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a b s t r a c t

Stabilization/solidification (S/S) processes were utilized to immobilize selenium (Se) as selenite (SeO3
2−)

and selenate (SeO4
2−). Artificially contaminated soils were prepared by individually spiking kaolinite,

montmorillonite and dredged material (DM; an organic silt) with 1000 mg/kg of each selenium com-
pound. After mellowing for 7 days, the Se-impacted soils were each stabilized with 5, 10 and 15% Type
I/II Portland cement (P) and cement kiln dust (C) and then were cured for 7 and 28 days. The toxicity
characteristic leaching procedure (TCLP) was used to evaluate the effectiveness of the S/S treatments. At
28 days curing, P doses of 10 and 15% produced five out of six TCLP-Se(IV) concentrations below 10 mg/L,
whereas only the 15% C in DM had a TCLP-Se(IV) concentration <10 mg/L. Several treatments satisfied the
USEPA TCLP best demonstrated available technology (BDAT) limits (5.7 mg/L) for selenium at pozzolan
-ray powder diffraction
canning electron microscopy

doses up to 10 times less than the treatments that established the BDAT. Neither pozzolan was capable of
reducing the TCLP-Se(VI) concentrations below 25 mg/L. Se-soil–cement slurries aged for 30 days enabled
the identification of Se precipitates by X-ray powder diffraction (XRD) and scanning electron microscopy
(SEM)–energy dispersive X-ray spectroscopy (EDX). XRD and SEM–EDX analyses of the Se(IV)- and Se(VI)-
soil–cement slurries revealed that the key selenium bearing phases for all three soil–cement slurries were
calcium selenite hydrate (CaSeO3·H2O) and selenate substituted ettringite (Ca6Al2(SeO4)3(OH)12·26H2O),

respectively.

. Introduction

The main focus of this study was to conduct a treatability study
sing surrogate soils spiked with Se to benchmark the immobi-

ization of Se in soft fine-grained media (clays and organic silts)
hat could be reasonably taken to model sediments and dredged

aterial (DM). Selenium can be derived from many sources includ-
ng igneous rocks, and silver, copper, lead, nickel and sulfide ores
1]. Industrial uses include rubber compounding, steel alloying,
ectifiers, glass making, pigments (red) and photovoltaic and pho-
oconductive applications, including solar cells. Se leaching from
ard rock, coal mines (in mine water), runoff from tailings, coal and

sh piles, and deposition of Se from other sources [2–11] invari-
bly result in Se accumulation in river sediments and DM taken
rom navigational channels and private berths in major port cities.
e occurs in four oxidation states: selenide (2−); selenium (0);

∗ Corresponding author at: Department of Environmental Engineering, Chosun
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el.: +82 62 230 7870; fax: +82 62 228 1466.
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selenite (4+); and selenate (6+); the reduced forms being princi-
pally associated with mined ores and engineered uses, whereas the
oxidized forms represent the most mobile, toxic and accumulative
species in soil systems. In soil environments, Se is stable as sele-
nate [Se(VI)] over the entire range of pH, whereas selenite [Se(IV)]
occurs as HSeO3

− and SeO3
2− under acidic and alkaline conditions,

respectively, [2,3].
Exceeding the upper intake level of Se at 400 �g/day may lead

to selenosis, and includes such acute and chronic symptoms as
gastrointestinal disorders, skin and tooth discoloration, hair loss,
sloughing of nails, fatigue, cardiovascular and neurological damage,
and cirrhosis of the liver [1]. These health concerns have resulted
in the establishment of low regulatory criteria for Se compared to
other metals such as arsenic, chromium(VI) and lead which gain
much more attention. The US National Fresh Water Quality Stan-
dard is for Se is 0.005 mg/L [4]. The USEPA maximum contaminant
level for drinking water for Se is 0.05 mg/L [12]. The toxicity char-

acteristic leaching procedure (TCLP) limit has been established as
1 mg/L [13].

As an oxyanion, Se has been difficult to remove from several non-
water wastes (e.g., soils, residues, mine tailings, filter cakes, etc.)
which has resulted in a stabilization/solidification (S/S) based best

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dmoon10@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2009.02.125
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are provided in Table 2.
The Portland cement and cement kiln dust used in this study
D.H. Moon et al. / Journal of Haz

emonstrated available technology (BDAT) for Se bearing wastes
D010 wastes) of 5.7 mg/L [14]. The main challenge is that for mul-
iple metal bearing wastes, the minimum solubility range for Se
∼6.5 < pH < 7.5) does not coincide with most other metals also
equiring immobilization [15]. The TCLP BDAT limit was established
ased on a S/S treatability study using D010 mineral processing
astes with approximately 700 mg/kg total Se and an untreated

CLP-Se concentration of 3.74 mg/L. The treated residuals contained
etween 0.154 and 1.8 mg/L for the S/S BDAT study, which used
ozzolan to waste ratios between 1.3 and 2.8 (130–280% added).
owever, variances even to the TCLP BDAT limit have been granted

or very high Se bearing wastes (up to 1024 mg/L TCLP for untreated
aste) such as those from the glass industry, allowing up to 25

nd 51 mg/L TCLP Se, depending on the industrial source [15,16].
o achieve these levels prior to ultimate disposal in a landfill, poz-
olan to waste ratios of 1.8–2.7:1 (to achieve 25 mg/L) and 2.7:1
to achieve 51 mg/L) were identified as effective by USEPA, versus
igher doses (up to 5:1) which began to resemble pure dilution (at
very high cost).

For this treatability study, an upper concentration of Se was
dopted on the order of the BDAT studies (∼1000 mg/L Se) to bracket
worst case scenario for hotspots, though it is recognized that the
xpected concentrations in real sediments will typically be on the
rder of 200 mg/L or less. For example, the San Luis Drain, in the
entral valley of California, is reported to contain aqueous and sed-
ment Se concentrations on the order of 0.6 mg/L and 38–83 mg/kg,
espectively [17–19]. Concentrations as high as 183 mg/kg Se have
een detected [19]. The costs for the removal and disposal of the
an Luis Drain sediments were estimated to be on the order of
11–34/m3 (14–45/yd3) [17].

The federal TCLP limit is not the only trigger for manag-
ng Se-impacted media—local soil cleanup criteria and/or permits
or contaminated soils often regulate on total concentrations,
hich vary from state to state. An example directly illustrating

his involves the recent removal of dewatered DM (403,000 m3;
30,000 yd3) from an existing US Army Corps of Engineers (USACE)
onfined disposal facility for mine reclamation. Approximately 10%
f the environmentally delineated DM (or 38,200 m3; 50,000 yd3)
bove the contract volume was found to contain B, As and Se
oncentrations exceeding the regulated fill standards in Pennsyl-
ania (PA), which for Se is limited to 26 mg/kg [20]. There were
wo choices-leave the Se-impacted DM in place, or adhere to a
eneficial use permit (several possible), which required either
ozzolanic treatment, blending, engineering controls, and/or deed
estrictions, etc., all of which add significantly to the cost of
emoval.

This recent project experience was the direct motivation for
ndertaking this study, since no Se-impacted DM treatability stud-

es were readily available. The main concern for S/S processes was
hat the USEPA BDAT TCLP studies involved extremely high poz-
olan doses (>1:1) compared to conventional DM treatment (�1:1).
ue to their large volumes, the management of Se-impacted con-

aminated sediments cannot support even a 1:1 pozzolan to waste
ose (at 1:1, the raw pozzolan cost is ∼$65/m3). This begs the
uestion, with the typical dosing of pozzolanic products to the sedi-
ents removed from the Port of New York and New Jersey (conducts
ost DM treatment in USA) which is on the order of 8–12% Portland

ement (∼$6.5/m3), what Se treatment can be achieved by the exist-
ng dosing scheme, an accepted practice by several neighboring
tates.

Accordingly, artificially Se-contaminated soils were prepared

sing montmorillonite, kaolinite and DM to evaluate the effective-
ess of two pozzolans to immobilize Se for various fine-grained
edia. Commercially available montmorillonite and kaolinite were

hosen due to the need to simplify, isolate and identify key Se
mmobilization mechanisms. The inclusion of actual DM makes S/S
Materials 168 (2009) 944–951 945

somewhat more challenging than for ordinary soils, owing to its
organic matter content and other constituents that may interfere
with the cement reactions. Each soil was independently spiked with
Se(IV) and Se(VI) to achieve 1000 mg/kg Se prior to treatment. Type
I/II Portland cement and cement kiln dust from the same plant
were applied to all soils at doses ranging from 5 to 15%. Cement
kiln dust offers a potentially more cost effective solution than Port-
land cement (up to 50% less), depending on the treatment volumes
required. Treatment efficiency was evaluated using the TCLP test,
X-ray powder diffraction (XRD) and scanning electron microscopy
(SEM)–energy dispersive X-ray spectroscopy (EDX) to identify the
key mineral phases associated with Se(IV) and Se(VI) immobiliza-
tion.

2. Materials and methods

2.1. Experimental matrix and nomenclature

The experimental design of the S/S study and the nomenclature
used to refer to samples (excluding dose and curing time) are pre-
sented in Table 1. Twelve samples and six control samples were
prepared, varying the type of soils and stabilizing agents and their
doses. To assess the leachability of Se(IV) and Se(VI) in the treated
soils, TCLP tests were conducted in duplicate.

The sample nomenclature used in the TCLP study reflects five
parameters: (1) clay type; (2) selenium type; (3) pozzolan; (4) poz-
zolan dose; (5) curing time. The three soils were montmorillonite
(M), kaolinite (K) and dredged material (DM). Selenium is refer-
enced using its oxidation state, either Se(IV) or Se(VI). Portland
cement and cement kiln dust are denoted as P and C, respectively.
The curing time in days is indicated after the hyphen. An example
ID nomenclature breakdown for sample DMSe(IV)C15–28 is as fol-
lows: DM spiked with selenite and treated with 15% C and cured for
28 days.

2.2. Materials

Montmorillonite, kaolinite and dredged material were used to
simulate artificially contaminated soils to investigate the immobi-
lization of Se as a function of soil physicochemical properties with
respect to cation exchange capacity (CEC), surface area, and the
ability to provide the necessary silica and alumina to facilitate the
pozzolanic reactions. Kaolinite and montmorillonite were selected
because they bracket low and high plasticity clays, thus covering a
range of behavior with respect to their surface area, ion exchange
and CEC. DM was chosen to simulate Se contamination in natural
sediments.

Kaolinite (Hydrated Aluminum Silicate 35, Huber Engineered
Materials, Georgia, USA) and bentonite, a sodium montmorillonite
(The American Colloid Company, Illinois, USA), were commercially
obtained in milled powder form. The DM was obtained from the
USACE Craney Island confined disposal facility in Hampton Roads,
VA [21]. The DM was classified as an inorganic clays or high plas-
ticity fat clay (CH) in accordance with the Unified Soil Classification
System with a gravimetric moisture content of approximately 130%,
however, this was adjusted to 70% by air drying for use in this
study. Selected chemical and physical properties of M, K and DM
were provided by Lafarge North America, (Whitehall, PA). The
Type I/II Portland cement and cement kiln dust both originated
from the Lafarge Ravena (NY) plant. A summary of the bulk
chemistry (by XRF) of these stabilizing agents is presented in
Table 2.
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Table 1
Treatability matrix for selenium stabilization/solidification (S/S) study.

Sample Soils Contaminant Stabilizing agent

Montmorillonite Kaolinite Dredged material Se(IV) Se(VI) PC CKD

MSe(IV)
√ √

MSe(IV)P
√ √ √

MSe(IV)C
√ √ √

KSe(IV)
√ √

KSe(IV)P
√ √ √

KSe(IV)C
√ √ √

DMSe(IV)
√ √

DMSe(IV)P
√ √ √

DMSe(IV)C
√ √ √

MSe(VI)
√ √

MSe(VI)P
√ √ √

MSe(VI)C
√ √ √

KSe(VI)
√ √

KSe(VI)P
√ √ √

KSe(VI)C
√ √ √

DMSe(VI)
√ √

DMSe(VI)P
√ √ √

DMSe(VI)C
√ √ √

Table 2
Physicochemical properties for montmorillonite, kaolinite, dredged material, Type I/II Portland cement and cement kiln dust.

Parameter M (wt%) K (wt%) DM (wt%) Type I/II P (wt%) C (wt%)

Silicon dioxide (SiO2) 65.15 45.82 58.01 20.15 14.02
Aluminum oxide (Al2O3) 17.68 38.34 12.95 4.76 3.21
Iron oxide (Fe2O3) 4.22 0.14 6.14 3.11 2.02
Calcium oxide (CaO) 0.97 <0.01 4.01 62.54 45.33
Sodium oxide (Na2O) 2.58 0.15 1.82 0.29 0.61
Potassium oxide (K2O) 0.85 0.11 2.46 0.55 2.12
Magnesium oxide (MgO) 1.86 0.03 1.77 3.80 2.83
Sulfur trioxide (SO3) 0.49 <0.01 1.82 3.05 6.61
Titanium dioxide (TiO2) 0.22 0.61 0.78
L
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oss on ignition (LOI) 4.68 13.86
oisture content

H (L:S, 1:1) 7.00 4.0–6.5
H (L:S, 20:1)

.3. Se-spiked soils

Each soil was spiked with sodium selenite (Na2SeO3) and
odium selenate (Na2SeO4) (99% and 98% purity, respectively,
ldrich) at 0.1 wt% (1000 mg/kg) to simulate Se(IV) and Se(VI)
ource contamination. Specifically, either sodium selenite or
odium selenate was first dissolved in deionized water and then
ixed with clay. Fifty percent water content based on the total
eight of clay was used. After being thoroughly homogenized,

he samples were placed in sealed 500-L high-density polyethy-
ene (HDPE) containers and were left to mellow for a period of
days.

After the mellowing period was complete, the soils were mixed

ith Portland cement and cement kiln dust at dosages of 5, 10

nd 15 wt% (expressed as grams of stabilizing agent/100 g dry
oil). Specifically, 30 g of each soil was placed in a stainless steel
ixing bowl and was manually homogenized with the respective

able 3
CLP Se(IV) and Se(VI) concentrations and TCLP pH in the soil controls.

pecies Control

Montmorillonite Kaolinite Dredged material

Se (mg/L) pH Se (mg/L) pH Se (mg/L) pH

e(IV) 53.8 5.04 51.1 4.84 33.7 6.18
e(VI) 63.8 5.03 53.5 4.84 63.1 6.14
10.01 1.06 21.82
130 0.30

7.47 12.24 12.73
11.25 12.14

dose of each stabilizing agent. Water was added at the 10% level
based on total sample weight. An additional 20% water was added
to the montmorillonite samples to promote full hydration. Ulti-
mately, two sub-samples for each of the eighteen samples were
created. After mixing, the amended soils were stored in sealed
125-mL HDPE bottles at room temperature and cured for 7 and
28 days.

2.4. Preparation of soil–cement slurries for XRD

The 0.1 wt% Se spiking levels used in the TCLP extraction studies
were too low to enable accurate identification of the Se miner-
als by XRD. Accordingly, Se-soil–P slurries were prepared using a
10 wt% Se(IV) or Se(VI) dose (100,000 mg/kg) to enable the identi-
fication of Se precipitates by XRD (Se detection limit is ≤5 wt%) and
SEM–EDX. Specifically, selenium was first dissolved in deionized
water as either Se(IV) (using Na2SeO3) or Se (VI) (using Na2SeO4),
and then thoroughly mixed with either K, M and DM. Slurry sam-
ples were prepared by mixing 10 g of each soil with Se at a L:S of
10:1 resulting in a Se concentration of 10 wt%. The Se-spiked soils
were then mixed with 15 wt% P until they were visually homoge-
neous. The slurry samples were then rotated in the TCLP tumbler

at 30 rpm for 30 days to promote equilibrium. The samples were
then filtered using a 0.4 �m pore-size membrane filter to separate
the solids from the leachate. The remaining solids were collected,
air-dried, sieved using #200 mesh (75 �m) and subjected to XRD
analyses.
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as a function of the TCLP-pH in Figs. 1 and 2 for curing times of 7
and 28 days, respectively. The TCLP-Se(IV) results for the controls
are presented to illustrate the relative reductions (or lack thereof) in
Se(IV) leaching associated with the P and C treatments. Also shown
D.H. Moon et al. / Journal of Haz

.5. TCLP tests

The TCLP tests were conducted in accordance with EPA Method
311 [22] to evaluate the leachability of Se(IV) and Se(VI) from the
e-spiked soil (Section 2.3). All samples were passed through a
o. 10 sieve (2 mm) prior to the TCLP tests. Specifically, 2 g of soil
as placed in 40-mL high-density polyethylene (HDPE) bottles and
ixed with a designated 40 mL of TCLP extraction fluid. The leach-

ng fluids were selected based on the pH and buffering capacity of
he soil as specified in the procedure. All samples were tumbled
t 30 rpm in a TCLP tumbler (Millipore) for 18 h in accordance with
he TCLP method. The pH (Denver Instrument UB-10) was measured
nd the leachate was filtered through a 0.45-�m pore-size mem-
rane filter prior to an inductively coupled plasma optical emission
pectrometer (ICP-OES) (Thermo Varian Vista-MPX, Varian, Palo
lto, CA) for Se(IV) and Se(VI) analysis. Sample analyses were per-

ormed in duplicate and averaged values were reported. For QA/QC
urposes, two different quality control standards along with the
ethod of standard addition (spiking) were used every 10 samples.
oreover, if the two analyses of the same standard differed by more

han 10%, a new calibration curve was constructed and the samples
eanalyzed.

.6. X-ray diffraction (XRD) analyses

XRD was used to investigate the crystalline mineral phases
esponsible for Se(IV) and Se(VI) immobilization in the soil–cement
lurry samples (Section 2.4). Representative samples were air dried
or 24 h and then were pulverized to pass through a US standard
o. 200 sieve (75 �m). Step-scanned X-ray diffraction data was col-

ected with a Rigaku Ultima IV. The XRD analyses were conducted at
0 kV and 40 mA using a diffracted beam graphite-monochromator
ith Cu radiation. The data were collected over the range from 5◦ to

5◦ 2� with a step size of 0.02◦ and a count time of 3 s per step. XRD
atterns were qualitatively analyzed using Jade software version
.1 [23] and reference to the patterns of the International Centre for
iffraction Data database [24].

.7. Scanning electron microscopy (SEM) analyses

Prior to SEM analyses, representative samples were air-dried and
repared using double-sided carbon tape. SEM analyses were per-
ormed using a LEO-810 Zeiss microscope equipped with an energy
ispersive X-ray spectroscopy (EDX), ISIS-LINK system.

. Results and discussion

.1. TCLP

Due to the L:S ratio of the TCLP test (20:1) and the Se spiking
evels involved, the theoretical maxima for dissolved Se, assuming
omplete anion exclusion in each soil would be 50 mg/L for the soil
ontrols. For the pozzolan amended systems, in which the dosages
re additive (above 100%), the dilution represented by the 5, 10
nd 15% doses correspond to the maximum soluble concentrations
f total Se of 47.62, 45.45 and 43.48 mg/L, respectively. Thus, these
oncentrations are the benchmarks for evaluating reduced leaching
enhanced immobilization).

Under TCLP extraction conditions, the imparted acidity trans-
ates to most sorbed cations being forced into solution, generally
eaving low(er) cation (and counter ion) coverage on the clay sur-

aces. Unless co-precipitated or scavenged by other species, this
ould mean that Se(IV) and Se(VI), modeled as strongly binding

nner- and loosely binding outer-sphere species [25], would be very
ffected and relatively unaffected by pH dependant phenomenon
t water-solid interfaces, respectively. Moreover, Johnson et al. [26]
Fig. 1. Se(IV) TCLP concentrations for Portland cement (P) and cement kiln dust (C)
treated soils at 7 days.

demonstrated the irreversible sorption of selenite in batch experi-
ments using 27 combinations of Type V Portland cement, silica fume
and clay. Accordingly, all things considered equal and if Se sorbed to
the control soils, the measured Se(IV) concentrations should be less
than the corresponding Se(VI) concentrations under the same TCLP
conditions, as suggested by their inner and outer sphere binding
behavior, respectively. The data in Table 3 supports this generalized
trend.

The controls for the M and K soils are close to, and somewhat
above, the theoretical concentrations for both Se(IV) and Se(VI),
the Se(IV) concentrations being significantly lower (∼20%). For the
DM, the lower Se(IV) concentrations suggests a possible sorption
mechanism that may be related to its organic matter content. How-
ever, organo-selenium species were not explicitly evaluated in this
study.

3.1.1. Se(IV)-spiked media
The TCLP-Se(IV) results obtained from the three soils (M, K, DM)

individually stabilized with P and C at doses of 5, 10–15% are shown
Fig. 2. Se(IV) TCLP concentrations for Portland cement (P) and cement kiln dust (C)
treated soils at 28 days.
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Fig. 3. Se(VI) TCLP concentrations for Portland cement (P) and cement kiln dust (C)
treated soils at 7 days.

Fig. 4. Se(VI) TCLP concentrations for Portland cement (P) and cement kiln dust (C)
treated soils at 28 days.

Fig. 5. X-ray diffractograms of the filtrates from
s Materials 168 (2009) 944–951

in Figs. 1 and 2 for comparison purposes are the TCLP BDAT limit
(5.7 mg/L) and the TCLP toxicity criterion (1 mg/L). All treatments
failed the TCLP criterion, one treatment satisfied the TCLP BDAT at
7 days, and three treatments satisfied the TCLP BDAT at 28 days
with three other treatments <10 mg/L. As the pozzolan dose and
curing time increased, the leachable Se(IV) concentration typically
decreased, sometimes significantly.

At 7 days, only the 15% P dose to the DM soil satisfied the TCLP
BDAT. The clustering of the data by dose indicates that 10 and 15% P
were able to more strongly buffer the TCLP extractant than the 15%
C, producing pH values generally between 6 and 8, where Se is at its
minimum [22]. The spiked DM soils routinely had the lowest Se con-
centrations and the C-treated DM outperformed the corresponding
P-treated M soil at all dosing levels.

At 28 days, the most effective stabilizing agent on Se(IV) leach-
ability was P. The lowest TCLP Se concentration of 2.7 mg/L was
observed in the sample KSe(IV)P15–28. In general, with increased
curing time, most treatments resulted in greater pH buffering of
the TCLP solution but did not necessarily correlate to substantially
lower Se(IV) concentrations. This was certainly the case with C
which had difficulty immobilizing Se(IV) in the K and M soils. As
before, 5% C was not able to elevate the pH substantially above
the M and K controls, and the DMSe(IV)C5–7 sample was actu-
ally more acidic than the DM control. The corresponding P pairs
had pH values that were 2–3 units higher. Ten and fifteen percent
P were generally able to produce Se(IV) concentrations below or
near the TCLP BDAT level. The lowest average Se(IV) concentrations
were measured in the K soil, followed by the DM and M soils. How-
ever, the average concentration of the C-treated DM was almost
the same as the P-treated M soil, perhaps due to the natural pH of
the DM.

3.1.2. Se(VI)-spiked media
The TCLP results obtained from the Se(VI) samples are presented

in Figs. 3 and 4 using the same presentation format as the TCLP-
Se(IV) results. The pH buffering offered by the P was again evident
as the P-stabilized soils tended to be the least acidic. However, for
both 7- and 28-day curing, the reduction of the TCLP-Se(VI) concen-
trations for all samples was not significant; the lowest achievable

TCLP-Se(VI) concentration was 28.3 mg/L (KSe(VI)P15–28 sample).
Regardless of the type of S/S agent, the lowest Se(VI) leaching
levels were associated with the K soil. Nevertheless, many of the
Se(VI) concentrations were close to the values associated with the
anion-excluded Se concentrations (43–47 mg/L), corresponding to

Se(IV)-soil–P slurries tumbled for 30 days.
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Se-ettringite was the only detectable Se-bearing phase.
Several researchers have reported on the substitu-

tion of numerous oxyanions in ettringite and monosulfate
(Ca4Al2O6(SO4)·12H2O) phases [27–29,31–34]. Comparison of
ettringite with Se(VI)-ettringite for the XRD spectra shown in
Fig. 6. X-ray diffractograms of the filtrates

he mere dilution offered by the pozzolans themselves. This was
specially the case for the DM soils.

.2. XRD

The qualitative XRD results for the Se(IV) and Se(VI) spiked
oil–cement slurries are presented in Figs. 5 and 6, respectively.
he X-ray diffractograms for the K, M and DM soil–cement slurry
amples are arranged vertically, top to bottom, in each figure. Based
n the work of Baur and coauthors [27–29], attempts were made in
he Se(IV) and Se(VI) systems to verify the presence of CaSeO3, and
e(VI)-substituted ettringite (AFt) and monosulfate (AFm) phases,
espectively.

In each of the diffractograms in Fig. 5, the predominant Se(IV)
ineral detected was calcium selenite hydrate (CaSeO3·H2O), hav-

ng primary reflections at 17.971◦, 30.029◦, 12.232◦ and 27.158◦ 2�
egrees based on the powder diffraction file (PDF) #97-003-3955

n the ICDD [24]. In the Se(IV)-K–P slurry, the third peak (12.232◦)
s obscured by a strong kaolinite reflection, but all other peaks are
learly recognizable. Specifically, the Se(IV)-K–P slurry contained
aolinite, calcite and CaSeO3·H2O as major phases. Aside from the
ifference in the base soils, the Se(IV)-M–P slurry also showed
eaks of quartz, whereas the Se(IV)-DM–P slurry additionally con-
ained muscovite.

The formation of calcium selenite, CaSeO3, (PDF #35-0884, 35-
885) was not identified in any of the samples tested. Specifically,
o major peaks were observed based on 2� values of 38.100◦,
9.063◦ and 49.786◦ (PDF #35-0884), or 30.378◦, 28.037◦ and
3.797◦ (PDF #35-0885). This is in contrast to Ghosh-Dastidar et
l. [30] who found that the sorption of SeO2(g) on hydrated lime at
levated temperatures resulted in the formation of CaSeO3 under
O2(g) deficient conditions, as confirmed by XRD. Likewise, Baur
nd Johnson [27,28] generated CaSeO3, but used neat aqueous
xperiments and synthetically generated monosulfate, ettringite
nd calcium silicate hydrate (CSH) phases. While they explicitly
ought CaSeO3·H2O in XRD spectra, no agreement could be attained
or either the available PDF files with their measured XRD spectra
8◦, 16◦ and 24◦ 2�), or the experimentally determined solubility
roduct data, leading Baur and Johnson [27] to ultimately conclude

hat SeO3

2− was incorporated into AFm phases at high Se concen-
rations. In both cases [27,28,30], these prior studies did not actually
nvolve pozzolanically stabilized soils.

Fig. 6 shows select diffractograms for the P-stabilized Se(VI)
piked soils. In the Se(VI)-K–P slurry, kaolinite, calcite and
Se(VI)-soil–P slurries tumbled for 30 days.

Se-ettringite (Ca6[Al2(OH)6]2(SeO4)3·26H2O) were identified. In
the Se(VI)-M–P slurry, montmorillonite, quartz, calcite and Se-
ettringite were identified. In the Se(VI)-DM–P slurry sample,
Fig. 7. SEM image of Se(IV)-kaolinite–P slurry sample showing monoclinic
CaSeO3·H2O (a), and its empirically-derived composition by EDX (b).
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ig. 6 indicated the presence of Se(VI)-ettringite in all soil–cement
lurries. Specifically, the primary peak reflections of ettringite
9.091◦, 15.784◦ and 22.944◦ 2�; PDF #00-041-1451) did not match
he measured diffractograms, whereas the four primary reflections
15.561◦, 22.753◦, 8.980◦ and 18.821◦ 2�; PDF #00-042-0224) of
e(VI)-ettringite were well defined. The main difference between
ttringite and Se(VI)-ettringite are the ordering of the primary
eak reflections (9.091◦ vs 15.561◦ 2�), and the emergence of a
trong tertiary reflection (18.821◦ 2�) for Se(VI)-ettringite.

The only difference between the soil–cement samples (Section
.3) and slurries (Section 2.4) was the selenium dose. The detec-
ion of calcite in all slurry samples clearly indicates that calcium
as not mass limiting in terms of Se binding. Thus, the formation
f CaSeO3·H2O and Ca6[Al(OH)6]2(SeO4)3·26H2O are very impor-
ant in terms of Se immobilization. Since no other crystalline Se
ompounds were detected in the slurry samples (including selenate
fm), and since Se appears to be mass limiting for both sets of sam-
les, it is reasonable to conclude that calcium selenite hydrate and
e(VI)-ettringite were likely the solubility controlling crystalline
hases in the more dilute soil samples.

The Ksp value of CaSeO3·H2O has been estimated to be 10−6.84 to
0−7.27 at 25 ◦C and for a pH value of 9 for synthetically generated
alcium selenate hydrate from aqueous suspensions [27]. Other
ources [35,36] report Ksp values on the order of 10−7.65 to 10−7.76.
hese values are relatively high, but illustrate that Se-precipitates
re predicted at elevated pH.

The base homologue for selenate ettringite is (sulfate) ettrin-
ite or Ca6[Al(OH)6]2(SO4)3·26H2O, which has a reported Ksp value
f 10−44.8 between 5 and 75 ◦C and at pH between 10.5 and 13,
s determined from aqueous dissolution and precipitation experi-
ents [37]. Macphee and Barnett [38] report a similar range of Ksp

alues (10−44.43 to 10−45.09) for their ettringite precipitation exper-
ments conducted between 5 and 30 ◦C. At 25 ◦C, the estimated Ksp

alue for Se(VI)-ettringite, Ca6[Al(OH)6]2(SeO4)3·26H2O is 10−40.7,
hereas under Al and Se mass limiting conditions, the possibil-

ty exists for the formation of selenate Afm or Ca4Al2O6SeO4·xH2O
ith a Ksp of approximately 10−28.59 [28,33]. The latter, however,
as not observed in the slurry samples (thus Al was not mass lim-

ting). The very low Ksp values for Se(VI)-ettringite suggest that
he compound will control the solubility of selenium to very low
evels while remaining very stable under alkaline conditions in
he long term. Decomposition of ettringite, however, is known to
ccur due to carbonation reactions, and conversion to gypsum
revails when the pH drops below approximately 10.5, though
ome researchers have still observed ettringite at pH as low as
.5 [39].

.3. SEM–EDX

SEM–EDX results obtained from the Se(IV)-kaolinite–P slurry
re presented in Fig. 7. The results showed that platy crystals were
ormed upon P treatment (Fig. 7a). The analyzed crystals contain O,
e, Ca, and Si elements based on the EDX analyses (Fig. 7b). Since
he Se peak was distinct at 1.42 keV (L�), these compounds appear
o be calcium selenite hydrate (CaSeO3·H2O) with minor impurities
f Si, consistent with the XRD analyses (Fig. 5).

The SEM–EDX results obtained from the Se(VI)-kaolinite–P
lurry are presented in Fig. 8. In this sample, Se-rich needle-like
rystals were formed upon P treatment (Fig. 8a). Based on the

DX analysis, O, Al, Se, Ca and Si elements were observed in the
rystal, again suggesting trace silica as an impurity. More specif-
cally, Se (K� = 11.207 keV) was observed in the structure, not S
K� = 2.307 keV). This indicates that the needle-like structure is

ostly likely Se(VI)-ettringite, or Ca6[Al(OH)6]2(SeO4)3·26H2O, as
onfirmed by XRD analysis (Fig. 6).
Fig. 8. SEM image of Se(VI)-kaolinite–P slurry sample showing needle-like Se-
substituted ettringite [Ca6Al2(SeO4)3(OH)12·26H2O] (a), and its empirically derived
composition by EDX (b).

4. Conclusions

In this study, S/S processes were applied to two high water con-
tent clays and dredged material (DM) each individually spiked with
1000 mg/kg Se(IV) and Se(VI) to simulate very high sediment con-
tamination. The dosing amounts of Portland cement (P) and cement
kiln dust (C) were taken to be consistent with those ranges (up to
15%) used in commercial stabilization approaches for DM.

TCLP tests performed on the stabilized soils indicated that the
P treatment was more effective than the C treatment in reducing
both Se(IV) and Se(VI) concentrations. The lowest Se(IV) and Se(VI)
concentrations were both observed upon P-treated kaolinitic soils,
after 28 days of curing. All treatments failed to meet the TCLP-Se
criteria (1 mg/L), but several Se(IV) stabilized soils passed the TCLP-
BDAT standard (5.7 mg/L). The important accomplishment here is
that the doses used in this study for high water content materials
(up to 15 wt% pozzolan) are substantially less than those use in the
TCLP BDAT compliance studies (up to 280 wt%) for similar levels of
Se contamination. Our treatability study data suggests that for real
sediments containing Se(IV) at observed levels up to 200 mg/L, the
maximum doses used in this study will likely be successful under

real (more dilute) conditions. This is an important cap to allow for
future optimization.

To gain insight in to the solubility controlling phases for the
selenium in the pozzolanicaly treated soils, soil–P slurries were pre-
pared using 100,000 mg/kg Se and 15% P to enable the identification
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f Se precipitates by X-ray powder diffraction (XRD) and scanning
lectron microscopy (SEM)–energy dispersive X-ray spectroscopy
EDX). The key selenium bearing phases found in all Se(IV)- and
e(VI)-soil–P slurries were calcium selenite hydrate (CaSeO3·H2O)
nd Se(VI)-ettringite (Ca6[Al(OH)6]2(SeO4)3·26H2O), respectively,
s confirmed by XRD and SEM–EDX analyses. These compounds
ave not been previously identified in soil–cement systems.

These phases were likely to control Se solubility in the more
ilute soil–cement systems that were exposed to the TCLP extrac-
ion solutions. However, the TCLP-pH data for all experiments
Figs. 1–4) suggest that the calcium selenite hydrate and Se(VI)-
ttringite may have been attacked or dissolved entirely. While more
uccess was clearly achieved with Se(IV), it appears that it will be
ery difficult to maintain the immobilization of Se(VI) under TCLP
onditions as the TCLP-pH data for up to 15% P equilibrated and per-
isted below the minimum pH to ensure the stability of ettringite
pH > 10.5), as shown in Figs. 3 and 4. However, as most stabilized
M is placed in controlled fills at brownfields, mine restoration and
ther upland sites, it should remain strongly buffered (alkaline)
nder outdoor environmental conditions. Thus, the real threat of
e leaching will likely be substantially less than that implied by the
CLP test.
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19] G.S. Bañuelos, Z.-Q. Lin, Acceleration of selenium volatilization in seleniferous
agricultural drainage sediments amended with methionine and casein, Environ.
Pollut. 150 (2007) 306–312.

20] Pennsylvania Department of Environmental Protection (PADEP), General Per-
mit for Processing/Beneficial Use of Residual Waste, Permit No. WMGR096,
Regulated Fill, Bureau of Land Recycling and Waste Management, PADEP, Har-
risburg, PA, April 13, 2004.

21] D.G. Grubb, M. Chrysochoou, C.J. Smith, Dredged material stabilization: the role
of mellowing on cured properties, in: M.H. Khire, A.N. Alshawabkeh, K.N. Reddy
(Eds.), GeoCongress 2008: Geotechnics of Waste Management and Remedia-
tion, Geotechnical Special Publication No. 177, 2008, pp. 772–780.

22] U.S. Environmental Protection Agency, Toxicity Characteristic Leaching Proce-
dure, Method 1311, U.S. Environmental Protection Agency, Washington, DC,
1992.

23] Material’s Data, Inc. (MDI), Jade Version 7.1, California, USA, 2005.
24] International Centre for Diffraction Data (ICDD), Powder Diffraction File, PDF-2

Database Release, 2002.
25] K.F. Hayes, C. Papelis, J.O. Leckie, Modeling ionic strength effects on anion

adsorption at hydrous oxide/solution interfaces, J. Colloids Interface Sci. 125
(2) (1988) 717–726.

26] E.A. Johnson, M.J. Rudin, S.M. Steinberg, W.J. Johnson, The sorption of selenite
on various cement formulations, Waste Manage. 20 (2000) 509–516.

27] I. Baur, A.C. Johnson, The solubility of selenate-AFt (3CaO·Al2O3·3CaSeO4·
37.5H2O) and selenate AFm (3CaO·Al2O3·CaSeO4·xH2O), Cem. Concr. Res. 33
(2003) 1741–1748.

28] I. Baur, A.C. Johnson, Sorption of selenite and selenate to cement minerals,
Environ. Sci. Technol. 37 (15) (2003) 3442–3447.

29] I. Bonhoure, I. Baur, E. Wieland, A.C. Johnson, A.M. Scheidegger, Uptake of
Se(IV/VI) oxyanions by hardened cement paste and cement minerals: an X-ray
absorption spectroscopy study, Cem. Concr. Res. 36 (2006) 91–98.

30] A. Ghosh-Dastidar, S. Mahuli, R. Agnihorti, L.-S. Fan, Selenium capture using sor-
bent powders: mechanism of sorption by hydrated lime, Environ. Sci. Technol.
30 (2) (1996) 447–452.

31] D.J. Hassett, D.F. Pflughoeft-Hassett, P. Kumarathasan, G.J. McCarty, Ettringite
as an agent for the fixation of hazardous oxyanions, in: 12th Annual Madi-
son Waste Conference, Department of Engineering Professional Development,
University of Madison-Wisconsin, WI, September 20–21, 1989, pp. 471–481.

32] M. Zhang, E.J. Reardon, Removal of B, Cr, Mo, and Se from wastewater by incor-
poration into hydrocalumite and ettringite, Environ. Sci. Technol. 37 (13) (2003)
2947–2952.

33] M. Chrysochoou, D. Dermatas, Evaluation of ettringite and hydrocalumite for-
mation for heavy metal immobilization: literature review and experimental
study, J. Hazard. Mater. 136 (2006) 20–33.

34] R.E. Roper Jr., Method for chemically stabilizing waste materials con-
taining multivalent oxyanions, US Patent 7,144,362 (2006), http://www.
freepatentsonline.com/7144362.html.

35] M.E. Essington, Estimation of the standard free energy of formation of metal
arsenates, selenates, and selenites, Soil Sci. Soc. Am. J. 52 (1988) 1574–1579.

36] S. Sharmasarkar, K.J. Reddy, G.F. Vance, Preliminary quantification of metal
selenite solubility in aqueous solutions, Chem. Geol. 132 (1996) 165–170.

37] R.B. Perkins, C.D. Palmer, Solubility of ettringite (Ca6[Al(OH)6]2(SO4)3·26H2O)

at 5–75 ◦C, Geochim. Cosmochim. Acta 63 (13/14) (1999) 1969–1980.

38] D.E. Macphee, S.J. Barnett, Solution properties of solids in the ettringite–
thaumasite solid solution series, Cem. Concr. Res. 34 (2004) 1591–1598.

39] S.C.B. Myneni, S.J. Triana, T.J. Logan, Ettringite solubility and geochemistry of
the Ca(OH)2–Al2(SO4)3–H2O system at 1 atm pressure and 298 K, Chem. Geol.
(1997) 1–19.

http://ecfr.gpoaccess.gov/cgi/t/text/text-idx%3Fc=ecfr%26tpl=%252Findex.tpl
http://www.epa.gov/epaoswer/hazwaste/ldr/selenium.htm
http://www.epa.gov/epaoswer/hazwaste/ldr/selenium.htm
http://ecfr.gpoaccess.gov/cgi/t/text/text-idx%3Fc=ecfr%26tpl=%252Findex.tpl
http://www.freepatentsonline.com/7144362.html

	Stabilization/solidification of selenium-impacted soils using Portland cement and cement kiln dust
	Introduction
	Materials and methods
	Experimental matrix and nomenclature
	Materials
	Se-spiked soils
	Preparation of soil-cement slurries for XRD
	TCLP tests
	X-ray diffraction (XRD) analyses
	Scanning electron microscopy (SEM) analyses

	Results and discussion
	TCLP
	Se(IV)-spiked media
	Se(VI)-spiked media

	XRD
	SEM-EDX

	Conclusions
	Acknowledgements
	References


