
A

i
d
p
w
i
o
l
w
d
P

K

1

n
c
o
i
c
m
m
e
e
[
u
H

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 153 (2008) 1088–1092

Leaching behavior of mineral processing waste: Comparison of
batch and column investigations

Souhail R. Al-Abed a,∗, G. Jegadeesan b, J. Purandare c, D. Allen a

a National Risk Management Research Laboratory, U.S. Environmental Protection Agency, 26 West Martin Luther King Drive,
Cincinnati, OH 45268, United States

b Pegasus Technical Services Inc., 46 East Hollister Street, Cincinnati, OH 45219, United States
c Englandgeosystem Inc., 15375 Barranca Pkwy, Suite F-106, Irvine, CA 92618, United States

Received 24 April 2007; received in revised form 17 September 2007; accepted 18 September 2007
Available online 21 September 2007

bstract

In this study, a comparison of laboratory batch and column experiments on metal release profile from a mineral processing waste (MPW)
s presented. Batch (equilibrium) and column (dynamic) leaching tests were conducted on ground MPW at different liquid–solid ratios (LS) to
etermine the mechanisms controlling metal release. Additionally, the effect of pH on metal release is also discussed. It was observed that acidic
H conditions induced dissolution of As, Zn and Cu. Negligible leaching at alkaline pH was observed. However, Se depicted amphoteric behavior
ith high release at low and high pH. The batch and column data showed that As and Se release increased with LS ratio, while that of Cu and Zn

ncreased initially and tapered towards equilibrium values at high LS ratios. The results on metal release from the MPW suggested that dissolution

f the metal was the controlling mechanism. Leaching profiles from the batch and column data corresponded well for most LS ratios. This is most
ikely due to the acidic character of the waste, minimal changes in pH during the column operation and granular structure of the waste. From a
aste management perspective, low cost batch equilibrium studies in lieu of high cost column experiments can be used for decision making on its
isposal only when the waste exhibits characteristics similar to the mineral processing waste.
ublished by Elsevier B.V.
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. Introduction

The release of toxic trace metals such as arsenic (As), sele-
ium (Se) and zinc (Zn) from anthropogenic wastes at elevated
oncentrations is an environmental concern. Significant volumes
f mining residues are deposited in waste dumps on the grounds
n unpopulated areas by the mining companies, as a part of
ost-saving efforts, resulting in apparent health problems due to
etal release [1,2]. The mechanisms of trace metal release from
ining and mineral processing waste (MPW) include weath-

ring and/or oxidation of the mineral ores, dissolution under
xtreme reductive conditions and desorption from the surface

2–6]. Most MPWs are exempt from hazardous waste regulations
nder Resource Conservation and Recovery Act (RCRA) [7,8].
owever, in select cases, the levels of As, Se and Zn, contami-
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ating the local aquifers and soils is higher than those mandated
y the U.S. Environmental Protection Agency (USEPA). There-
ore, it is necessary to evaluate the fate and transport of the toxic
etals in order to identify remediation techniques and control

azardous contamination.
The USEPA mandated procedures such as the Toxicity

haracteristic Leaching Procedure (TCLP) and Synthetic Pre-
ipitation Leaching Procedure (SPLP) evaluate the effects of
olid waste disposal in municipal landfills and ground water
eaching based on groundwater quality limits. However, other
hysicochemical factors such as pH, redox and microbial activ-
ty are also known to affect metal mobility from solids [9–14].

ost metals exhibited increased leaching at low and high
H levels [9,10,12,15]. In addition, metal sequestration can
ccur due to secondary precipitation or adsorption reactions,

hanges in pH or a pH induced redox potential (Eh) decrease
ould enhance metal mobility due to reductive dissolution. In
ddition, the variability in liquid–solid (LS) ratios (correspond-
ng to a certain number of years in disposal conditions) may
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Table 1
Total concentration of metals (mg kg−1) in MPW

Metal Total metal content (mg kg−1)

Arsenic (As) 471.4 ± 18.1
Copper (Cu) 1754.3 ± 43.8
Iron (Fe) 66271.4 ± 2620.5
Selenium (Se) 183.1 ± 26.3
Z
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lso affect the total amount of metals available for leaching
16–18].

The assessment of the potential of contaminant release from
olid residues is usually achieved via static (batch) extraction
ests or dynamic (column) tests, all of which have been exten-
ively documented in literature [8,15–17,19–21]. Even though
tatic tests are simple and provide qualitative predictive infor-
ation on the leaching behavior, their use to evaluate potential
etal release in landfill settings is still debatable. The utility

f batch extraction tests may be limited as they do not ade-
uately simulate long-term and intermittent leaching conditions
n the field [17,21–23]. Previous research showed that the release
ehavior of metals observed in different testing conditions
llowed to distinguish between two typical transfer mechanisms:
1) the pure diffusive transport for very soluble species, such as
lkaline metals and (2) the dissolution process coupled with dif-
usion for most amphoteric metals [17–19,22,23]. Thus, the use
f column studies to evaluate metal release is highly attractive
s it served to monitor the metal release over longer durations
nd also identify temporal variations in the contaminant concen-
rations during the course of its transport through the waste.

The objectives of this study were (1) evaluate metal release
s a function of pH and; (2) compare As, Se, Zn and Cu release
n batch (static) and column tests as a function of LS ratio. The
esults obtained from the experiments were used to examine
he effectiveness of the two methods (static and dynamic) as
redictive tools for risk assessment of solid wastes.

. Experimental

.1. Materials

The MPW, obtained from mining and metallurgical oper-
tions, was used for the study, details of which are provided
lsewhere [9,10]. The MPW used here was collected from the
aste dumps located at different areas of abandoned mine site.
pon sample collection, the waste was homogenized and then
sed for this study. Once homogenized, the waste was sieved
hrough U.S. standard No. 10 mesh (nominal opening of 2 mm)
o obtain particles with sizes less than 2 mm. Acid extraction of

etals using EPA method 3051 (microwave digestion in nitric
cid) was performed to determine the total metal content in the
aste [8]. The National Institute for Standards and Technol-
gy (NIST) soil reference standard (NIST 2710) was used for
alculating recoveries of the metals in all digestions.

.2. Static extraction tests

To evaluate the effect of LS ratio on metal release, static
batch) extractions using deionized water was performed on

PW at LS ratios of 5, 10, 20, and 50 L kg−1 and rotated in
tumbler at 30 ± 2 rpm for 48 h. The extractions were per-

ormed under conditions similar to the TCLP, albeit at pH of

. Metal release as a function of pH was determined by per-
orming the generalized acid neutralization capacity (GANC)
est, adapted from the Environment Canada Acid Neutralization
apacity (ANC) test [14,18]. The test involved several batch

M
1
e
1

inc (Zn) 429.2 ± 29.8

ata reported here is an average of 10 replicate acid digestions.

xtractions using increasing strengths of glacial acetic acid and
a(OH)2 as base. The extractions followed the methodology of

he TCLP test, albeit for 48 h duration. The pH of the suspen-
ion was monitored and the extract filtered at the end of the
xperiment for metal analysis.

.3. Column tests

Kinetic column leaching tests were performed in plexiglass
olumns (3.81 cm diameter and 7.62 cm height with 35 �m pore
ize supports). The column was operated in the up flow config-
ration to avoid channeling and plugging. The extraction fluid
deionized water containing sodium azide to prevent biological
rowth) was fed to the columns at a rate of 60 ml per day. Prior to
tarting the test, the extraction fluid was pumped to ensure effi-
ient and appropriate distribution of the solid and liquid phases
n the system. Two separate tests using multiple columns oper-
ted in series, containing the exact amount of wastes in each
olumn, was performed. Samples were collected periodically in
n effort to vary LS ratios from 0.13 to 21.3 L kg−1 for the two
olumns study (26 days duration) and 0.14–22.73 L kg−1 for the
hree columns (26 days duration). The effluent from the columns
assed through in-line Eh (redox potential) and pH probes (Cole
armer, IL), and the data continuously recorded with the help of
data logger (Prober-PH8, version 2.0, Cole Parmer, IL). The

xtracts were collected at regular intervals and filtered through
.45 �m pore size nylon (Whatman, IL) filters for metal analysis.

.4. Analytical methods

The extract metal concentration was analyzed using an induc-
ively coupled plasma-atomic emission spectrometry (ICP-AES,
RIS Intrepid, Thermo Electron Corporation, CA), in accordance
ith EPA Method 6010B [8]. The instrument detection lim-

ts (IDLs) were 12 �g L−1 for As, 10 �g L−1 for Cu and Se,
8 �g L−1 for Fe and 53 �g L−1 for Zn.

. Results and discussion

.1. Characteristics of MPW

Acid extractions (EPA Method 3051) revealed that the

PW contained relatively high concentrations of copper (Cu,

754.3 mg kg−1) and iron (Fe, 66271.4 mg kg−1); and mod-
rate levels of arsenic (As, 471.4 mg kg−1), selenium (Se,
83.1 mg kg−1), and zinc (Zn, 429.2 mg kg−1) (Table 1). The
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Fig. 1. Metal release as a function of pH determined by GANC tests.

recovery for the NIST 2710 standard (calculated as the ratio
f measured metal concentration (in mg kg−1) to the certified
alues) ranged from 88% for Fe to 107% for As. In our previous
ork [9,10], we had reported that As, Se and Zn were mostly

ssociated in the less mobile iron oxide or the sulfidic frac-
ions (determined by sequential extraction procedures). On the
ther hand, easily mobile Cu fraction was higher (almost 50%).
he mineralogical composition, determined by X-ray diffrac-

ion (XRD) analysis, was observed to be hematite and silicon
ioxide (quartz) as the predominant crystalline phases.

.2. Batch extractions: effect of pH

The release profile of As, Se, Cu and Zn as a function of pH
uggested that metal solubilization occurred mainly due to acid
ttack (Fig. 1). Among the divalent metal cations, almost 83%
1456 mg kg−1) of Cu leached from the MPW at pH< 4, while
hat for Zn was about 20% (90 mg kg−1). With increasing pH,

etal solubility decreased precipitously to almost non-detect
evels and can be attributed to metal precipitation as hydrox-
des. Arsenic release profile was also similar to that of Cu and
n, albeit at relatively low concentrations even at acidic pH. The
ecrease in As concentrations at elevated pH may be due to the
dsorption/co-precipitation of redox sensitive As with precipi-
ated iron hydroxides [10,15,24]. The dissolution of As, Cu and
n at low pH followed by adsorption/co-precipitation reactions
t alkaline pH appeared to be the mechanisms controlling metal
elease from the MPW. On the other hand, Se extract concentra-
ions were observed to decrease initially with pH increase to 4.

ith further increase in pH, the extract concentration increased
ignificantly from 1.38 mg kg−1 (pH 3.7) to 32.4 mg kg−1 at
lkaline pH, thus showing amphoteric behavior. This increase
ay possibly be due to the oxidation to a more water soluble

pecies (Se (VI)), which is more likely to desorb under alkaline
H conditions [9,24,25].
.3. Batch extractions: effect of LS ratio

The effect of LS ratio on metal release indicates the
revalence of the dominant mechanism, either solubility or

p
T
i
d

Fig. 2. Metal release as a function of LS ratio (batch tests).

iffusion-controlled. The batch extraction data (Fig. 2) indi-
ated that Cu and Zn solubilities were independent of the
S ratio. In the case of Cu, the metal release increased from
236 to 1360 mg kg−1, as the LS ratio increased from 5 to
0 L kg−1. Further increase in LS ratio decreased the metal
elease marginally to 1328.3 mg kg−1. At LS ratio of 10 L kg−1,
u and Zn leach to maximum concentrations. The data indicated

hat the metals reached equilibrium with respect to LS ratio, indi-
ating that the available fraction of metal leached at this LS ratio.
ith increasing LS ratio, the high amounts of the liquid phase

esults in some dilution of the metal concentration, resulting in
arginally decreased extract concentrations. Since the pH of the

uspension was recorded to be about 3.1, such high Cu solubil-
ties can be attributed to its dissolution at low pH. On the other
and, a moderate increase in As and Se release was observed
ith increasing LS ratio, with the leached amounts less than
0% of the total metal concentration. This increase in extract
oncentration with increasing LS ratio suggested dissolution
echanisms [16–18].

.4. Column tests: effect of LS ratio

Kinetic studies on metal leaching from MPW were performed
n two separate experiments, wherein the columns containing the
aste were lined sequentially. The advantages of this procedure
as that it provided information on the variability in extract

oncentration when it comes in contact with another dry solid,
n addition to providing information on the effect of LS ratio on

etal mobility. Since the flow rate of the extraction fluid was
xed, the LS ratio is directly proportional to the retention time.
herefore, higher LS ratios corresponded to longer durations and
imulated conditions to observed long-term leaching patterns.
he pH of the extract was monitored in each column and was
bserved to be in the range of 3.5–4.2, while the redox potential
as in the range of 390–450 mV, making the system highly toxic

nd acidic. Even though XRD analysis could not detect any
ulfidic phases, the presence of sulfides in the matrix (probably

resent in minor amounts) could possibly explain the low pH.
he cumulative leached amounts were calculated as given below

n Eq. (1), where, CL is the cumulative leached amount (mg kg−1

ry sample), Vi is the volume of the collected fraction (L), Ci is
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Fig. 3. Metal release as a fu

he concentration of the relevant species in the fraction (mg L−1)
nd Mcolumn is the mass of test material in the column (kg dry
ample).

L =
∑

ViCi

Mcolumn
(1)

As can be seen in Fig. 3, cumulative metal concentrations in
he extract were observed to increase with LS ratio, indicating
hat metals would probably leach in greater amounts, if exposed
or longer durations. As and Se concentrations in the extract
ncreased continuously with LS ratio, typical of dissolution of
he solid phase under acidic conditions [10,11,16]. The increase
n As and Se release till the termination of the experiment indi-
ated that surface dissolution of the metals is still the prevailing
echanism for leaching. As the extract passed from one column

o the next, the extract concentration decreased marginally for
rsenic, which could be attributed to its adsorption on the iron
xides in the waste. Iron oxides have a greater affinity for As
dsorption at low pH values [24,25]. Such a phenomenon was
ot observed for Se, as the extract concentration was similar in
oth the two column and three column operations.

Cu and Zn leached almost linearly with increasing LS ratios

t low LS ratios. Beyond the LS ratio of 6.5, the extract metal
oncentration tapered to almost equilibrium values. Initially,
etal release at low LS ratios is usually controlled by dissolu-

ion mechanisms. However, once the metals are removed from

4

r

of LS ratio (column tests).

he surface, its release is purely governed by diffusive transport
ue to a concentration gradient [16,18]. Cu and Zn leaching
rofiles as a function of LS ratio is characteristic of contaminant
elease of percolation tests, as observed previously in literature
16,18]. The equilibration of the leaching profile for Cu and Zn
t high LS ratios can be attributed to reduced availability of the
etal following their initial solubilization. Unlike As and Se,

eaching of Cu and Zn was almost 1.25-fold higher in the three
olumn operation, compared to the two column experiment, due
o the increased mass of the waste in the system which resulted
n greater availability of the metals. Thus, based on the column
tudies, it can be concluded that oxyanionic metals such as the
elease of As and Se is more likely to be influenced by dissolution
echanisms and the pH of the extraction fluid, while that of the

ivalent metals is dependent on the availability of the metals in
he solid waste. A comparison of the metal release profiles in the
atch and the column tests indicated that metal release profiles
n the batch test corresponded well with the column tests, albeit
t different concentrations. This is possibly due to the difference
n the experimental procedure (over end tumbling for batch tests
s opposed to preferential up flow for the column tests).
. Conclusion

Metal leaching from MPW was investigated under equilib-
ium (batch, constant pH) and dynamic (column studies). It was
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