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a b s t r a c t

Temporal moment analysis was used to examine the transport of lead species in sand columns. The
influence of sodium phosphate (PO4(aq)) and hydroxyapatite (HA) on lead transport was also evalu-
ated. Transport properties of lead microparticles (diameter > 0.45 �m) were a function of electrophoretic
mobility: those particles with electrophoretic mobility less than −1 × 10−8 m2/V s exhibited significantly

2
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lower dimensionless first temporal moment (�) and second temporal moment (�
�
). The forms of lead

investigated in this work had a tendency to move in sand over a wide pH range. Although the PO4(aq)

amendment substantially reduced lead mass recoveries in the sand column effluent, lead microparticles
were formed that had a tendency to move rapidly and with minimal dispersion when compared with
controls. Treatments with HA provided limited reduction in lead mass recovery and minimal changes in
lead transport properties. A colloid stability model was used to predict attachment of lead particles in
hosphate sand.

. Introduction

Lead particles (fines) from bullet fragmentation can make up
large fraction of total lead found on firing ranges [1–3]. Lead

articles, produced as lead rounds pierce the soil and undergo
eathering processes, yield lead oxides (e.g. PbO) and lead car-

onates [1,4,5]. Movement of lead on firing ranges is typically via
olloid-facilitated transport [6,7] or transport of lead particles [5].
andy soil that is low in clay, iron and aluminum oxides, and organic
atter is particularly susceptible to lead movement via colloid

ransport and leaching [5].
Nriagu [8] proposed the use of phosphate to immobilize aqueous

ead (Pb(aq)) in situ via the formation of low solubility pyro-
orphites (Pb5(PO4)3X, X = OH−, Cl−, Br− and F−). At least 36

reatability studies and 16 mechanistic studies on the use of
hosphate to immobilize lead are extant [9]. Hydroxyapatite
Ca5(PO4)3(OH); hereafter referred to as HA) has been used as a
ource of phosphate for in situ lead immobilization but is limited
y its dissolution rate [9]. Highly soluble phosphate salts (PO4(aq))
an be used to overcome the HA dissolution limitations (although
ultural eutrophication concerns are a significant detriment). While
ome studies have demonstrated that phosphate can retard move-

ent of lead in the environment (cf. [9]), some forms of phosphate

reatment have been reported to increase particulate lead concen-
rations in field water leaching tests [10,11].
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E-mail address: Michael.Butkus@usma.edu (M.A. Butkus).

304-3894/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2010.09.030
Published by Elsevier B.V.

The objective of this work is to evaluate the transport prop-
erties, via temporal moment analysis, of PbO microparticles and
the products formed when PbO microparticles or dissolved (Pb(aq))
are combined with PO4(aq) or HA microparticles. A colloid stability
model is utilized for predicting the influence of pH on transport
behavior of selected lead species in sand.

1.1. Background

In this work, microparticles are defined as having a characteris-
tic length greater than 0.45 �m, and submicron matter is defined as
having a characteristic length less than 0.45 �m. Submicron matter
includes particles and dissolved substances. Nanoparticles are con-
sidered a subset of submicron particles as having a characteristic
length of 1–100 nm for at least one dimension and having proper-
ties that differ from those of molecules or bulk materials of the same
composition [12]. New risk assessment protocols are required for
nanoparticles because they may behave differently than conven-
tional chemical compounds [13]. Recently, Liu et al. [14] reported
that the dissolution rate differences between galena microparti-
cles and nanoparticles could influence the bioavailability of lead in
natural or industrial environments.

Due to the complex nature of reaction, adsorption, and adhe-
sions processes in porous media, transport models based on
fundamental parameters are intricate often requiring numerical

solution techniques. Consequently other techniques, such as tem-
poral moment analysis, are used for describing relative transport
characteristics. Temporal moment analysis can be used to describe
one-dimensional transport of matter through intact soil columns
via breakthrough curves (BTCs) because BCTs contain all neces-

dx.doi.org/10.1016/j.jhazmat.2010.09.030
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ary transport information [15]. Campbell et al. [16] used temporal
oment analysis to describe transport of cadmium, copper, and

ead in soil columns treated with phosphogypsum, sugar foam, and
hosphoric rock.

The mean value of residence time (tm, s) of a solute or particle
oving through a soil column as a function of time (t) is determined

rom the first temporal moment as follows:

m =
∫ ∞

0

t · E(t) dt; (1)

here E(t) is the probability distribution of the solute travel times
s−1),

t = Cout(t)∑∞
0 Cout(t) · �t

; (2)

here Cout(t) = effluent concentration as a function of time (mg/L);
t = time interval (ca. 5 min).
Dispersion or spreading of the distribution about tm is described

y the second temporal moment (�2, s2) as follows:

2 =
∫ ∞

0

(t − tm)2 · E(t) dt. (3)

Normalization of the first and second temporal moments allows
or comparison of transport parameters in systems with variations
n hydraulic retention time (e.g. when comparing two soil columns

ith each one having a constant but slightly different volumetric
ow rate). Normalization of tm and �2 yield a dimensionless first
emporal moment (�) and second temporal moment (�2

�
) in porous

edia as follows:

= tm

(Vpore/Q )
; (4)

2
� = �2

(Vpore/Q )2
; (5)

here Vpore = pore volume (m3); Q = volumetric flow rate (m3/s).
Valocchi [17] and Jury and Roth [18] offer comprehensive dis-

ussions of temporal moment analysis.
Derjaguin–Landau–Verwey–Overbeek (DLVO) models have

een used to describe particle–particle interactions for much of the
wentieth century [19,20]. DLVO is predicated on a force (or energy)
alance approach, which can be used to predict particle stability in
queous media. These models account for van der Waals (vdW)
nd electrostatic forces. van Oss et al. [21] have developed a model
DLVOex), which allows for quantitative determination of DLVO as
ell as ancillary interfacial forces (Lewis acid/base, AB). The DLVOex

odel is often more consistent with experimental findings than
LVO models (cf. [22]). In this work, colloid–sand interactions were
odeled using sphere-plate geometry. The model included elec-

rodynamic interactions as described by a retarded vdW model;
lectrostatic interactions as described by a linear superposition
pproximation model and Lewis acid/base interactions. This mod-
ling approach is detailed elsewhere [22–25].

. Materials and methods

Two forms (one dissolved and one particulate) of both lead
nd phosphate were used in this study. Lead oxide (PbO) pow-
er (99.9% < 10 �m; mean diameter of 2.3 ± 0.87 �m [24]), Aldrich
hemical (Milwaukee, WI), was used to simulate lead microparti-

les produced from bullet fragmentation. Lead nitrate (Pb(NO3)2),
isher Scientific (Fair Lawn, NJ), was used as a source of Pb(aq).
ynthetic hydroxyapatite (Bio-Gel HTP), Bio-Rad Laboratories
Rochester, NY) was used as the source of HA microparticles. Diba-
ic sodium phosphate (Na2HPO4), Fisher Scientific (Fair Lawn, NJ),
rdous Materials 185 (2011) 275–280

was used as a source of PO4(aq). Samples were prepared in 500 mL
of deionized (DI) water as follows: treatment one, 0.800 g Pb(NO3)2
combined with 0.480 g Na2HPO4; treatment two, 0.539 g PbO com-
bined with 0.467 g Na2HPO4; treatment three, 0.800 g Pb(NO3)2
combined with 0.569 g HA; and, treatment four, 0.539 g PbO com-
bined with 0.569 g HA. The PO4/Pb ratio (1:4) in all four treatments
mirrored work by Ma et al. [26]. Stock suspensions were mixed
for ca. 20 min, which allowed pH to attain pseudo-steady state val-
ues [24] (according to the forms of lead and phosphate), prior to
injection in the column. To aid in comparison of the treatments
described above, the pH of selected samples was adjusted to 7.2
(pKa2 of phosphate) with 1.0 N HNO3 or 1.0 N NaOH. All glassware
was soaked in 10% HNO3 for a minimum of 24 h and rinsed in DI
water to remove adsorbed lead and other contaminants prior to
use.

Total lead concentration was quantified using flame atomic
absorption spectrophotometry, AA, (GBC 908AA, Arlington Heights,
ILL) or inductively coupled plasma optical emission spectrometry,
ICP-OES, (Optima 2100DV, PerkinElmer, Shelton, CT). Continued
calibration verification (CCV) was conducted with a midrange stan-
dard: 10 mg Pb/L for AA or 1.0 mg Pb/L and for ICP-OES. The lead
detection limit for AA and ICP-OES were 0.06 mg Pb/L and 0.003 mg
Pb/L.

Column experiments were conducted with PVC columns (length
30.5 cm and diameter 2.54 cm) that were wet packed with silica
sand (effective size of 1.02 mm and uniformity coefficient < 1.6), US
Silica (Berkeley Springs, WV) to obtain a typical porosity of 37%
and pore volume of 57 mL/column. Adapters and speed fit valves,
United Plastic Corp., (Lima, OH) were used to connect high density
polyethylene tubing, United Plastic Corp., (Lima, OH) to both ends
of the column. One gram of silica glass wool, Cornins Inc. (Corn-
ings, NY), was placed at the bottom of each column to provide
baffling and contain the sand media. Prior to each experiment, the
media was washed in up-flow mode (to remove air) with approx-
imately 1500 mL of 1.0 mM NaCl, Fisher Scientific (Fair Lawn, NJ).
The column experiments were prepared by withdrawing approx-
imately 10 mL of 1.0 mM NaCl from the top of washed, saturated
columns; replacing this aliquot with 5 mL of lead-phosphate stock
suspension or 5 mL of a 0.5 M NaCl solution (tracer); refilling with
1.0 mM NaCl; immediately reassembling the column; and, remov-
ing remaining air. Columns were then started in down-flow mode
under a constant head (typical flow rate of 4.0 ± 1 mL/min and pore
water velocity of 2.2 ± 0.5 cm/min) with 1.0 mM NaCl serving as
simulated unbuffered ground water. Effluent samples were col-
lected in 125 mL Nalgene HDPE bottles in 20 g increments. Eight
mL of this sample was filtered through a 0.45 �m Millipore nylon
filter (Bedford, MA) and analyzed for lead. Eighty micro-liters of
16 N HNO3 was added to the remaining 12 mL of sample (prelim-
inary mass balance experiments demonstrated that all forms of
suspended particulate lead used in this work are dissolved using
this procedure) and analyzed for (total) lead. Lead concentrations
in the stock suspension were determined using the same procedure.
A NaCl tracer study was conducted via conductivity measurements.
The tracer data were obtained by converting conductivity measure-
ments (�S/L) into concentration (C, mg/L) of NaCl via the following
relationship (derived from dilutions of the NaCl stock suspension
collected at the same temperature, r2 = 0.9982):

C = 0.5938 · (Conductivity). (6)

Leaching experiments were terminated when approximately
400 mL of sample was collected.
Aging of 500 mL, unmixed, pH 7.2 samples took place under
ambient light and temperature conditions in the laboratory. Sam-
ples were covered with parafilm prior to aging. Following an aging
period of approximately two years (24 ± 2 months), suspensions
were remixed, pH was measured, and DI water was added to a final
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Table 1
Dimensionless first moment (�) and second moment (�2

�
) transport parameters and mass recovery (%) for: (a) stock suspensions with initial pH 7; (b) following an aging

period; and (c) unadjusted pH. The pH of aged samples was adjusted to 7.2 before and after a two-year aging period (standard deviation, Std. Dev.; number of replicates, n).

(a) Transport parameters of stock suspensions at pH 7.2
Sample � Std. Dev. �2

�
Std. Dev. Average Mass

of lead
recovered
(�g)

Std. Dev. n Notes

PbO submicron 4.18 0.34 2.59 0.28 141.2 15.7 2
PbO microparticles 3.65 0.14 2.68 0.36 81.4 20.8 2
PO4(aq) + Pb(aq) microparticles 1.87 1.04 1.85 2.23 8.0 5.6 2 1
PO4(aq) + PbO microparticles 1.27 0.79 0.42 0.16 34.8 22.7 2 1
HA + Pb(aq) submicron 4.82 3.16 58.4 – 2 2
HA + Pb(aq) microparticles 2.64 1.78 2.49 2.75 22.4 25.6 2
HA + PbO submicron 3.65 0.42 2.38 0.07 277.4 87.4 4
HA + PbO microparticles 3.34 0.40 2.95 0.44 91.5 40.8 4

(b) Transport parameters of aged stock suspensions (pH 7.2)
Sample � Std. Dev. �2

�
Std. Dev. Average Mass of

lead recovered (�g)
Std. Dev. n Notes

PbO submicron 4.81 – 2.21 16.0 – 2 2
PbO microparticles 2.96 1.82 2.98 0.81 11.9 14.9 2
PO4(aq) + Pb(aq) microparticles 1.70 0.26 0.13 0.13 15.8 6.1 2 1
PO4(aq) + PbO submicron 3.18 0.55 0.85 1.16 3.2 1.0 2
PO4(aq) + PbO microparticles 2.15 0.13 0.43 0.07 84.6 6.7 2

(c) Transport parameters of stock suspensions with unadjusted pH
Sample � Std. Dev. �2

�
Std. Dev. Average mass of

lead recovered (�g)
Std. Dev. (�g) n pH Notes

Pb(aq) submicron 2.56 0.15 1.27 0.18 1832.1 90.3 2 3.81 3
NaCl 3.16 0.08 1.50 0.10 – – 2 5.35 4
HA + Pb(aq) submicron 2.73 0.69 1.53 0.04 665.4 49.1 4 3.81
HA + Pb(aq) microparticles 2.96 0.74 2.97 0.53 86.4 70.0 4 3.81
HA + PbO microparticles 3.06 1.37 2.71 0.26 5.4 9.5 4 9.70 1
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Submicron lead was not detected.
Submicron lead for one column was not detected.
Particulate lead was not detected.
Quantified via conductivity.

olume of 500 mL to correct for evaporation. In cases where pH
rifted during the aging process, the pH was adjusted back to 7.2
efore an aliquot of the suspension was added to the sand columns.

Electrophoretic mobility samples were diluted (500 �L/15mL)
ith 1 mM NaNO3, Aldrich, (St. Louis, MO), and analyzed with a
rookhaven Instruments Corp. (Holtsville, NY) Zeta PALS particle
nalyzer.

Sample means were compared using the Student’s t test with
wo sided (two-tail) P values in MS Excel. Sample variances were
ompared with the F test in MS Excel.

Equilibrium lead species were identified with the MINEQL+
hemical equilibrium modeling system (version 4.5, Environmental
esearch Software, Hallowell, ME). Model predictions used in this
ork were based on the molarities of lead and phosphate described

bove. All model calculations were conducted at 25 ◦C, with ionic
trength corrections, for a system open to the atmosphere.

. Results and discussion

In an unbuffered sandy firing range soil, sources of lead and
hosphate may influence and possibly govern system pH. In this
ork, reaction products of stock suspensions are evaluated at both
nadjusted pH values and pH 7.2 (Table 1). The pH appeared to
each a pseudo-steady state for all samples following the 20-min
ixing period, an observation comparable to other studies on lead

nd phosphate reported in the literature [26,27]. A long term time
tudy (2 years of aging) was included in this work because XRD and

odeling data suggested that most suspensions did not reach equi-

ibrium within the 20-min reaction period described above [28].
he pH of aged samples used in the column studies was adjusted
ack to 7.2, if the pH had drifted, to aid comparison with other
esults.
The relative tendency of each lead species to move under the
influence of ground water was quantified with sand columns. Sand
was used because it may represent a worst case condition [25],
it is relatively homogeneous, and firing ranges have been located
on sandy soils (cf. [29]). With the exception of inlet baffles, the
columns were constructed according to the best practices described
by Lewis and Sjöstrom [30]. Selected BTCs are presented in Fig. 1 to
illustrate trends in effluent data. The ordinate represents a dimen-
sionless concentration, which was obtained by dividing the effluent
concentration as a function of time by the concentration injected.
The glass wool at the bottom of the column did not have a sub-
stantial influence on the fate of lead in this work because digestion
experiments and subsequent mass balances on selected sectioned
columns, indicated the following: lead was distributed near the
top of the column, for treatments where lead was not detected in
the effluent; and, lead was distributed throughout the column for
treatments where lead was detected in the effluent.

The lead and NaCl tracer data in Fig. 1 are characterized by right
hand tails. The slight departure from a perfect Gaussian profile may
be due to back mixing in the unbaffled top 10 mL of the column
above the media where the tracer and suspensions were added
[31]. Because the lengths of the columns were much greater than
their radii, the columns were expected to have a sufficient region
of uniform flow beyond the inlet zone (in the absence of inlet baf-
fling; cf. [31]). The mass recovery of the NaCl tracer exceeded 100
percent. Because the tracer was estimated via conductivity, which
is a nonspecific measure, it is thought that dissolution of impuri-

ties may have slightly influenced the mass recovery of the tracer
curve. The extent of tailing in the data is similar to laboratory col-
umn experiments reported elsewhere (cf. [6,16,32,33]) and is likely
due to hydrodynamic processes [32]. The curves representing lead



2 f Hazardous Materials 185 (2011) 275–280

m
m
a
c
p
p
s

p
I
b
H
j
i
r
[
i
v

i
s
s
b
l
c
t
l
b
e
e
s
m
l
i
t
w
i
m
t
i

F
o
w
b
o
c
s
g

0

0.5

1

1.5

2

2.5

3

3.5

4

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00

D
im

en
si

o
n

le
ss

 T
ra

n
sp

o
rt

 P
ar

am
et

er
s

Electrophoretic Mobility (10-8 m2/V*s) 

Normalized First Moment

Normalized Second Moment

Fig. 2. Relationship between electrophoretic mobility and transport parameters for
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icroparticles were obtained by subtracting concentration of sub-
icron lead (less than 0.45 �m) from concentration of total lead as
function of time. The sequence of declining peaks for microparti-

les may result from parallel channelling. This type of response is
ossible because larger mobile particles can be excluded from some
ore spaces and travel along central streamlines, which results in
horter paths and faster average travel velocity [34].

Dimensionless first moment and second moment transport
arameters and mass recovery data are presented in Table 1(a–c).

nsufficient effluent lead precluded transport parameters from
eing quantified for the following treatments: HA + Pb(aq) (aged);
A + PbO (aged); PbO (unadjusted pH 9.4); PO4(aq) + Pb(aq) (unad-

usted pH 5.5); and, PO4(aq) + PbO (unadjusted pH 9.8). Differences
n transport properties and mass recovery (vide infra) may be the
esult of several factors including blocking and shadow effects
35], particle size, media (collector) size, media homogeneity,
nter-particle forces, hydrodynamic forces (stemming from flow
elocity), and, pore plugging (cf. [33]).

Butkus and Johnson [28] reported that electrophoretic mobil-
ty was influenced by source of phosphate and lead used in
tock suspensions, pH and aging (cf. [28] for a detailed discus-
ion on electrophoretic mobility of these samples). The relationship
etween electrophoretic mobility and transport parameters, for

ead microparticles, is presented in Fig. 2. The lead microparti-
les with an electrophoretic mobility less than −1 × 10−8 m2/V s
raveled with higher average velocity (average � was significantly
ower, P < 0.0008). Long range repulsive electrostatic interactions
etween negatively charged particles and collector surfaces can
xclude the particles from negatively charged regions and cause
nhanced transport relative to the fluid [36]. Furthermore, disper-
ion was much less for lead microparticles with electrophoretic
obility less than −1 × 10−8 m2/V s (average �2

�
was significantly

ower, P < 4.57 × 10−5). Keller et al. [34] reported that dispersiv-
ty can be a function of both the medium and particle size; and
hat it decreases with increasing particle size. Because the media
as not changed and the particles depicted in Fig. 2 were approx-
mately the same size (Butkus and Johnson [28] reported that the
ean aggregate diameters of all stock suspension lead micropar-

icles, with unadjusted pH, were between 0.9 �m and 2.8 �m), it
s proposed that dissimilarity in �2

�
here derived from variations
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ig. 1. Breakthrough curves as a function of pore volumes for selected pulse inputs
f stock suspensions. The ordinate represents a dimensionless concentration, which
as obtained by dividing the effluent concentration as a function of time, Cout(t),

y the concentration injected, Co. Curves representing lead microparticles were
btained by subtracting concentration of submicron lead (less than 0.45 �m) from
oncentration of total lead as a function of time. The Pb(aq) control stock suspen-
ion was set to pH 3.8 to minimize formation of particulate lead. The simulated
roundwater in all cases was 1.0 mM NaCl.
lead microparticles. The ordinate represents normalized first moment (�) and sec-
ond moment (�2

�
) transport parameters. A trace has been superimposed on the figure

to illustrate trends in the data.

in the long range electrostatic interactions. Because particles with
high �2

�
have a tendency to spread in groundwater, electrophoretic

mobility can be a useful tool in assessing transport (and subsequent
risk) associated with dispersion.

The Pb(aq) control stock (Pb(NO3)2) was set to a pH of 3.8 to min-
imize formation of lead microparticles (the objective was to form a
solution and lead species > 0.45 �m were not detected). Because
the sand media is capable of adsorbing lead complexes [37,38],
mass recovery of less than 100% for the Pb(aq) control is not sur-
prising. Unexpectedly, � derived from the Pb(aq) control was much
less than � of the NaCl tracer (P < 0.0405). It is plausible that dis-
solved complexes of lead were excluded from certain locations or
pore spaces via anion exclusion processes [39]. The equilibrium
model predicted that Pb2+ and PbNO3

+ are predominate aqueous
species under these conditions, which implies that anion exclusion
may have been minimal in the negatively charged [40] sand media.
The model also predicted that Pb(OH)2(s) is formed at equilibrium,
which could result in nanoparticles with different transport charac-
teristics than dissolved lead complexes. The relatively low value of
� for the Pb(aq) control supports this hypothesis because formation
of lead nanoparticles would be expected to exhibit earlier break-
through, compared with a NaCl tracer [34,41–43]. In either case,
the BCT for lead from the Pb(aq) control, under low pH conditions,
is a concern due to considerable lead movement in the sand media.

Adjustment of the PbO stock suspension pH from 9.4 to 7.2 had
a substantial influence on the mass recovery of lead (lead was not
detected in the column effluent for the pulse of pH 9.4 stock PbO
suspension) with slightly more submicron lead than microparticles
(P < 0.083349). Similarly, Chen et al. [44] reported that lead migra-
tion was limited in soils with elevated pH. Butkus and Johnson [28]
reported that reduction in pH (from 9.4 to 7.2) resulted in disso-
lution of PbO and subsequent formation of Pb(OH)2(s) (according
to the equilibrium model) or Pb3(CO3)2(OH)2 (according to XRD
results for similar samples). Similarly, Fornasiero et al. ([45]; see
also [40]) reported that PbCO3 and Pb3(CO3)2(OH)2 appeared to be
the predominate species on galena surfaces in suspensions exposed
to the atmosphere. Significant differences in � (P < 0.0260) and �2

�
(P < 0.0313) between submicron lead derived from the PbO stock

suspension at pH 7.2 and the Pb(aq) control suggest that dissimi-
lar species were formed in each case. In addition, submicron lead
from the PbO stock suspension at pH 7.2 moved slower (larger �,
P < 0.0549) and with more dispersion (larger �2

�
, P < 0.0354) than the
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aCl tracer. Grolimund et al. [42] also reported that dispersivity of
atural and latex colloids was higher than that of a conservative
racer in packed soil columns.

The PbO stock suspension was transformed during the aging
rocess as indicated by a decrease in mass recovery (P < 0.0619).
utkus and Johnson [28] reported an increase in percentage of

ead greater than 0.45 �m as a result of aging. The shift in parti-
le size could have increased straining [46] and decreased effluent
ead mass recoveries. However there was no substantial change in
ransport parameters as a result of aging. Butkus and Johnson [28]
eported that the electrophoretic mobility of PbO starting material
ecreased as a result of aging, but remained positive; thus, sig-
ificant changes in � and �2

�
would not be expected according to

ig. 2.
Stock suspensions created via addition of PO4(aq) to both forms

f lead resulted in low mass recovery. However, the fraction of
ead microparticles formed in the PO4(aq) treatment stock suspen-
ions that passed through the column had a tendency to move
apidly, with minimal dispersion when compared with the Pb(aq)
nd PbO effluent data. For example, � of microparticles from the
bO, pH 7.2, stock suspension was 3.65 while � of microparticles
rom the PbO + PO4(aq) treatment was 1.27 (P < 0.0530). Similarly, �2

�
f microparticles from the PbO, pH 7.2, stock suspension was 2.68
hile �2

�
from the PbO + PO4(aq) treatment was 0.42 (P < 0.0145).

olloid-facilitated transport of pollutants, such as lead, is a sig-
ificant problem as colloids can travel over long distances with
ovement often being limited only by the instability of the porous
edium and clogging [47]. The enhanced velocity of the lead

roducts formed via the PO4(aq) treatment may be a detriment.
ass recovery and transport parameters of effluent lead from the

O4(aq) + Pb(aq) treatment stock suspension did not change signif-
cantly with aging, which suggests that the method proposed by
riagu [8] on the use of PO4(aq) to retard movement of lead is effi-
acious (relative to mass recovery) under selected conditions. Aging

f the PO4(aq) + PbO stock suspension resulted in a slight increase
n effluent lead microparticles (P < 0.0970) above the PO4(aq) + PbO
tock suspension and significant increase relative to the aged PbO,
H 7.2 stock suspension (P < 0.0244).

able 2
urface thermodynamic properties and parameters of particles and media used in
he DLVOex colloid stability model.

Surface Zeta potential (mV) Ref.

PbO (pH 9.4) 44.4 This work
PbO (pH 7.2) 49.2 This work
Pb3(CO3)2(OH)2

a −20 [40]b

Sand (SiO2) in the absence of
dissolved lead (pH 9.4)

−28.7 This work

Sand in the presence of
dissolved lead (pH 7.2)

8.0 [40]b

Sand in the presence of lead
carbonate

−28.7 This work

Lifshitz–van der Waals (LW) surface free energy (mJ/cm2)
PbO 32.2 [48]
Pb3(CO3)2(OH)2 38.9 [48]
Sand (SiO2) 39.2 [49]
Lewis acid base (AB) surface free energy (mJ/cm2)
PbO 22.7 [48]
Pb3(CO3)2(OH)2 5.46 [48]
Sand (SiO2) 11.5 [49]
Diameter (�m)
PbO (pH 9.4) 2.32 [28]
PbO (pH 7.2)c 0.45 This work
Pb3(CO3)2(OH)2

c 0.45 This work

a According to Rashchi et al. [40], the zeta potential of Pb3(CO3)2(OH)2 is similar
o PbCO3 above pH 4.

b The zeta potential in Ref. [40] was quantified in a 1 mM KNO3 background elec-
rolyte.

c A diameter of 0.45 �m was assumed based on the distribution of lead presented
n Table 1.
Fig. 3. Energy (kT) predictions from a DLVOex colloid stability model between a sand
(modeled as SiO2) collector and lead particles. Values used to develop the model are
presented in Table 2.

Mass recoveries from the HA treatment of PbO, pH 7.2, stock sus-
pension were greater than mass recoveries from the PbO, pH 7.2,
stock suspension. However, the normalized transport parameters
were approximately the same for submicron (�, P < 0.2012 and �2

�
,

P < 0.2291) and microparticle (�, P < 0.3690 and �2
�

, P < 0.5000) frac-
tions of effluent lead. The mechanism of increased effluent lead, for
the HA + PbO pH 7.2 treatment, remains unknown. Although mass
recovery of submicron lead for the HA + Pb(aq), pH 3.81, stock sus-
pension was significantly less than submicron effluent lead from
Pb(aq) control (P < 2.07197E−05), transport properties were not sig-
nificantly different (�, P < 0.7665 and �2

�
, P < 0.3047) compared with

the Pb(aq) control. However, the lead microparticles in the column
effluent, formed via HA + Pb(aq) treatment (pH 3.8) had larger �2

�
than the Pb(aq) control (P < 0.0143), which implies that the mobile
fraction of particulate lead in this treatment might have a greater
tendency to spread by dispersion in the subsurface than the control.

A DLVOex colloid stability model was used to predict attach-
ment of lead to sand under the pH conditions in this work. Surface
free energy components and selected zeta potential measurements
were taken from the literature (Table 2). Rashchi et al. [40] reported
that the zeta potential of silica (7 < pH < 12) was positive in the pres-
ence of Pb2+ and negative in the presence of lead carbonate. These
variations in the sand (collector) zeta potential were incorporated
into the model. Predictions from the DLVOex model are presented in
Fig. 3. The model predicted that PbO microparticles adhere to sand
(modeled as SiO2) in a deep secondary minimum at pH 9.4, which
is consistent with experimental findings (lead was not detected in
the column effluent). The model predicted that particle attachment
in the primary or secondary minima is not expected for PbO and
Pb3(CO3)2(OH)2 at pH 7.2. These model predictions are consistent
with trends in effluent lead data for the PbO stock suspension, at pH
7.2, presented in Table 1. A classic DLVO model (data not shown)
was unable to predict effectively lead particle–sand interactions
in these systems. The agreement of DLVOex model results with
experimental results suggests the importance of Lewis acid–base
interactions in this system.

4. Conclusion

Transport properties (normalized first and second temporal

moments) varied as a function of lead species and correlated well
with electrophoretic mobility. The DLVOex model predicted attach-
ment of particulate lead to the sand media. These constructs could
be integrated into existing lead transport models to enhance their
prediction capabilities.
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[48] B. Jańczuk, E. Chibowski, W. Wójcik, M.C. Guindo, F. González-Caballero, Surface
free energy of some lead compounds compared to galena, Mater. Chem. Phys.
37 (1994) 64–67.

[49] C.J. van Oss, R.F. Giese, W. Wu, Surface and electrokinetic properties of clays
80 M.A. Butkus, M.C. Johnson / Journal o

Most forms of lead investigated in this work had a tendency to
ove in sand over a wide pH range, which demonstrates the need

or lead remediation on firing ranges. Based on the conditions set in
his work, PO4(aq) significantly retarded the mobility of Pb(aq) and
bO, although some lead-phosphate species in these treatments
oved with a higher pore water velocity than the lead controls.

he HA amendment had a limited influence on lead transport prop-
rties and it increased lead mass recoveries in some cases. It is
uggested that new forms of phosphate amendments be developed
o overcome the limitations identified in this study.
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