal bottlend hdd at

room temperature fat least 7 dayShese substrates were utilized in experiment numbers 4, 5, 6, and 7.

A remobilization experimer(#5) was conducted at the end of a 96 h exposure by placing test flasks on an
orbital shaker at 150 rpm for 1 h. Wéasamples wereollectedfor dissolved Fe and Cu at various times
postshaking

Another study#6) investigated the role of early mixing periods on copper removal. Treatments included
Raisinsubstratevith no mixing, 1 minute, 1 h, and 2 h mixing peisovith sampling over 24 h.

Osmoticeffect testg#7) were conducted to investigate a mechanistic processdaemovalThe ionic
strength was adjusted by KCI addition to OECD 203 solution to achieve 0.01 M, 0.1 M, and 1.0 M
solutions. Given the rapidteof outer sphere complexatiohCu, samples were collectadtimes0, 1,
3,5, 10, and 20 minutes.

Methods: Mimicking anoxic conditions using a modified OECD 308 test
method

A modified OECD 308 tegt8) was designedsing Septa jars (250 mlgadedwith wet Raisinsubstrate
(42 g or 84 g) and 10 x diluted OECD 203 solution (240 mL or 120 mL, respectivel§jvaat
incubation at room temperatusfter 1 week, Cu salt solution was spiked into each jar (1 mg Cu/L
target) and water sampling commencEde pH wasadjustedvia introduction of 0.5% Cgxthroughthe
top cap.

Anothermodified OECD 308 teg##9) was conducted withulfide amendments (FeS and FeS0O4) and
organic mattetreatmentsWet raisinsubstrat€84 g) was amended with 1 g sulfide compd and/or
organic natter and allowed to incubater 28 dat room temperaturé\fter 28 dequilibration Cusalt
solution was spiked into each jar (1 @g/L target) and water sampling commenderke and post
experimensampes were collectetbr routineanalyses and simultaneously extracted metals and acid
volatile sulfides
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Figure 2: Modified OECD 308 Septa jar design. Wet Raisin substrate (84 g art? g) added to each
jar with 1week incubation at room temperature in 10x diluted OECD 203 solution.

Resultsand Discussion

The ability of different substrates to influen€a removal from the water column was evaluawéth a

focus on evaluating the influence of a variety of methodological parameters on metal removal. The
substrates and pteeatmentesting was conducted usimyffalo, CANMET, and Raisin substrateBable

2 summarizes substrate chemistry and characteristics. Buffalo substrate is a NIST certified substrate and
several factors (total organic carbon, copper substrate values, and texa@piweported. Texturally,

Raisin and CANMET are classified as sangjgesting they are LBP substratésie CANMET and

Buffalo substrates were provided by CanmetMINING. The Raisin substrate was collected from the
Raisin River near Ann Arbor, Michigaand has been used as a sediment toxicity and contaminant control
and reference sample for several years by our laboratory.

Overall, he experiments demonstratéd is rapidy removed from the water colunumder a wide variety
of conditions usinghe T/DRE and modified OECD 308 methods. Remlawes varied depending on
testing conditions and substrate typat most resulted in rapid removal (over 70%) within 96 hrs.

The pH and amount of substréd@ding were important drivers for Cu removas pH inceased Cu was
removed faster from the water column, likely due to increased complexation to substrate particles and
formation of carbonate and hydroxide complexes. There was greater pH drift above the target pH of 6
with substrates containing more bindigites, such as with increased organic carbon and Fe

concentrations. Given this phenomenon, the least pH increase occurred using the CANMET substrate.
Also, as substrate loading was increased, Cu was complexed faster and removed from the water column.

Experiments 1, 2, and 3

Experiments 1 and @eviated fronthe basicT/DP-E protocolby adjusting substrate loading using 1, 10
and 100Qg treatments Experiment AFigure4) included al00 gloadingRaisin treatmenExperiment 1
(Figure3) evaluatedBuffalo and Raisin substrates while Experiment 2 te€@38MNMET, and Eperiment

3 investigated Incubated and Nmtubated Raisin substrates

Experiment Focused on several treatments of Raisin substrate (dry (eénnobated) = dried at 60° C
for > 48 h; incubatd = dry + wetted with MiliQ water + nitrogen purged and ustdrbed for 1 week).



CANMET low binding potential (LBPand Buffalo substratesere also evaluatedResults indicated
Buffalo substrate removed Guoore rapidly compared tRaisin substrate$-{gure5 andTable5).
Additionally, substrate loading was adjusted for 100 g treatment of each substrate itysulted in
faster Cu removal

Buffalo 10 gand Raisin 100 greatments respondaimilarly in Experiment 2, withpH drift occurring
ThepH wasdifficult to control given variability of flow rates throughe manifold and gas depletion at
high flow rates, no matter which substrates were (Beffalo 10 g &d Raisin 100 g treatmergghibited
greatempH jumps to7.42 and 7.91, respectivglyable4). Largersediment loadingccentuated upward
pH drift, which is not allowed in the T/DRCu removalvas not largely affected by substrate type, but
highly affected by the amount of substrate loading.

Seventy percent removal was calculatecedamaninitial -1h time sampleBuffalo 10 g treatment
achieved 70% removalmost immediately aftesubstrateddition with Buffalo 1 gneeting the targeted
70% removaht 2 h(Table3). In Experiment 2 CANMET substraté/0% removabccurrecbetween 24

and 96 h, while othemserewithin 2 hourslt is apparent that CANMET had the LBP of any of the three
test substrates due to the slower removal of Cu from the water coBurfialo and Raisin 100 g

treatments performed similar(fable4); likewise Experiment 3treatments of Raisin incubated 10 g,
incubated 100 g, and néncubated 100 gll achieved 70% removal within 2 hours. The #iecubated
Raisin 10 g treatment did not reach 70% removal until. 9BHis suggests that when some substrates are
wettad and held at room temperature for a week, diagenesis begins and additional binding ligands are
formedboth through microbial and abiotic processes.

Substrate mass and pH had an important role in Cu removal as evidenced in 1 gvs 10 gvs 100 g
treatmentstegardless of the substrate type. Greater pH jumps were also noted in 100 g treatments. The
100 g treatments are most efficient at removing Cu, followed by 10 g and 1 g, respectively; however, all
removed Cu within 96.Ht is not surprising 100 g treatntsrwere most effective at metal removal,

however their associated pH increase also assisted in Cu removal. The pH drift could not be controlled
effectively using 0.5% Cgbubbling.

The acid volatile sulfide/simultaneously extracted metal ratio (AVS/SEM model that predicts when
sediments are not toxic. A ob@one (or greater) relationship of AVS to SEM suggests that no free (thus
toxic) metal will be released into surrounding waters. These results are shdraisior(pre/post

exposure, inculiad vs norincubated substrates) in TaleSEM elements analyzed include Ni, Cu, Fe,
Mn, Cd, Zn and Cr. Cd values were reported asdeincts by ICROES.AVS concentrations in Raisin
substrates, both pre/post exposure and incubate@tioobated valuesyere low with slightly elevated

SEM values, resulting in potential for toxicity. RreposureNon-Incubated substrate had no sulfide,
however, PosExposure, Nofincubated substrates had slightly elevated levels of sulftde.would be
expected as sudfe will oxidize in the presence of aiNon-Incubated treatments were only tested with
dried Raisin substrate and the AVS test is typically conducted on wet substrates. The drying resulted in
low to nondetectabléAVS, thuscreatingaartifactthat prevets the use of thEEM-AVS based

bioavailability model.

Experiment 4

Results from a 28 d test with Buffalo, CANMET, Raisin Incubated, and Raisifiidobated exposed to

Ni and Cu are presentedhigure6, Figure7, Table6, andTable7. All test substrats achieved 70%
removal of both metals in 28 d'he pH was stable during T/ERPtests using Buffalo and CANMET
substrateswith maximuns of 6.28 and 6.14, respectivelyo® Raisin treatments resulted in pH increases
at 24 hrqIncubated = 7.21 and nancubated = 7.03).

Based on results from the 28 d test with combined Ni and Cu, it appeared these metals may compete for
binding sitesn all substrate typeshereby reducing their removal rates from the water column when
limited amounts of substrate areed Only the Raisin treatments achieved 70% removal of Ni in 96 h,



while all four treatments achieved 70% removiat@pper within 96 h. A treatments achieved 70%
removal of Ni within 28 d.

Experiment 5

Results of a 96 h exposure with 1 h remobilizatid 150 rpm are presentedrigure8, Figure9, Figure
10, Figurell, andTable9. All treatments achieved 70% copper removal. No signifilartof Cu or
dissolved Fe was detected post remobilizaficable9) suggesting it is irreversibly bound in bient
waters with a pH of 6 or greater.

Intense mixingat 150 rpm for 1 h did not cause Cu remobilization into overlying w@tightly elevated
dissolved Fe was noted in the Bufféileatment postemobilization butlroppedatthe 96 h sample period
pod remobilization. Texturally, Buffalo substrate wae s s d e n scempdrdd folRaidinfarydo )
CANMET, both of which are sandy. This may have played a role in Fe flux during mobilization as
Buffalo more readily mixed into the water colummmpared to o#r treatmentsas illustratedn Figure

11 ThepH drift post remobilizatiomccurred with all treatmentgith the exception of CANMET This
suggestCANMET may be a suitable choice for LBP substrate tesfimghetime of remobilization, all
treatmentsachieved 70% removal of Cu and no significant flux was naieggesting strongrreversible
binding to Cu

Experiment 6

A 24 h study with various initial experimemiixing periods showed prolonged migi resulted in more
rapid Curemoval, buit alsoincreased pHFigure12). Visually, two hours after an initial mixing period,
the 2 h mixing test flasppears more turbi@scompared to 1 mixing period(Figure13). Further
testing ould evaluate other substrat@svoh and 1 h treatmenghieved 70%emoval of Cu within 24
h (Table10).

Experiment 7

Figuresldi 16 showresults from the evaluation of the effect of iogimngth on Cu removalSeventy
percent removaby 96 hwas achievedthy almost all treatments except {GANMET LBP 1.0 Mand 0.1
M ionic strengthireatmentsThe source of discrepanbgtween initial {1 h) samples in each exposure
are unknownThese results suggest ionic strength is not part of a removal mechanism for Cu.

Experiment 8

Testing of the OECD 308 protocol for metal remquavided results similar to the primary findings of
the T/DRE and validated results of Ni removal by Kent State University (Costello et al., 2017). Wet
Raisin 84 g and 42 g treatmentsaimodified OECD 308 study performed similarly. Both treatments
removed 70% of copper within 1 Figure1l7 andTablel1l). ThepH was consistent throughout, ranging
from 5.981 6.14.pH proved more consistent througlEeriment 8, likely due to nature of the design (i.e.
bedded sediment].he metal removal data show @Gasnot largely affected bthe substrate loading rate.
This is not surprising given the large amount of substrate in the flask bottom, providing an excess of
binding sites.

Experiment 9

Results frommodified OECD 308 28 d sulfide drorganic matter amendmt testsare shown irFigure
18andTablel2 ThepH wasstable throughoutanging from 5.86 6.18. Sulfide or organic matter ('+P"
treatments) amendments did not afféxetsubstraté ability to removeCu, as all treatments reached 70%
removal or grater within 24 h. Dissolved Fe results were interesting in early sampling periods of FeSO4
treatment, with a spike of 23 mg/L at time 0 sampling, but Fe values steadily dropped @225 24

h sample period. Afte24 h, all Fe results were below detten limit.

In this experiment, each treatmen8#&g wetRaisin substrate with the addition of &mendmenand/or
organic matterSEM-AV'S valuespre- and postexperiment Table13) indicatea potential fotoxicity in



Reference (84 g wet Raisin sulage) and Raisin + FeBeatments.This prediction did not change over
the 28 d period, suggesting AVS concentrations in the flask substrates are stable.

Conclusions andRecommendations

Evaluations of the new T/DE demonstrated its usefulness as zahd classification test for waterborne
metals. The importance of substrate type, loading rate, and pH in the removal of Cu was established. A
low binding substrate, such as CANMET is appropriate for hazard classification and does not result in
upwards pHirift. A small amount of substrate loading is required to provide adequate metal ligands for
complexation andapid removal from the water column within minutes to hours. lonic strength is not
important and the tefold dilution of OECD reconstituted weitt should be used, as in the T/DP. In

addition, the irreversible removal of Cu from the water column was demonstrating at a pH of 6 or greater
when Cu bound substrates are vigorously mixed for 1 to 2 hrs. These findings are an additiofial line
evidencademonstrating the rapid removal of Cu from the water column, following the findings of
Costello et al (2017) using a modified OECD 308 approach, and a host of othexvp@eed studies as

cited in the Executive Summary (Burton et al., 2018).

We recomrand that future research focus on identifying the key substrate parameters that allow for a

variety of substrates to be used in hazard classification testing. This will eliminate the need for using the
CANMET sediment which is only available in limitedagm t i t i es and unique to Can.
CanmetMINING agency. In addition, further research may be useful to define speciation changes in

metals removed during the T/EFPand their irreversibility.



Tables and Figures

Experiment #1
1 g vs 10 g loading

Copper (mg L?)
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Figure 3: Experiment 1. Buffalo vs Raisin, 1 g vs 10 g exposur&edimentadded to flasks, placed on
shaker table for 5 minutes, thersubstrateis allowed to settle for 5 minutes prior to Time 0 sample.



Experiment #2
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Figure 4: Experiment 2. Buffalo 10 g vs CANMETLBP 10 g vs Raisin 10 g vs Raisi100 g.
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Experiment #3
10 g vs 100 g loading
Raisin Incubated vs Raisin Nmcubated
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Figure 5: Experiment 3. Raisin substrateincubated vs nonincubated, 10 g vs 100 g exposure.
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Experiment #4
Ni & Cu 28 d exposure

14
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Figure 6: Experiment 4. Ni and Cu 28 d exposureNi only shown hee. Buffalo time O hand 2 h
lower than subsequent sampling. Substrate adheredtthe side of flasksand with 10 x OECD 203
addition following each sampling time(to replenish volume)and some loss a$ubstrateduring each
samplingwhich may account forlower values Raisin nortincubated and Raisin Incubated
treatments achieved 70% renoval of nickel within 96 h.
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Experiment #4
Ni & Cu 28 d exposure
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Figure 7: Experiment 4.Ni and Cu 28 d exposure; Cwonly shown here. All treatments achieved
70% removal within 96 h.

Experiment #596 h exposure + 1 h remobilization
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Figure 8: Experiment 5.96 h exposure with 1 h remobilization at 150 rpm on orbital shaker table.
No flux of Cu was detected post remobilization. All treatments achieved 70% removal within time
constraints of experiment.
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Experiment #596 h exposure + 1 h remobilization
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Figure 9: Experiment 5.96 h exposure with 1 h remobilization at 150 rpm on orbital shaker table
with pH overlay. pH ranged from 54871 8.15 but remained stable in control flask (pH 5.96 6.2,
not shown on graph).



Experiment &
96 h Exposure + 1 h Remolatibn, Dissolved [Fe]
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Figure 10: Experiment 5. 96 h exposure with 1 h remobilization at 150 rpm on orbital shaker
table dissolved Fe resultdNo significant Fe flux was noted post remobilization
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Figure 11: Experiment 5. 1 h remobilization in progress. Note turbid water column in

Buffalo replicates compared to other treatments.
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Experiment #6
24 h mixing study
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Figure 12: Experiment 6.24 h mixing studywith Raisin substrate andpH. pH varied mostin 2 h
mixing treatment. 1 h and 2 h mixing treatments achieved 70% removal of Cu within 24 h.

Figure 13: Experiment 6.1 h and 2 h replicates from 24 h mixing study at sample time 2 h post
mixing.
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Experiment #7
0.01 M Exposure
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Figure 14: Experiment 7. Osmotic strength test at 0.01 M. All treatments achied 70% removal of
Cu.
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Experiment #7
0.1 M Exposure
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Figure 15: Experiment 7. Osmotic strength test at 0.1 M. CANMET did not achieve 70% removal
within 96 h. Note wide discrepancy ofl (background) values of metal solution prior to sediment

addition.
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Experiment #7
1.0 M Exposure
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Figure 16. Experiment 7. Osmotic strength test at 1.0 M. CANMET did not achieve 70% removal
within 96 h.

Experiment #8
Modified OECD 308
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Figure 17: Experiment 8. Modified OECD 308 test. 84 g and 42 g treatments behaved similarly to
one another, achieving 70% removal of Cu within 1 h.
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Figure 18: Experiment 9.28 d modified OECD 308 test with sulfide and organic matter
amendments. All treatments achieved at least 70% or more Cu removal within 24 h.

Table 2: Summary of substrate chemistry. TOC, Cu, or texture data not provided by NIST.

TOC Total Mn Ni Cu Zn Pb
(%odry) | Fe(%) | (Mo/9)| (po/9) | (pg/g9) | (Ho/g) | (Mg/g) Texture
Raisin 1.87 0.908 | 454 11.7 6.67 30.7 3.58 Sand
CANMET 1.1 1.56 | 506 34 18 54.7 13.5 Sand
Buffalo = 3.97 | 544 | 429 -- 408 150 --




