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THE TRANSPORT OF CONTAMINANTS
FROM ENERGY PROCESS WASTE LEACHATES THROUGH
SUBSURFACE SOILS AND SOIL COMPONENTS
LABORATORY EXPERIMENTS

by
L. E. Wangen, E. A, Stallings, and R. D. Walker
ABSTRACT

The subsurface transport and attenuation of inorganic contaminants common to a
variety of energy process waste leachates are being studied using laboratory column
methods. Anionic species currently being emphasized are As, B, Mo, and Se. Transport
of the cations Cd and Ni is also being studied. The solid adsorbents consist of three soil
mineral components (silica sand, kaolinite, and goethite), and four subsurface soils (a
dunal sand, an oxidic sandy clay loam, an acidic clay loam, and an alkaline clay loam).
Breakthrough patterns of these species from packed soil columns are followed by
monitoring eluent concentrations vs time under carefully controlled laboratory condi-
tions. This report describes the experimental methods being used, the results of
preliminary batch adsorption studies, and the results of column experiments completed
through calendar year 1981.

Using column influent concentrations of about 10 mg/£, adsorption (mmoles/100 g)
has been determined from the eluent volume corresponding to 50% breakthrough. On
silica sand, kaolinite, dunal sand, and goethite, respectively, these are 2.0 x 10~*, 0.020,
0.013, and 0.31 for cadium, 4.4 x 10~*, 0.039, 0.020, and 0.98 for nickel. On kaolinite,
dunal sand, and goethite, respectively, adsorption values (mmoles/100 g) are As (0.24,
0.019, and 20.5), B (0.041, 0.0019, and 1.77), Mo (0.048, 0.0010, and 5.93), and Se
(0.029, 0.00048, and 1.30). Arsenic is the most highly adsorbed contaminant species
and goethite has the largest adsorption capacity of the adsorbents.

I. INTRODUCTION AND BACKGROUND

In January 1980 the Los Alamos National Labora-
tory began generic studies on the movement of inorganic
species determined to be imiportant in leachates from
energy process wastes through subsurface soils. The
emphasis is on contaminants from conventional coal
combustion processes and other energy processes such
as coal conversion, oil shale, and uranium milling.

The research is based on a scenario of surface or
near-surface disposal of solid wastes such as shown in
Fig. 1. In this scenario, the surface or A soil horizons
(and perhaps the B horizons as well) are scraped away to
prepare a large area upon which waste can be deposited
and compacted in layers. Such sites are often located ina
valley or depression. After the disposal site has been
filled with waste, it is contoured, topsoil may be added,
and it is revegetated or otherwise reclaimed. Some efforts
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Fig. 1. Near-surface burial of coal refuse.

may be made to divert surface water away from the site.
The waste material may be heterogeneous,but even if it is
fairly homogeneous it is likely to be quite permeable
compared to surrounding compact soils and con-
solidated geologic materials. Such permeable materials
can be leached by percolating waters and thus transport
soluble contaminants from the waste into underlying
soils and groundwater.

The most important physical variable in subsurface
solute transport is water velocity. If the water does not
move, the contaminants cannot be transporied to any
great extent. Preventing water movement is the
philosophy behind the use of impermeable liners. Such
liners may be useful for disposal or temporary storage of
highly toxic wastes, but their utility for permanent
disposal of high-volume, relatively nontoxic wastes, such
as those from most energy producing technologies, is not
recommended. The philosophy of the “leaky bathtub™ is
felt to be more practical for disposal of these wastes. This
idea refers to the slow, controlled release of materials
from a waste so that any potentially noxious species are
safely assimilated back into natural systems. In practice
this might be realized by ensuring that contaminant
fluxes are low enough that the natural concentrations in
waters near the disposal site are not altered by more than
one standard deviation. Such a philosophy implies that
acceptable contaminant fluxes will be defined by the
natural condition of the disposal site region.

The concept of a leaky bathtub espouses the use of
natural mitigation processes to minimize the transport of
contaminants into subsurface water systems. In terms of
our near-surface disposal scenario, retardation of solute
transport by subsurface soils or other geologic materials
has been shown by several investigators to be one such
important mitigating factor.”™ Thus, referring back to
water velocity as the most important physical parameter
in solute transport, given a natural subsurface system
with a ceriain water velocity, the most important para-
meter affecting solute transport is how the solute inter-
acts chemically with the substrate through which the
water is moving. The following examples will illustrate
this idea. Acidic leachates (from coal mineral wastes. low
temperature, reductive coal conversion processes, and
uranium milling wastes from acidic extraction processes)
often contain elevated concentrations of metals such as
Al, Fe, Co, and Zn. These leachates, upon entering a
somewhat permeable calcareous subsoil or geologic
strata. will be neutralized and most metals will be
removed from solution by precipitation as carbonates
and/or hydroxides. This constitutes a case of consider-
able chemical interaction between solute and adsorbent.
Thus, regardless of water velocity, these potentially
noxious contaminants will net be transported to any
significant extent. Examples of this phenomenon have
been demonstrated in the laboratory and in the field.>”’
The transport of chloride ion through soils illustrates a



case of little or no chemical interaction. In transport
through many soils, CI™ is so unreactive that it is used as
a tracer to determine solute dilution by physical dis-
persion processes alone. (We note that Cl- is not always
a good tracer. Anion exclusion and Cl~ interaction with
oxides of aluminum and iron are known to occur and can
cause ClI- transport to deviate from that of an inert
tracer.)®?

The research presented here is predicated on the need
to develop capabilities for predicting the movement of
leachate contaminants through subsurface soils and
groundwaters. Los Alamos National Laboratory (Los
Alamos) is collaborating with three other research
groups in studies aimed at developing capabilities for
predicting the transport rates of organic and inorganic
contaminants from energy processing waste leachates
through soils and groundwaters. Studies at Los Alamos
center on the adsorption of inorganics by soils and soil
components as herein described. Research at the Univer-
sity of Notre Dame is concerned primarily with the
development of computer models to simulate the flow,
transport, and chemistry of contaminants through
saturated soil and groundwater systems and the develop-
ment of equilibrium adsorption data for use in the
chemical submodels. Lawrence Livermore National Lab-
oratory (LLNL) is focusing on the transport and interac-
tion of organic contaminants in soils, and studies at the
University of Wisconsin are concentrating on the devel-
opment of basic kinetic and equilibrium data for the
chemical species of interest in the other programs. These
groups will use the same soils and soil component
materials provided from specially prepared batches at
Los Alamos. Soil column studies at Los Alamos and
LLNL will be used at Notre Dame for model testing
purposes. Tentative longer range plans include testing of
the model at a field location.

Ii. SUMMARY

These investigations are primarily concerned with the
development of capabilities for predicting the subsurface
transport and attenuation of contaminants in energy
process waste leachates through soils using laboratory
column methods. We are collaborating with three other
research groups in these overall efforts. Work at the
University of Notre Dame is developing computer mod-
els to simulate the transport and chemistry of contami-
nants. Studies at the University of Wisconsin are in-
vesligating basic kinetic and equilibrium aspects of
critical importance for defining the chemistry of

soil/solute interaction in the mode's, and research at
LLNL is focusing on the soil interactions of potential
organic contaminants. The column experiments are
performed under carefully controlled conditions so that
the resulting breakthrough patterns may be used to test
the solute transport models.

Studies at Los Alamos consist of the following tasks:

(1) Identification of inorganic contaminants of im-
portance in energy process waste leachates,

(2) preparation and characterization of subsurface soils
and selected soil mineral components for use by all
participants in the integrated studies, and

(3) development and execution of laboratory based
column transport experiments for selected inorganic
species.

Regarding the first task, we have performed a number
of laboratory experiments and researched the literature
to identify contaminants that commonly appear as
potential problems in energy process waste leachates.
Major chemical components vary, primarily as a func-
tion of the mineralogy of the solid waste. For potentially
acid-generating wastes, such as those with significant
amounts of reduced sulfur minerals, Al, Fe, Mn, and
SO; ™ tend to dominate the chemistry, although Ca and
Mg are also present in substantial concentrations. In
near neutral to slightly alkaline wastes, Ca, Mg, and
SO;™ are the dominant soluble species. Chemically
significant quantities of carbonate are also often present.

The trace elements are of special interest in these
studies. The elements As, B, Cd, Co, F, Mo, Ni, Se, V,
and Zn are most frequently identified as problematic in a
variety of waste leachates. Other species, for example,
Ra and U in mill tailings, are potential problems for
selected wastes only. For initial emphasis, we have
chosen the anionic species As, B, Mo, and Se and the
divalent cations Cd and Ni. Subsequent plans are to
determine the effect of sulfate on transport of the cations
as well as the transport of the sclected contaminants in
leachates from real wastes.

For study of adsorption propertics, we have selected
the three common soil mineral components silica sand,
kaolinite clay, and an iron oxide, and four real
subsurface soils - a dunal sand, an oxidic sandy clay
loam, an acidic clay loam, and a calcareous clay loam.
These materials have been prepared in  batches,
homogenized, and distributed to the other participants so
that all are working with the same adsorbing solids.



The solid adsorbents have been characterized by
physical, chemical, and mineralogical properties believed
potentially important in determining their capacities for
interacting with contaminants (Tables I and II).
Characterization results show a range of organic con-
tent, cation exchange capacities, free iron, aluminum and
manganese concentrations, clay content, carbonate con-
tent, and specific surface area. Thus these adsorbents
represent a variety of soil types likely to be important to
the disposal of energy process wastes and should be
useful for explaining results of contaminant attenuation
experiments.

Experimental methods for performing the soil column
transport studies are patterned after procedures per-
fected by the US Geological Survey-Water Resources
Laboratories in Menlo Park, California, over a period of
several years. These procedures have been shown to be
effective at providing results that most closely simulate
the assumptions implicit in the solution of the
one-dimensional, steady state transport of an inert solute
through porous media.

Batch adsorption experiments show that, at low initial
concentrations, all the adsorbent materials, except silica
sand and the dunal sand, remove a large percentage of
each contaminant from solution. None of the contami-
nants are adsorbed by silica sand, and only Cd and Ni at
low initial concentrations are appreciably removed by
the dunal sand. Goethite is very effective at removing As,
Cd, and Ni from solution, somewhat effective for Se and
Mo, and fairly ineffective for B. In these experiments,
of the anions only Mo adsorption seems to be affected by
pH to any large extent.

A number of column adsorption experiments have
been completed.* Tracer runs were performed in
duplicate for each soil column. In these experiments Ni
and Cd were studied together, that is, the same influent
solution contained ~ 10 mg/¢ of both elements. Transport
of thc anion forming elements As, B, Mo, and Se was
also studied by combining them in one solution. The
experiments completed are

® transport of solutions containing ~10 mg/# Cd and
Ni in 0.033M Ca(NO;), through silica sand and
kaolinite on sand,

e transport of solutions containing ~10 mg/2 Cd and
Ni in 0.1M KNO, through dunal sand and goethite on
sand, and

*These are summarized in Table VIL
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e transport of solutions containing ~10 mg/f As, B,
Mo, and Se through kaolinite on sand, dunal sand,
and goethite on sand.

The order of decreasing adsorption capacity is goethite
>> kaolinite > dunal sand soil > silica sand. In terms of
moles of element adsorbed per unit mass of adsorbent,
the order of affinity for goethite is As >> Mo > B ~ Se
> Ni > Cd. For adsorption on kaolinite the correspond-
ing order is As >> Mo ~ B ~ Ni > Se > Cd,and for the
dunal sand we have Ni ~ As > Cd > B > Mo > Se.
Thus goethite has the highest adsorption capacity for

these elements and arsenic is usually the most highly
adsorbed. Silica sand and the dunal sand soil have very

little sorbing capacity. whereas kaolinite has some, but
much less than that of goethite.

IIL. RESULTS
A. Task I - Contaminant Identification

Regarding the first task, a report published earlier
discusses results of our experimental research aimed at
determining chemical element concentrations in solids
and liquids associated with flue gas desulfurization at
coal fired power plants.!® In addition, we have reviewed
the literature and other sources to obtain current infor-
mation on contaminants identified as important in
leachates from other energy process wastes. These
studies have demonstrated the presence of potentially
noxious contaminants in leachates from a variety of
energy process wastes. These include B, Cd, K, and
S0~ in coal conversion wastes,'' As, Cd, Ni, and Se
in acidic coal cleaning wastes,'>!* Ni, Se, Cd, B, As, Zn,
Mo, and V in coal ash and FGD scrubber wastes,'® U,
Se, Mo, As, and V in uranium tailings", and As, B, F, K,
Li, Mo, Wi, and V in spent oil shalks." Additionally,
terrestrial plants have been observed to accumulate
clevated levels of B, Be, Ni, Cd, Zn, and Co when grown
on mixtures of coal gasification ash and soil.’* Some of
these species, for example, Cd, Ni, and Zn, are generally
mobile in acid systems and thus might be most problem-
atic in the eastern US. Others such as B, F, Se, and Mo
are often more mobile under alkaline conditions and thus
may be of more concern in the arid to semiarid soil
environments more important in the western US.
Leaching of contaminants from these wastes presents a
potential for contamination of subsurface water supplies.

Initial elements selected for study are As, B, Mo, and
Se as minor or trace anionic species and Cd and Ni as



TABLE 1

PHYSICAL AND CHEMICAL PROPERTIES OF
MATERIALS USED IN TRANSPORT EXPERIMENTS

Cation®
Exchange Organic® . Surface’
Carbonate® Capacity Carbon Extractable (%) Area Per Cent

pH* (%) (meg/100 g) (%) Al Fe Mn (m%/g) Clay Sit Sand
Dunal
Sand 6.6 0.1 0.24 0.04 0.018 0.1 0.002 0.4/3 0 0 100
Sandy clay
loam 53 <0.1 6.1 0.09 0.20 2.8 0.017 25/59 36 3 61
Acidic
clay
loam 54 <0.1 247 090 0.10 0.64 0.09 26/172 43* 38 19
Calcareous
clay
loam 8.1 8.8 20.9 0.12  0.15 2.1 0.15 >30/150 55°* 37 8
Kaolinite 5.2 <0.1 4.2 0.15 0014 0.01 0.0004 17/50 89 Il 0
Goethite 6.4 - - NA 0.045 35 0.005 /1 - - -
Silica
sand 5.2 0.1 - 0.03 0.006 0014 0.002 <0.1/4 0 0 100

*1:1 soil suspension.
*Titratable carbonate.
‘Ammonium retention at pH 7.
‘Walkley-Black procedure.
‘Dithionite-citrate extractabile.

'Surface area by BET (nitrogen absorption) above.slash, by EGME procedure below slash.
YAfter grinding to —~100 mesh.




TABLE II

MINERALOGY OF SUBSURFACE SOILS
USED IN TRANSPORT EXPERIMENTS

Mixed-Layer

Quartz  Caicite  Kaolinite Illite Montmorillonite Clays
Dunal®
sand Virtually 100% Quartz
Sandy clay
loam 62 0 10 0 0 28
Acidic clay
loam 48 0.4 0.7 5.1 0 12
Calcareous
clay loam 40 6.5 1.2 7.3 0 17

*Mineralogy not performed on this soil.

trace metals. KNO, is used to adjust ionic strengths to
values comparable to those of real leachates. The effect
of sulfate on cation transport is planned, as are experi-
ments using real leachates.*

B. Task 2 - Materials Preparation and Characterization

1. Selection of Subsurface Soils and Mineral
Components

Transport experiments are being performed using four
real subsurface soils and three soil mineral components
Subsoils (below the surface or A horizon) were select’
to be consistent with near-surface disposal where
topsoils have been scraped away or otherwise removed
during site preparation or surface mining operations.
Subsurface soils usually have less organic content, higher
clay content, and, often, higher oxide content than
surface soils.”!® Also, they are generally less weathered
and leached. Because it was thought desirable to study
simpler systems before advancing to more complicated
real soils, we chose to investigate the transport of
selected species through some common mineral compo-

*See Appendix A for some additional discussion regarding the
contaminant species selected for study.
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nents of soils. Goethite (a-FeOOH), silica sand (Si0,),
and kaolinite were chosen for this purpose because they
are among the most common minerals found in soils.’®
In addition, they represent extremes in terms of sorption
capacity for cations and anions. Silica and kaolinite have
low exchange capacities, whereas, depending on pH,
goethite has a high sorption capacity for most species.
We have chosen real subsurface materials that have
chemical and mineralogical properties of importance
and that reflect the mineral components being studied.
These consist of high clay acidic and calcareous soils, a
high iron oxide soil, and a dunal sand. The dunal sand is
nearly all silica quartz. The oxide soil also has a
considerable clay content (36%), much of which is
kaolinite. The calcareous and acidic soils consist of 55%
and 43% clay size particles, respectively. Min-
eralogically, most of this clay is either illite or mixed
layer clay with very little kaolinite. Free iron content of
the calcareous soil is 2.1% and that of the acidic soil is
0.6%. Qur intent is to progress from the relatively simple
to the more complex and i so doing to acquire a degree
of understanding concerning the chemical mechanisms
of importance to the transport of selected contaminant
species.* We have deliberately altered the grain size

*See Appendix B for some additional discussion on the
adsorbents being studied.



distribution of the low permeability materials to make
them sufficiently permeable to allow flow-rate control at
values that will enable completion of column attentuation
experiments in reasonable time periods (months rather
than years). An additional criterion in flew velocity
selection is an attempt to maintain equilibrium conditions
within the soil bed. It is recognized that there will likely
be some nonequilibrium processes occurring under
selected flow conditions. Experiments here and in coordi-
nated studies at the University of Wisconsin are in-
vestigating possible kinetic effects. The flow velocity of 1
cm/h that we have selected constitutes a compromise
between the above mentioned factors.

2. Preparation of Subsurface Soil Materials and
Mineral Components

The four subsurface soils were obtained from the B
and C horizons. The dunal sand is from Indiana, the
oxidic sandy clay loam from Georgia, the acidic clay
loam and calcareous clay loam are from lllinois. These
soil materials were dried, crushed (clumps broken up),
and sieved to remove the >2 mm fraction, as necessary.
The large, as-received, batches were split into smaller
batches, each representative of the as-received material,
and stored. Quantities used were taken frora these
batches. The oxidic sandy clay loam and the dunal sand
were used in this form. The two clay loam soils were
processed further. They were ground to less than 200
mesh (0.074 mm) and coated on sand as described
below.

Sand coated soils were prepared by adding mixtures of
6% acid-washed silica sand and 10% soil to a 1M
CaCl, solution at a solid-to-liquid ratio of 4:1. These
mixtures were evaporated on a rotary evaporator until
the water was removed and then pan dried in an oven at
60°C over night. A kaolinite-sand mixture was also
prepared in this way. These materials were then broken
up and crushed by hand and material smaller than 100
mesh was stored. This —100 mesh material was used in
subsequent transport and adsorption experiments.

The goethite-coated sand was prepared as follows.
Sufficient 2M KOH was added to 1M Fe(NO,), to
obtain a pH of 1.9. This mixture was allowed to react for
48 h at room temperature, then adjusted to a pH of 11.7
with 2M KOH, and placed in a 60°C oven for 3 days.
After heating, a gelatinous precipitate of ferric oxide was
present. This material was washed three times with
distilled water after siphoning off the liquid phase as
much as possible. Subsequent to the third addition of

distilled water, the precipitate dispersed to form a
colloidal suspension, which was adjusted to pH 7 with
0.1IM HNO,. This solution resulted in a precipitate that
again separated into liquid and geiatinous solid phases.
After removal of the liquid phase, the gelatinous ferric
oxide slurry was combined with 500 g of acid-washed
silica sand and evaporated using a rotary evaporator and
heat gun until nearly dry and then dried in a 100°C oven
for 24 h. Analysis of this material by x-ray diffraction
confirmed its identity as goethite; no other crystalline
forms of fer~": oxide were present. A totai of 7 kg of
goethite and sand were prepared by such procedures.
The final mixture contained about 94% sand and 6%
goethite as estimated from the citrate-dithionite extract-
able iron content. All transport and batch adsorption
experiments are performed using aliquots taken from
these batches, which were homogenized and stored in
polyethylene bags.

3. Characterization of Materials

A number of physical and chemical measurements
have been performed on these materials. These are
organic carbon content, total carbonate content, cation
exchange capacity, dithionite extractable Al, Fe and Mn,
pH, grain size, specific surface area, and mineralogy.
Several of these measurements have been compared
among three different laboratories to validate them.
Results are given in Tables I and II. Parameters meas-
ured include those believed to be involved in determining
the chemical interactions between soil and solute species
and should be useful in explaining results of the solute
attenuation experiments. Additionally, such information
is necessary for the development of methods for predict-
ing the movement of solutes in soi!; as a function of soil
properties.

C. Task 3 - Soil Columns, Methods Development, and
Experimental Procedures

A primary objective of this research is to develop data
on the one-dimensional transport of solutes through soil
columns. These data are to be used to test and validate a
groundwater transport model. Consequently, it is impor-
tant to maintain control of experimental variables that
can affect solute transport in porous media. The
equation®® describing the one-dimensional, steady state
transport of an inert solute through porous media is
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where C = tracer concentration, function of x, t (g/cm’),

t = time (h),
x = distance into soil bed (cm),
D = dispersion coefficient (cm?/h), and

U = average interstitial water velocity (cm/h),

The solution of this equation for the following initial
and boundary conditions is given by Eg. (2).2°

C (w0, t)=0

C (x>0, t=0) = 0

C (x=0, t>0) =

cjce = lerch UL 1+ Ut

VF + eXpry- erfc—=— 2\/5. 2

Assumptions or conditions implicit in this solution are

(1) the soil bed is homogeneous and isotropic,
(2) the soil bed has a constant water content,
(3) the water flux is constant,

(4) the density and viscosity of the displacing solution is
the same as that of the displaced solution,

(5) there are minimal effects of the experimental ap-
paratus on dispersion, and

(6) the boundary and initial conditions are satisfied
during execution of experiments.

Considerable effort has been expended to ensure that
these conditions are satisfied by our experimental
procedures and apparatus. Design, loading, and packing
of columns are based on procedures developed by the US
Geological Survey over a period of several years of
working on similar experiments.?""** The column design
minimizes apparatus effects, that is, the apparatus void
volume is small relative to that of the soil. The sealed
design of this column apparatus allows careful control of
flow rates by the rate of introduction of water. Figure 2
is a detailed drawing of the column apparatus from
which it could be built. The lucite column itself can be
cut to any desired length. We use a 10-cm column.
Loading of columns is accomplished by adding soil to
several 10-cm lucite columns taped together. The soil is
added through a funnel with a 1-m long by I-cm diam
exit tube in a circular pattern while the bottom of the
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taped columns is being gently tapped against the floor at
a frequency of about once per second. After the entire
length has been filled, they are separated, the end seciions
are discarded, and the interior columns are capped for
use in transport experiments. This method of packing
ensures, as much as practical, 2 nomogenevus <cil bed
both radially and vertically and is an attempt to duplicate
manually the procedure discussed in Ref. 22.

During water saturation of the soil bed the primary
concern is the exclusion or removal of air bubbles from
the soil pore spaces. This is accomplished by first
saturating the bed with carbon dioxide and then allowing
water to slowly percolate into the bed from the bottom
until it is completely saturated. Flow direction is then
reversed and several pore volumes of 0.1M KNO, are
passed through the column to wash it and remove the
CO,. Physical mixing of solute by dispersion w the entire
column system is next measured using a tracer, either
chloride (CI7) or tritiated water in a 0.IM KNO,
solution. The introduction of solute is accomplished by
first draining the column to the top of the soil bed and
then carefully introducing about 20 m¢ of solute solution
to the top of the bed with a pipette. The column is again
sealed by capping and attaching the tubing from the
pump and contaminant reservoir that had previously
been filled with the solute solution. There are no
significant differences in viscosity between the solution in
the column and the solute solution being introduced.
Densities of the two solutions are matched as nearly as
possible with the displacing solution having a slightly
lower density to minimize any mixing or dispersion
induced by density differences. A constant rate of water
flow through the column is maintained using a peristaltic
pump. Experiments are performed at a flow rate of about
5 mé/h, which corresponds to interstitial water velocities
of 0.5-1.0 cm/h.

Flow velocities have been shown to have an effect on
the attenuation of metals by different soils.?? Such effects
should be expected given the rates of different chemical
reactions and the physical and chemical complexity of
soil materials. Although an investigation of kinetic effects
is not a direct goal of this research, it seems prudent to
perform the transport experiments at flow velocities
where chemical equilibrium should be a reasonable
approximation for most soil/solute combinations. At a
minimum we feel that flow rates should be appropriate to
avoid nonequilibrium from diffusion-controlled processes
in aggregated soils. Also of importance is a necessity for
completing experiments within reasonable time periods,
which we define as weeks to months, rather than years.
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The flow rate of 5 m¢/h we have chosen corresponds to
fluxes in our materials of 0.5 to 1.0 cm/h and is based on
the work of Alesh et al,® Rao et al.,® and a set of
experiments we performed on the transport of 50 ppm B
and Cd through kaolinite coated on silica sand.

Gur experiments indicate that the chemical attenua-
tion of B and Cd in kaolinite does not significantly
differ at flows of 1, 5, and 10 m£/h. The only significant
difference caused by variations in flow rate in the
breakthrough curves was an increase in tailing at the
high concentration end of the breakihrough curve. This

undoubtedly caused by an increase in dispersion or

rsical mixing at higher flow rates. Chemistry of
inm.. -.tion, as measured by the eluent volume at 50%
breakthrough, is not appreciably changed by the dif-
ferent flow rates. Tailing similar to our observations has
been observed at flow velocities higher than those used
here. The tailing was interpreted as a result of non-
equilibrium between interpore water and intrapore
water.”> However, according to this same study, such
effects do not occur under the conditions of our experi-
ments. Based on our work and that of others?*?* we have
selected a flow rate of 5 m&/h (interstitial velocities of
0.5-1.0 cm/h). This rate is a compromise betveen
experimental practicality and a desire to maintain
chemical equilibrium between soil bed and solute. We
recognize there will probably be some nonequilibrium
processes occurring at the flow velocity selected. Experi-
ments here and in coordinated studies at the University
of Wisconsin are investigating possible kinetic effects.

D. Task 3 - Adsorption Experiments. Batch and
Column

1. Batch Adsoiption Studies

Preliminary batch studies were performed on al! of the
materials used in this research to assess the potential
magnitude of adsorption. Five-gram samples o each soil
material together with 50 mf£ of a sciution containing a
known quantity of adsorbate were placed in a poly-
ethylene centrifuge jar. The anionic elements As, B, Mo,
and Se were combined in one solution, the cations Cd
and Ni in another. The pH of each solution was taken
before, during, and after the experiments, which involved
agitating for 2 days on a mechanical shaker. The slurries
were then centrifuged at 13 000 rpm for 10 min and
decanted into prewashed vials. A control with no solid
was also carried through theé procedure. Initial concen-
trations were usually 100, 10, and 1 mg/£. Because no

10

attempt was made to control pH, the final pH was
determined by the solution and soil material. The mass of
each element adsorbed per gram of adsorbent varied
considerably from material to material because of varia-
tions in pH as well as differences in adsorption properties
of each material. The results are summarized in Table
I1I. A complete tabulation of results is provided in
Appendix C (Tables C-1—C-VI).

As expected, silica sand does not appreciably remove
any of the contaminant species from solution. The dunal
sand removed\abou\t 90% of the Cd and Ni at 1 mg/f
initial concentration (C"). but much lower percentages at
C° values of 10 and 100 mg/£. Equilibrium pH of the
dunal sand solutions was 5.1-5.6. Except for arsenic,
none of the anionic species are adsorbed by the dunal
sand. As much as 30% of the arsenic may be removed.
As shown in Table 1, cation exchange capacity of dunal
sand is very low (0.24 meq/100 g) as are extractable Fe
(0.1%), Al (0.02%), and Mn (0.002%). Thus we do not
expect much trace element removal by this material.

In spite of a low surface area and cation exchange
capacity (Table 1), kaolinite coated onto silica sand has a
high capacity for the cations Cd and Ni, as well as As.
Adsorption of Mo and Se is also significant, whereas that
of B is not. Equilibrium pH of these solutions is in the
range of 4.1-4.9. At such pH, adsorption of negatively
charged anions should occur if it is going to occur at any
pH. At pH greater than the isoelectric point, a material is
negatively charged. The isoelectric pH of kaolinite
minerals is reported to be about 4. It is unlikely that we
would encounter natural situations with aqueous pH any
lower than 4, thus the experimental pH constitutes a
lower limit for most anticipated real situations. Cases
where leachates are quite acidic, such as acid mine
drainages, would not usually be expected to remain so
upon entering the soil environment.

The bottom four materials in Table ITI remove a large
amount of all species except boron from our experimen-
tal solutions. Boron is not appreciably removed or
sorbed by any of the materials. At the pH of these
experiments boron is present as the uncharged B(OH),
species. Apparently this species does not interact with
these materials by either a chemical or a physical
mechanism, At C° of 1 mg/#, Cd, Ni, and As are nearly
completely removed by these four soil materials even
though equilibrium solution pH spans a range of 4.7-9.8,
In real leac.rates, concentrations of these elements would
not exceed 1 mg/£ except for unusual circumstances. The
remaining three species, B, Mo, and Se, exhibit much
variability in extent of adsorption by these soil materials.



TABLE 11

PERCENTAGES OF TOTAL CONTAMINANT REMOVED
BY SOIL MATERIAL FROM SOLUTIONS WITH
INITIAL CONCENTRATIONS OF 1, 10, AND 100 mg/¢"

Material Cd Ni As B Mo Se
Silica
sand 0-15 0-8 <5 <5 0 0
Dunal
sand 0-90 0-9L 4-30 <5 0 0
K aolinite® 35-95 35-95 25-100 2-10 40 - 50 20 - 40
Sandy
clay
loam 5-90 1-90 70-100 2-30 90 - 100 25-50
Acidic®
clay
loam 85-99 80 -97 80- 100 2-10 80-97 10-40

Calcareous®

clay
loam 95— 100 80 - 100 70 - 100 2-30 4-30 40-170
Goethite® 100 100 <5-25 <30 30-60

*Initial Se concentrations were 2.5 and 25 mg/f.
®These materials are coated onto sand.

Molybdenum present at low concentrations (C° = 1
mg/#) in initial solutions is highly adsorbed by the sandy
clay loam (pH = 4.9) and the acidic clay loam soil (pH=
4.7) but is much less adsorbed by the calcareous clay
loam (pH = 7.6) and goethite-sand (pH = 9.8). Thus
molybdenum adsorption seems to be sensitive to pH.
Our measured selenium concentrations were quite
variable and the lowest initial concentrations (0.25 mg/£)
were not measured by the analytical technique used.
There is some removal of selenium by these four soil
materials, but much less than corresponding adsorption
of arsenic and molybdenum. Selenium adsorption does
not appear to be as pH sensitive as is molybdenum

adsorption.
These results do not show a strong pH effect on

contaminant adsorption at low initial concentrations (1
mg/£) except for molybdenum. For example, when 50 ug

of Cd and Ni in 50 m£ are equilibrated with 5 g of each
soil material, they are 90 to 100% removed from solution
in every case except silica sand. Equilibrium pH vaiues
of these solutions were 4.4, 4.4, 4.7, 4.9, 7.6, and 9.8.
The same is usually true for As. Molybdenum adsorption
is pH sensitive as evidenced by its adsorption on
calcareous clay loam and goethite-sand relative to that in
the acidic clay loam and the sandy clay loam.

2. Batch Adsorption on Goethite

A more extensive and controlled batch adsorption
experiment using the anions cnly was performed with
goethite-coated sand at two different pH values (6.6 and
8.4). The following solutions were prepared in 0.1M
KNO,.



Approximate Initial
Concentration (mg/£)

Solution As B Mo Se

I 500 50 100 50
I 250 30 75 30
Im 100 10 50 10
Iv 50 1 10

KOH or HNO, were used to adjust pH to either 6.6 or
8.4 as required. To 2.5 g of goethite-sand in a poly-
ethylene centrifuge tube was added 25 mi of the
appropriate solution in triplicate. These vials were placed
in a temperature controlled water bath shaker at 23°C
and agitated. Each day they were checked for pH and
adjusted until successive pH measurements were the
same. They were then centrifuged for 10 min at 17 000
rpm, decanted, and the solutions analyzed for As, B, M2,
Se, and Fe by a DC arc plasma procedure.

Results of this expeiiment are shown in Table IV.
Specific adsorptior: or per cent adsorption do not vary
much between the two pH values. The greatest difference
is illustrated by the fina! concentrztions of moiybdenum
after equilibration with an initial solution containing 11
mg/f of molybdenum. Here the equilibrium concentra-
tion of 0.07 mg/f at pH 6.6 is much lower than the
corresponding pH 8.4 concentration of 3.6 mg/%. This
constitutes a difference of 100% removal vs 77% re-
moval, or, viewed in terms of per cent remaining in the
solution, 0% vs 23%. At both pH values, As and Mo are
highly adsorbed from the solution with the lowest initial
concentrations, whereas B and Se are only moderately
adsorbed - about 15% and 33%, respectively. These
adsorption data are in general agreement with those for
goethite presented above at pH values of 9.7 and 9.8.
Again molybdenum is the exception as its adsorption
decreases to 30% at pH 9.8 (equilibrium concentration
0.8 mg/£) compared to 77% at pH 8.4 and 100% at pH
6.6.

These batch experiments indicate that adsorption of
As, B, and Se from solutions containing them in low
concentrations on goethite is not very sensitive to pH. In
contrast, Mo adsorption does show a pH dependence.
The goethite affinity for these elements in order of
decreasing adsorption is As>>Mo>>Se>B. The results
are of importance to our soil column experiments as an
indication of pH sensitivty of adsorption, that is, how
important is measurement and control of pH to the
success of model predictions of column breakthrough
and as an indication of the time to breakthrough of the
various species.
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3. Soil Column Transport Studies

Concomitant with the above development endeavcrs
we have been proceeding with soil column traasport
studies. Initial experiments on Cd and Ni transport
through silica sand and kaolinite-coated sand were
performed using a glass column welded to a 60-mf
buchner funnel with flow rate under pump control.
Saturation of the soil bed was maintained by elevating
the exit tubing to a height above that of the top of the soit
bed. This apparatus caused much apparatus-induced
physical mixing but was quite satisfactory for determin-
ing adsorption. The apparatus-induced dispersion could
be accounted for by the tracer studies.

Since completion of the new column design, as
discussed in Sec. HIILC, additional experimental soil
column breakthrough curves have been finished using
this design. These are As, B, Mo, and Se in kaolinite
sand, dunal sand, and goethite sand, and Cd and Ni in
dunal sand and goethite sand. In several cases desorption
in the column has also been performed to determine the
reversibility of the adsorption reaction. The desorbing
solution is the same as the adsorbing solution less the
solute species being studied, for example, 0.1IM KNO,.

a. Cd and Ni Transport Through Silica
Sand. Columr data are in Table V. After washing with
30 pore volumes, the CI~ tracer (2560 mg/£) was passed
through the columns until complete breakthrough. The
Cl~ was then washed from the bed with several pore
volumes of 0.033M Ca(NO,), before introducing the
solution of Cd and Ni in 0.033M Ca(NO,),. The
experiment was continued until Cd and Ni eluent con-
centrations were either the same as the influent values or
leveled off to a slowly changing value. Eluent pH was
monitored at intervals throughout the experiment and
was very close for the two duplicate columns; 5.52 for
column C eluent and 5.47 for column D.

Breakthrough curves are shown in Fig. 3 for the two
duplicate columns. Replication was excellent. Chloride
breakthrough occurred at one pore volume as expected
for a noninteractir:g tracer. Cd and Ni breakthrough, as
defined by the pore volume where eluent concentration
divided by influent concentration (C/C°) is equal to 0.5,
occurred at about 1.1 pore volume. Cadmium break-
through was slightly later than nickel in both columns.
Nickel eluent concentrations began to level off at a value
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TABLE 1V

ADSORPTION OF As, B, Mo, AND Se ON
A GOETHITE-COATED SAND AT 2 pH*®

pH = 6.6 pH = 84
Initial Equil. Equil.
Cone. Conc. Per Cent Specific Adsorption Conc. Per Cent Specific Adsorption
(mg/r) (mg/¢) Adsorbed (ng/e)° (mmoles/100 g)° (mg/t) Adsorbed (ng/g)" (mmoles/100 g)°
As 503 +7 401 £ 15 19 950 + 130 222 390 £ 12 26 1300 + 100 304
270 £ 7 141 £ 10 47 1260 + 40 29.5 150 + 10 45 1220 + 60 : 28.6
106 + 4 29113 97 1030 + 50 24.1 10.8 £ 0.8 90 950 + 50 222
56 + 4 0.2 +0.1 100 560 + 30 13.1 0.25 £ 0.13 100 560 + 30 13.1
B 46 + 1 45 +2 2 9+6 1.5 41 12 5 65 + 20 10.5
29+ 1 26 £ 1 9 25+ 10 4.1 26 + 1 14 4+ 5 6.5
7.8+ 0.5 7.1 £0.S5 13 10+2 L6 6.8+04 Iz £%35 1.9
24 £ 0.1 2.1 +0.2 13 3+1.4 0.5 2.1 £0.1 17 4.1+ 1.2 0.67
Mo 92 +4 75+3 17 160 + 25 2.9 78+5 20 180 + 40 33
74+3 50+2 31 230 £ 20 4.2 60 +2 20 150 + 10 2.7
41 £ 2 13+£3 68 280 + 20 5.1 312 66 270 + 40 4.9
1141 0.07 + 0.06 100 115+ 10 2.1 36112 77 85+9 1.6
Se 46 +2 42 +2 10 44 +5 0.98 40 + 2 16 75+ 13 L7
29 +1 24 £ 1 17 47+ 6 1.04 25+ 1 15 43 +3 0.96
84 + 0.5 6.2+05 29 24 +3 0.53 6.8 £0.3 21 18+2 0.40
1.1 +0.2 0.7 £ 0.1 33 36112 0.080 0.8+0.1 34 37+ 17 0.082

'Specxf' ic adsorption in micrograms of solute removed from solution per gram of goethite-coated sand.
®Corrected for dilution by sand, 5.57% a-FeOOH.
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TABLE V

DATA FOR Cd AND Ni TRANSPORT EXPERIMENTS

Final or
Total Bed Equilibriur‘n )
Adsorbent Pore Bed Bed Flow Interstitial Concem;anon Adsorption
Bed Mass Volume  Length  Diameter Rate Velocity (mg/2) (meq/100 g)
Material Experiment (g) fem®) (em) {cm) {cm®/h) {em/h) Porosity pH Cd Ni Cd Ni
Silica CI” on* 350 7 15 4.68 55 0.89 0.36 -~ ~ - -~ ~
Sand Adsorption® 350 12 1.s 4.68 4.7 0.75 0.36 55402 9.63 129 39x10* 9.0x 10
(5C)
Silica CI~ on* 350 78 11.6 4.72 5.1 0.77 0.38 — - - - -
Sand Adsorption" 350 78 1.6 4.72 4.8 0.71 0.38 55+02 9.63 12,9 42x 107 88x10*
(8D)
Kaolinite Ci~ on® 265 51.5 9.45 4.65 5.01 0.92 0.33 - - - - -
Sand Absorption® 265 515 9.45 4.65 5.10 0.92 033 6.3 +0.1 9.6 + 0.1 29 +0.2 0.042 0.081
(KE) Desorption® 265 50.5 9.45 4.65 5.50 0.98 0.33 6.3 +0.1 <0.01 <Q.0! -~ -~
Kaolinite CI~ on* 265 51.2 9.46 4,70 4.59 0.85 i ~ - - ~ -
Sand Absorption” 265 51.2 9.46 4.70 4.55 0.85 31 63101 9.6 + 0.1 129+ 0.2 0.039 0.076
(KF) Desorption® 265 512 9.46 4.70 5.00 0.93 .3 63+ 0.1 <0.01 <0.01
Dunal Ci~ on* 345 82 10.17 5.08 5.05 £0.03 0.62 0.40 - - - - -
Sand Adsorption® 345 82 10.17 5.08 5.17 £ 0.04 0.64 0.40 71101 9.6 + 0.2 129103 0.026 0.039
(MSA) Desorption® 345 82 10.17 5.08 4.95 + 0.07 0.61 0.40 6.7-1.1 <0.01 <001
Dunal Cl- on* 342 80 10.18 5.05 5.06 +0.05 0.65 039 - ~ - - -~
Sand Adsorption® 342 80 10.18 5.05 4.83 +0.04 0.62 0.39 7.1+ 0.1 9.6 + 0.2 129+ 0.3 0.026 0.038
(MSB) Desorption® 342 80 10.18 5.05 4,74 + 0.05 0.61 0.39 67-17.1 <0.01 <0.01 - -~
Goethite H on* 322 85 10.18 5.07 5.69 0.72 0.39 - - -~ - -
Sund Adsorption® 322 85 10,18 507 4.18 0.61 0.39 563 + 0.05 17.20 13.00 0.62 1.96
{GC) Desorption® 322 85 10.18 507 4.70 0.60 0.39 5.48 + 0.05 0.02 0.1 - -

*Numbers in this row pertair to chloride tracer experime~
cNumbers in this row pertain to Ni and Cd adsorption <, ximent.
Numbers in this row pertain to Ni and Cd desorption experiment.
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Fig. 3. Duplicate experimental breakthrough curves for CI, Cd, and Ni in silica sand.

lower than influent and slowly increase, whereas Cd
showed no such tailing. (We have subsequently observed
similar Ni behavior in other soil materials.) Quantities of
Cd and Ni adsorbed or exchanged in the sand were 4.0
and 8.9 x 107* meq/100 g, respectively. Tiws, as
expected for a silica sand, very little solute was retained.
This is also made quite evident by the similarity between
the tracer breakthrough and that of Cd and Ni in Fig. 3.
These results confirm that silica sand is relatively inert
and thus will not contribute significantiy to adsorption
when used as a substrate for coating (or diluting) other
soils or mineral components of soils.

b. Cd and Ni Adsorption and Desorption on Kaolinite
Sand. This experiment was performed using the same
procedures and column design as for Cd and Ni
adsorption by silica sand. After saturation of the
kaolinite with Cd and Ni, they were desorbed with a
solution virtually the same as the adsorbing solution, but
without Cd and Ni, to investigate the reversibility of the
adsorption reaction.

The data for this experiment are presented in Table V.
Breakthrough curves in Fig. 4 for column KF show little
adsorption of either Ni or Cd by kaolinite compared to
CI". Results for the duplicate column KE were the same
within the uncertainty of experimental measurements.
Desorption of Ni and Cd is quite similar to adsorption
except for some tailing in the Cd desorption curve.

At this time we have no explanation for the Cd tailing
upon desorption nor for the observation that relative Ni

concentrations tend to approach 1.0 very slowly. Recall
a similar Ni pattern with silica sand (Fig. 3). Relative
nickel concentrations do approach 1.0 after several pore
volumes, suggssting a slow kinetic process as one
possisic explanation. Using the pore volume break-
through. Cd and Ni adsorption are calculated at 0.040
and 0.078 meq/100 g, respectively, compared to a cation
exchange capacity (Table I) of 4.2 meq/100 g. Thus the
majority of kaolinite exchange sites must be occupied by
calcium because of its presence in large excess (0.032%
concentration) compared to Cd and Ni (8.5 x 12 M and
2.2 x 107*M, respectively) in the influent solution.

¢. Adsorption and Desorption of Cd and Ni on Dunal
Sand. These and all subsequent experiments were con-
ducted with the experimental apparatus and procedures
discussed in Sec. HLC. After cclumn loading, CO,
saturation, and saturation and washing with 0.1M
KNO,, chloride tracer adsorption and desorption runs
with KCl were performed. The chloride was then re-
moved from the column with 0.1M KNO,.

A solution containing 9.6 and 12.9 mg/£ of Cd and N
in 0.IM KNO, (the exact molarity of KNO, was
determined by the quantity requifed to make it 1% less
dense than the solution being desorbed to minimize
density efforts) was then used to develop breakthrough
curves as shown in Fig. 5. Column parameters and other
data are in Table V. The CI, Cd, and Ni 50%
breakthrough occurred at 1.0, 7.5, and 4.7 pore volumes,
respectively. The amounts of Cd and Ni adsorbed are
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Fig. 5. Dunal sand: breakthrough curves for C1~, Cd, and Ni.

0.026 and 0.038 meq/100 g, respectively. The cation
exchange capacity of the dunal sand (Table I) is 0.24
meq/100 g. Desorption is also shown in Fig. 15.

d. Adsorption and Desorption of Cd and Ni on
Goethite-Sand. The column parameters, influent con-
centrations, and eluent pH are shown in Table V.
Breakthrough curves are shown in Fig. 6. This was the
first set of experiments using tritiated water as the inert
tracer. This was necessary because 50% breakthrough
for C1™ occurred significantly beyond one pore volume.
In contrast, the same point for tritiated water occurred at
one pore volume. Fifty per cent breakthrough occurred
at 1.30, 5.30, and 10.30 pore volumes for CI-, Cd, and
Ni, corresponding to adsorption of 0.33, 0.62, and 1.96
meq/100 g, respectively. As for previous materials, Ni

16

GC GOETHITE-SAND

3 BEGIN
DESORPTION
L2 r % l
11 .‘ = .l
10 Pv=85mi
09 C*{mg/1)
08 crez
; Cdi7.22208
S 37 Ni 30204 ]
6 1
05 [ »cl
o4
03}
02+t
ol

25 (0152025 3035404550 5560
PV (PORE VOLUMES)

Fig. 6. Geothite coated onto sand: Cl™, Cd, and Ni breakthrough
curves.

o] {

never reached complete breakthrough but appeared to be
siowly approaching it. This patiern was observed in
desorption, as well as adsorption.

4. Anion Transport in Kaolinite-Sand, Dunal Sand,
and Goethite-Sand

Transport of the anionic elemeints As, B, Mo, and Se is
also being studied. Presently, results for these are
available in kaolinite on sand, the dunal sand soil, and
goethite on sand. The column parameters and adsorption
to 50% breakthrough are shown in Table VI. Break-
through curves, including adsorption and desorption, are
shown in Figs. 7-9.

In kaolinite, the curves (Fig. 7) have good shapes
except for some apparent excess immediately following
breakthrough for B, Se, and Mo. Arsenic tails a little in
adsorption and desorption, and never reaches a C/C°
value of 1.0. Chloride is intended as an inert tracer in this
work and has a 50% breakthrough very near 1 pore
volume, that is, about 1.15 pore volumes. Breakthrough
to 50% for B, Se, Mo, and As occurs at 1.40, 2.35, 3.45,
and 10.15 pore volumes, respectively (Fig. 7). Thus, As
is highly adsorbed compared to B, Se, and Mo. Adsorp-
tion in mmoles per 100 g of kaolinite (corrected for the
sand) for each of these is given in Table VL.

Adsorption values for these elements on the dunal
sand (duplicate) are also shown in Table VI. The
breakthrough curves in Fig. 8 show how they sorb and
desorb vs eluent pore volumes. At I pore volume, Ci~
reaches 50% breakthrough as expected for an inert
tracer. B, Se, Mo, and As attain 50% breakthrough at
1.10, 1.15, 1.45, and 7.55 pore volumes, respectively.
Thus, similar to kaolinite, As is the most highly retained
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TABLE V1

EXPERIMENTAL PARAMETERS AND RESULTS FOR TRANSPORT OF As. B, Mo, AND Se THROUGH LABORATORY SOIL COLUMNS

Total Bed
i iti Eluent Eluent
Adsorbest Fore Bed .BEd Flow Imerstfml aen ued Adsorption (mmoles/100 g}
Bed Mass Volume  Length  Diameter Rate Velocity pH pH

Material Experiment (g) (cm®) (cm) (cm) {cm’/h) (em/h) Porosity B, Mo, Se Arsenic As B Mo Se

Clon 312 67.5 10.20 5.05 5.08 o.71 0.33 - - - - - -
Kaolinite  Adsorption 312 67.5 10.20 5.05 5.08 0.77 0.33 7.20 + 0.15 7.06 + 0.21* 0.26 0.045 0.050 0.030
Sand Desorption 312 67.5 10.20 5.05 493 0.75 0.33 6.32 £ 0.11 6.30 £ 0.11 - - - -
(KG) CI™ off 312 67.5 10.20 5.05 4.93 0.75 0.33 - - - - - -

Cl”on 311 615 10.20 5.04 5.01 0.76 0.32 - - - - - -
Kaolinite  Adsorption 31 67.5 10.20 5.04 5.01 0.76 0.23 7.14 £ 0.10 6.90 1 0.27° 0.21 0.037 0.046 0.028
Sand Desorption in 67.5 10.20 5.04 4.95 0.75 0.33 6.3) + 0.12 6.23 + 0.14 - - - -
(KH) CI™ off n 67.5 10.20 5.04 495 0.75 0.33 - - - - -

Cl-on 345 83.5 10.17 5.08 4.96 0.60 0.41 - - - - - -
Dunal Adsorption 345 83.5 10.17 5.08 492 0.59 0.41 7.34 £ 0.25 7.18 1 0.27 0.019 0.0019 0.00107  0.00055
Sand Desorption 345 83.5 10.17 5.08 4.88 0.60 0.40 6.78 + 0.15 6.78 + 0.15 - - - -
(MSA) CI™ off 345 83.5 10.)7 5.08 4.89 0.60 0.40 - - - - - -

Cl-on 342 80.5 10.18 5.05 4.42 0.55 0.40 - - - - - -
Dunal Adsorption 342 80.5 10.18 5.05 4.38 0.55 0.40 7.52 £ 0.13 7.20 £ 0.18 0.019 0.0019 0.00093  0.00040
Sand Desorption 342 80.5 10.18 5.05 4.44 0.57 0.39 6.95 £ 0.15 6.95 + 0.15 - - - -
(MSB) Ci off 342 80.5 10.18 5.05 4.44 0.5° 0.39 - - - - - -

Cl-on 327 80 10.21 5.07 5.35 0.70 0.38 - - - - - -
Goethite Adsorption 327 80 10.21 5.07 5.14 0.67 0.38 ¢ - 20.5 1.75 6.11 1.36
Sand Desorption 327 80 10.21 5.07 0.38 d - - - - _
(GA) 327 80 10.21 507 0.38 - - - - - -
Goethite Cl-on 334 80 10.21 5.07 4.50 0.59 0.38 e - - - - -
Sand Adsorption 334 80 10.21 5.07 5,34 0.70 0.38 e - - .79 5.75 1.23
(GB)

*From C/C° = 0.8 to C/C® = 0.9, cluent pH decreased from 6.8 to 6.4.

®From C/C° = 0.1 to C/C° = 0.9, eluent pH decreased from 7.1 to 6.5.

*Pore volumes 0-29, pH = 6.38 + 0.01.
Pore volumes 30-80, pH = 6.77 + 0.10.
Pore volumes 81-151, pH = 8.35 + 0.29.

Pore volumes 152-286, pH = 7.66 + 0.29.
Pore volumes 286-365, pH = 7.06 + 0.16.

4Pore volumes 0-17, pH = 6.57 + 0.05.
Pore volumes 19-48, pH = 5.77 + 0.28.
“Similar to results for experiment GA above.
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by the dunal sand. Adsorption values in mmoles/100 g
for these are shown in Table V1. Eluent pH varied from
about 6.9 to 7.6 during the adsorption phase of this
experiment with an average value of about 7.25. The Se
breakthrough curve (Fig. 8) rises rapidly to C/C°=0.7 at
1.5 pore volumes, levels off for a couple of pore volumes,
and then rises to C/C° ~ 0.93 between 4 and 6 pore
volumes. Both columns showed a similar Se break-
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through pattern. We do not know the cause of this
peculiar breakthrough pattern, although the presence of
two different oxidation states is a possibility. (Refer to
Appendix D for some discussion on As and Se oxidation
states.) Such a pattern has not been observed for the
other materials. The molybdenum curve (Fig. 8) rises
above C/C° = 1.0 and remains high. There may be a
systematic high bias in these values caused either by a



low influent value or erroncously high eluent values. The
arsenic curve rises rapidly to C/C° = 0.7 at 10 pore
volumes followed by a slow increase to near 100%
breakthrough at 30 to 40 pore volumes. Such a break-
through curve may be caused by competition for adsorp-
tion sites.or by some nonequilibrium process.

Goethite has the greatest affinity for these anion-
forming elements as demonstrated by the adsorption
values in Table V1 and the breakthrough patterns in Fig.
Y. In fact, arsenic is so well adsorbed that it took ncarly a
year before any was observed in eluent from the goethite
column. In units of mmoles adsorbed per hundred grams
of mineral. Goethite adsorbed nearly 100 times more of
each element than kaolinite. Even chloride was some-
what retained by the goethite, as evidenced by a C/C°
value of 0.05 at onc pore volume. Breaktirough curves
(Fig. 9) for Mo and Se exhibit some unexplained
structure. Selenium reaches 100% breakthrough after
passage of 35-40 pore volumes and continues to rise to
C/C® values near 1.5 between 45 and 50 pore volumes.
Selenium eluert concentrations remain high untif 85 pore
volumes have been eluted after which they drop to
substantially less than 1.0. The curve for molybdenum is
somewhat similar in that it reaches C/C° = 1.0 at 165
pore volumes, remains there for about 20 pore volumes,
then rises to 1.3 at PV = 260. C/C° values for
molybdenum are greater than 1.1 (usually greater than
1.2) from 220 to 340 pore volumes. These data may
indicate the presence of interactions hetween the ele-
ments and pH effects. The high selenium eluent concen-
trations returr: to lower than influent concentrations only
after complete breakthrough of molybdenum. Similarly,
the molybdenum concentrations in eluent remained high
until we observed significant eluent concentrations of
arsenic. Hydrogen ion activity varied throughout this
experiment. The pH of eluent slowly rose from 6.4 to 8.4
and then eventually decreased to about 7.0 by the end of
the experiment (365 rore volumes). These pH variations
are probably related o the sorption and desorption of
solute species on goethite exchange sites. The goethite
results demonstrate the necessity of carefully monitoring
the pH in soil column experiments if we desire to explain
observed behavior. We should generally assume a
possible strong relationship between adsorption and pH.

1V. SUMMARY OF COLUMN ADSORPTION
EXPERIMENTS

Through calendar year 1981 we have completed
column experiments for Ni and Cd in silica sand,

kaolinite sand. dunal sand, and goethite sand. Experi-
ments with anion-forming elements As, B, Mo, and Se
have been completed for mixtures of sand with kaolinite
and goethite and a dunal sand soil. Results of these
experiments are summarized in Table VII (the anionic
elements were not tested with silica sand). Adsorption
values in Table VIl are mmoles of contaminant removed
from solution per hundred grams of adsorbent. A
correction for sand content is included for kaolinite and
goethite. As expected. goethite has the greatest affinity
for these elements and arsenic is most highly adsorbed
by all adsorbents. Silica sand has very little capacity for
adsorbing these species. whereas kaolinite has some
capacity but much less than that of goethite. Adsorption
values shown in Table VII for goethite are consistent
with those obtained from the batch experiments
presented in Table IV. Cation adsorption of Ni and Cd
by the dunal sand appears to be about the same as by
kaolinite; however, we should recall ihat the kaolinite
experiment for Ni and Cd was done in a 0.033M Ca®*
solution in contrast to the dunal sand experiment being
done in a 0.IM K* solution. The affinity of exchange
sites is greater for Ca** than for K*'. According to Table
1, the cation exchange capacity of kaolinite is consider-
ably greater than that of dunal sand. Thus the low
removal of Cd and Ni by kaolinite compared to dunal
sand (in view of their respective cation exchange
capacities) is probably caused by the much greater
affinity of exchange sites for Ca®* than for K* and the
resulting increased competition for sites between Ca, Cd,
and Ni.

TABLE VII

QUANTITIES (mmoles/100 g) OF Cd, Ni, As, B, Mo,
AND Se RETAINED BY THREE SOIL MINERAL
COMPONENTS AND BY A DUNAL SAND

Silica Dunal

Sand Kaolinite  Goethite Sand
cd  20x107* 0.020 0.31 0.013
Ni 44 x10™* 0.039 0.98 0.020
As ND" 0.24 20.5 0.019
B ND 0.041 1.77 0.0019
Mo ND 0.048 5.93 0.0010
Se ND 0.029 1.30  '0.00048

“All influent concentrations were ~10 mg/f. pH values are
§iven in Tables V and Vi.
Not done.
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APPENDIX A

ELEMENTS SELECTED FOR STUDY

The elements selected for study form a subset of those
elements identified most frequently in other studies.
Some elements have not been shown to be generally
problematic in a variety of energy process waste
leachates. For example, Be has been identified in only
one study. Water quality standards and criteria are most
often used by investigators in environmental assessment
studies to flag or set priorities for chemical species. Such
standards are based on the best available information
regarding health and environmental effects. Thus, from
the larger group of potential contaminants found in
energy process wastes, we have selected an initial subset
for scientific and environmental, as well as practical,
reasons. This list may change depending on future
requirements and in response to new information. It is
felt necessary to liniit the list of clements to a manage-
able number to facilitate chemical analysis and to enable
a better understanding of the chemical system being
studied.

The need to understand the chemical system requires a
knowledge of major system components likely to be
controlling the solution chemistry of our soil-solution

systems. In many energy process waste leachates, major
system components include SO}, Ca, and Mg. In some
wastes and in alkaline subsoils, carbonate may also be an
important component. Other wastes, such_ as high suifur
coal wastes and some coal conversion process wastes,
are often acidic with high concentrations of soluble Al,
Fe, and Ma in addition to sulfate. Initially we propose to
focus on nonacidic leachates. Thus, Ca, Mg, and SO}~
are the expected major components. The principal
reason for focusing on nonacidic wastes is a desire to
investigate the effects of adsorption or exchange on
transport rathgr than precipitation of solids. Acidic
leachates are likely to undergo significant pH changes
during transport through a soil material. Such pH
changes would cause the precipitation of solids to
override and perhaps obscure adsorption effects. We
believe that the transport of acidic leachates through
soils must be viewed as a two-step process involving the
removal of species subject to precipitation following pH
changes and the transport of those species not
particularly subject to such solubility controls. It is this
second phenomenon on ‘which we will focus initially.
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Precipitation is very important but is not applicable to all
species and is not what generally controls water trans-
port of trace constituents. We believe trace species
transport is controlled primarily by interactions with
major solid phases, or sometimes minor solid phases, in
the case of solid substances with high specific surface
activity (for example, free iron oxides).

Initial trace elements selected for study are the cations
Ni and Cd and the anion forming elements As, B, Mo,
and Se. The cations Ni and Cd seem to appear in nearly
every list identifying problem elements in energy process
wastes. Additionally, Cd has a stringent federal drinking
water standard (DWS) of 0.01 mg/£. Nickel is known to
interact with iron oxides and its adsorption on goethite
has been studied by one of the participants in the studies
coordinated with this one. Thus, much is known about
nickel’s chemical properties and it is a relatively well
characterized element with which to work.

Of the anionic elements selected for initial emphasis,
there are DWS for As (0.05 mg/8) and Se (0.01 mg/£).
The federal EPA has proposed a Mo standard of 0.05
mg/d vis-a-vis leachates released from uranium mill
tailings (standards for As, Cd, and Se have also been
proposed for uranium tailings leachates)' Presently, there
is no standard ior boron, however, because of the
sensitive nature of many plants to boron, a maximum
concentration of 2 mg/# in irrigation waters has been
recommended by the NAS committee on water quality
criteria.?

Boron is generally believed to be mobile in soils
whereas As (as As IIl and V) is not. Selenate and
molybdate are believed mobile in alkaline soils, but less
so or immobile in acidic soils. Additionally, As, Mo, and
Se all interact with iron oxides to various extents and
thus are of scientific interest with respect to their
adsorptive properties. There are ample environmental
and health, as well as scientific, reasons for our selection
of trace species to be studied. This can be changed if
conditions dictate that some other element(s) are more
deserving of study. We hould also mention that initial
experiments with several of these species have been
completed under the previous EPA contract.
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APPENDIX B

SOIL MINERAL COMPONENTS AND REAL SUBSURFACE SOILS

W. H. Fuller and colleagues at the University of
Arizona have performed an extensive series of studies
showing that attenuation of inorganic contaminants in a
leachate by a soil can be statistically related to soil
properties.! These authors concluded that clay content,
free iron oxide content, soil pH, and solution flux
through soil were the “most important factors” affecting
retention of trace elements. Of these factors, solution flux
(that is, flow velocity through soil) would not
normally be a controllable variable because it is de-
termined by the natural permeability of the material
(although it is noted that control of permeability is
attainable in the preparation of engineered liner
materials).
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These studies show quite conclusively that the impor-
tant factors in attenuation are chemical and that the
same basic set of properties is operative regardiess of the
origin of a particular soil. Thus a calcareous subsoil from
the eastern United States is expected to attenuate
chemical species much the same as a similar calcareous
subsoil from the western United States. The presence of
iron oxides in this list of most important factors de-
monstrates the desirability of studying the transport of
contaminants through iron oxides and soils high in iron
oxides. Such materials have mitigation potential in
engineered as well as in natural disposal situations.

In another series of studies by the [llinois State
Geological Survey, the attenuation of inorganic species



in a municipal landfill leachate by three clays
(montmorilionite, illite, and kaolinite) was investigated.
These are all common clay mineral constituents of
natural soils. The authors ranked these three clays in
order of overall ability to attenuate chemical constituents
in municipal leachate, as montmorillonite > illite >
kaolinite. Of these, montmorillonite has the highest
cation exchange capacity and kaolinite the least. Ben-
tonites (expansible clays of volcanic origin similar to
montmorillonite) are sold commercially as'impermeable
liners for containment of some waste materials. Thus the
utility of bentonite as an engineered semipermeable liner
for mitigation purposes is also of interest. At present we
are studying the attenuation of potential chemical con-
taminants by kaolinite because it is one of the most
widespread clay minerals in soils and because it has a
relatively simple structure, low cation exchange capacity,
and low zero point of charge (pH 4-4.5). This means
that, under most natural situations, kaolinite would be
negatively charged. We are also considering some work
with a montriorillonite or a bentonite clay should time
permit. Such clays are prevalent in western US environ-
ments, have very high cation (but not anion) exchange
capacities, and are also worth considering for engineered
waste disposal sites as semipermeable attenuating liners.
We have developed methods for coating clays onto silica
sand, which make it possible to prepare large batches of
clay coated sands for use in controlled laboratory
experiments.

The subsurface soils selected for initial study consist
of an oxidic sandy clay loam, a dunal sand, an acidic
clay loam, and a calcareous clay loam. These four
subsoils span a range of properties of interest in our
studies. Subsurface soils were selected to be consistent
with a near-surface disposal scenario where the topsoil
has been purposely removed, such as would occur during
site preparation or at a strip mine. The dunal sand was
selected for early study because one of the participants
was involved in an ongoing field study at an electrical
generating station where this soil originated. A
calcareous soil will be studied to provide a material with
the buffering capacity and a high mica clay (illite)
content typical of western soils."® Acid soils are more
typical of eastern US environments,’ thus one acid soil
was also selected for study. These two soils have cation
exchange capacities of 20-25 meq/100 g, which are
within the range found by others for subsurface soils.!
We believe these two soils provide good extremes in
terms of the pH conditions likely to be encountered in

natural soil systems. The high iron oxide soil was
selected because of our decision to study goethite as one
of the mineral components. Goethite is the most
prevalent iron oxide in soils.* This soil has a high free
iron content (2.7%) and virtually ne clays other than
kaolinite, thus it provides a real soil with the two major
mineral components (kaolinite and iron oxide) we are
studying.

Our selection of subsurface soils is subject to revision.
The materials discussed are presently in our possession
and have been processed and distributed to the other
participants. Column studies under the previous EPA
program have been completed with one of the soils and
are underway with another. In addition, as indicated
above, considerable characterization has been performed
on these soils. We have done some preliminary evalua-
tion of a high organic soil collected from the Savannah
River Laboratory location. This soil appears to have a
high humic substance content. as indicated by a yellow
color in its leachate. Organic content in soils has a
considerable effect on the transport of both organic and
inorganic contaminants; therefore, we are considering
the desirability of including such a soil in our studies.
The applicability of these to subsurface disposal
scenarios is not clear so a final decision has not been
made.
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APP_NDIX C

BATCH ADSORPTION TABULAR RESULTS

This appendix contains detailed results in Tables C-I
through C-VI from the set of batch adsorption experi-
ments described in Sec. [II.D.1. A major difference
between these experiments and the column experiments
is the absence of a supporting electrolyte in these. Thus
the results are not always directly comparable to the
more extensive goethite batch experiments (Sec. 111.D.2)
or the column experiments, which were performed in

either 0.IM KNO; or 0.033M Ca(NO,),. This is
particularly true for cation exchange where the ex-
changeable cations K or Ca are present at much greater
concentrations than Cd or Ni. In contrast, for anion
exchange, which, when important, is more of a chemical
reaction (chemisorption), the nitrate ion provides little
competition for arsenate, molybdate, or selenate.

TABLE C-1

BATCH ADSORPTION RESULTS FOR CADMIUM
ON SEVEN SOIL MATERIALS

Specific Equilibrium

Per Cent  Adsorption  Concentration  Equilibrium
Adsorbent Adsorbed (ug/e) (mg/f) pH
Sandy clay 4.6 40 83 4.8
loam 72 78 3.0 48
920 9.8 0.11 4.7
Dunal sand 0.0 0 100 5.1
49 53 55 54
92 10 0.08 5.6
Silica sand 0.0 0 92 44
12.0 13 9.5 44
16.6 1.8 0.91 44
Calcareous clay loam 80 3431 94 6.2
on silica sand 94 864 53 6.3
100 94 0.01 1.6
98 94 0.01 1.6
Acidic clay loam 70 3065 131 43
on silica sand 87 801 11.6 44
99 92 0.14 438
99 94 0.01 4.7
Kaolinite on 20 870 351 44
silica sand 36 335 58 4.1
90 85 092 48
96 9.1 0.04 49
Goethite on 100 4370 044 1.5
silica sand 99 917 0.02 84
100 94 001 9.7
99 9.4 0.01 9.8
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TABLE C-II

BATCH ADSORPTION RESULTS FOR NICKEL
ON SEVEN SOIL MATERIALS

Specific Equilibrium

Per Cent  Adsorption Concentration  Equilibrium
Adsorbent Adsorbed (ug/g) (mg/t) __pH
Sandy clay loam 1.5 13 864 .- 4.0
71 74 3.1 4.2
92 9.7 0.07 44
Dunal sand 0 0 101 5.1
35 36 6.86 5.4
90 9.4 0.10 5.6
Silica sand 0 0 97.2 44
' 0 0 10.4 4.4
1.7 0.8 0.96 44
Calcareous clay loam 83 497 10.1 6.3
on silica sand 100 63 0.02 1.6
98 5.7 0.01 7.6
Acidic clay loam 83 495 10.1 44
on silica sand 98 62 0.15 4.8
97 5.6 0.02 4.7
Kaolinite on 36 217 38.1 4.1
silica sand 91 57 0.57 48
93 54 0.04 49
Goethite on 100 598 0.03 8.4
silica sand 100 63 0.01 9.7
98.3 5.7 0.01 9.8
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BATCH ADSORPTION RESULTS FOR ARSENIC

TABLE C-111

ON SEVEN SOIL MATERIALS

Specific Equilibrium

Per Cent  Adsorption Concentration  Equilibrium
Adsorbent Adsorbed {ue/®) (mg/?) pH
Sandy clay 68 830 39 4.5
loam 94 106 0.73 4.9
<100 12 <0.30 4.8
Dunal sand 4.1 50 117 4.1
16 18 9.5 5.7
28 33 0.87 6.3
Silica sand 2.5 30 119 3.5
4.4 5 10.8 37
0.0 0 1.3 44
Calcareous clay loam 69 700 31.6 6.3
on silica sand 95 95 0.53 7.6
<85 8.5 <0.15 7.6
Acidic clay loam 79 810 20.9 4.4
on silica sand <97 97 <0.28 4.8
<85 85 <0.15 4.7
Kaolinite on 26 270 75 4.1
silica sand 60 60 3.9 4.8
<75 1.5 <0.25 4.9
Goethite on 100 1020 <0.25 84
silica sand <96 96 <0.36 9.7
<78 7.8 <0.22 9.9



TABLE C-1V

BATCH ADSORPTION RESULTS FOR BORON
ON SEVEN SOIL MATERIALS

Srecific Equilibrium

Per Cent  Adsorption  Concentration  Equilibrium
Adsorbent Adsorbed (ug/8) (mg/¢) pH
Sandy clay 2.6 30 113 4.5
loam 115 13 10 49
274 31 0.8 48
Dunal sand 1.7 20 114 4.1
35 4 10.9 5.7
1.8 0.2 1.11 6.3
Silica sand 2.6 30 113 35
0.9 1 11.2 3.7
1.8 0.2 1.11 4.4
Calcareous clay loam 2.4 21 85.5 6.3
on silica sand 18.7 17 1.5 7.6
290 2.5 061 7.6
Acidic clay loam 2.2 19 85.6 44
on silica sand 9.6 8.8 8.33 48
3.5 0.3 0.83 4.7
Kaolinite on 2.6 23 85.3 4.
silica sand 10.3 9.5 8.26 48
10.5 0.9 0.77 49
Goethite on 23 205 67.1 84
silica sand 4 3.7 8.84 9.7
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BATCH ADSORPTION RESULTS FOR MOLYBDENUM

TABLE C-V

ON SEVEN SOIL MATERIALS

Specific Equilibrium

Per Cent  Adsorption Concentration  Equilibrium
Adsorbent Adsorbed (ng/B) (mg/f) pH
Sandy clay 92 1200 10.0 4.5
loam 99 130 0.045 49
100 13 0.007 4.8
Dunal sand 0 0 136 4.1
0 0 13.6 5.7
0 0 1.38 6.3
Silica sand 0 0 138 3.5
0 0 134 3.7
0 0 1.32 44
Calcareous clay loam 3.8 40 102 6.3
on silica sand 18 19 8.86 7.6
27 29 0.81 7.6
Acidic clay loam 87 920 14.1 44
on silica sand 81 87 207 4.8
97 10.5 0.05 4.7
Kaolinite on 40 426 634 4.1
silica sand 41 44 641 48
49 53 0.57 49
Goethite on 27 289 717.1 84
silica sand 26 28 7.99 9.7
27 29 0.81 9.8



BATCH ADSORPTION RESULTS FOR SELENIUM

TABLE C-VI

ON SEVEN SOIL MATERIALS

Specific Equilibrium

Per Cent Adsorption Concentration  Equilibrium
Adsorbent Adsorbed (ng/g) (mg/2) pH
Sandy clay 48 120 13 4.5
loam 25 6 1.8 49
~ - <0.25 4.8
Dunal sand 0 0 25 4.1
0 0 2.5 5.7
0 0 <0.25 6.3
Silica sand 0 0 18 35
0 0 3 3.7
0 0 0.8 4.4
Calcareous clay loam 64 159 10.7 6.3
on silica sand 44 11 1.4 1.6
- - <0.25 7.6
Acidic clay loam 13 32 23 4.4
on silica sand 36 9 1.6 4.8
- - <0.25 4.7
Kaolinite on 36 89 18 4.1
silica sand 20 5 2.0 4.8
- - <0.25 4.9
Goethite on 61 146 12.0 84
silica sand 32 8 1.7 9.7
- - <0.25 9.8

n



APPENDIX D

EQUILIBRIUM CHEMISTRY CONSIDERATIONS

1. Carbonates of Ca, Cd, and Ni

The chemistry of Cd** and Ni** in a solution of
~0.1M KNGO, is of importance in these experiments. The
only other anion of possible interest in this system is
carbonate. None of the materials studied so far has
contained sufficient soluble carbonate to present a poten-
tial problem regarding precipitation of Cd or Ni
carbonates, however, it is likely that carbonaceous soils
will present such a problem. Solubility product constants
for carbonates of Ca, Cd, and Ni are listed in Table D-1,
together with activity coefficients for a solution of ionic
strength 0.1 and corrected solubility product constants.
Assuming the presence of 10 mg/f of Cd and Ni, the
maximum amount of carbonate that can be present
without precipitation is determined by the solubility
product constant for CdCQ,,, which is a thousandfold
less soluble than NiCO,,. Doing the arithmetic, we
calculate that up to 3.71 x 107'M (0.022 mg/f)
CO;™ may be present before precipitation of CdCOys).
This is not very much CO}"; however, the quantity of
CO? in solution is strongly dependent on pH. Given a
pKa for HCOj; of 1.02 x 107'° moles/# corrected for
activities of HCO; and CO?Y" and assuming a total
carbonate content of 10 mg/£ as CO?™ (1.67 x 107*M),
the concentration of CO3~ will remain below 3.71 x
107" at any pH below 7.34. Assuming tenfold less
total carbonate, any pH below about 8.3 will preclude
precipitation of CdCO;, from solutions containing 10
mg/# Cd**. Thus at the pH of our experiments and in the
noncarbonate materials presently used, there is no need
for concern about carbonate precipitation. However,
future experiments with calcareous soils will require that
carbonate precipitation be considered and may also
require the use of lower concentrations of the cations.

2. pH Dependence of Some Forms of As, B, Mo, and
Se

To prepare ~10 mg/4 solutions of the elements As, B,
Mo, and Se we are using the salts or acids in the highest
common oxidation states, V, III, VI, and VI, respec-
tively. These species all occur as oxyacids in water under
the conditions of these experimerits. The relevant acidity
constants shown in Table D-II, when corrected to an
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ionic strength of 0.1, enable the determination of the
particular protonated forms present at a given pH.

Boric acid.

{H,BO; | )
| 18051 )\ _ _g.11 + pH
°g( [H,B0,] P

At a pH of 8 this gives a ratio (|H,BO3] to [H,BO;))
of 0078 and at a pH of 5 a ratio of
7.8 x 107%. Thus boron occurs in our solutions
predominantly as the undissociated or uncharged acid
H,BO,. Only at pH >8 does H,BO; begin to make up a
large fraction of the total boron present.

Arsenic acid.

[H,AsO,}
log( [H2AsOd _ 510 4 pH
([H,AsO4] tP

os( 20D ) _ 67 1 o
[H,AS0¢7]

g 150L]

[_H—_AS—O}:-]— = - 1103 + pH

At pH >5, [H,AsO;)/[H,As0,] >800 and at pH <8
[AsO3 }/[HAsO?™] < 9.3 x 107*, so in the pH range of
our experiments (5-8), arsenic is present as HAsO2™ or
H,As0y;, depending on the particular pH.

HMoO,
lo (1——‘]-) = —344 + pH
£\ [H,Mo0,] P
[Mooi‘l)
! e | = 3,
og([HMoO}] 59 + pH

At pH 5 the first ratio is 36 and the second is 26, thus
MoO}™ is the dominant form of molybdenum because
pH values of our solutions are consistently greater than
5 and usually greater than 6.



SOLUBILITY PRODUCT CONSTANTS

CALCIUM, CADMIUM, AND NICKEL

TABLE D-I

FOR CARBONATES OF

Activity
Coefficient Ksp Corrected
Ksp (I=0.1) to 1=0.1
Ca 501x107° 0.40 3.30x 107"
Ccd 501x10™ 0.40 3.30x 107V
0.40 4.15x10°*

Ni 6.31 x 10~°

Ycog— = 0.38, YHCO; = 0.77, 'YH+ = 0.83.

I is jonic strength.

TABLE D-I1

ACID DISSOCIATION CONSTANTS FOR ACIDS
PRESENT IN EXPERIMENTAL SOLUTIONS

Boric Acid

Arsenic Acid

Molybdic Acid

Selenic Acid

Selenious Acid

H,RO,

H,AsO,

H,Mo0,

H,SeO,

H,Se0,

1=0.1

I=0

K, = 589x107%
K, = 6.03x10°
K, = 1.05x 1077
K;.= 3.0x 107"
K, = 2.82x10™*
K, = 1.26 x107*
K, = 1.2x107?

K,=24x1073

K,=4.79 x 10~*

7.77x 107
7.98 x 1073
2.13 %1077
9,25 x 107"

3.66 x i07*
2.55x107*

2.43x 1072

3.12x107°
9.7x 1072

*Acidity constants at 1 = 0.1 are corrected for activities of the
anions but not corrected for hydrogen ion activity.
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Selenic acid.

SeOZ’])
log( 1S€0 1) _ _ .
og([HSeO;] 1.61 + pH

At pH >5, the ratio of {SeO;7| to (HSeO;] >2450,
so selenium is present as the doubly charged anion.

The acid dissociation constants for selenious acid
(H,S0O,) are also included in Table D-II because of the
possible reduction of Se(VI) to Se(IV) at the Eh and pH
of our experiments. An analogous, but less likely,
possibility exists for As(V) to As(IIl) reduction. These
are discussed below.

3. The Eh—pH Behavior of Arsenic and Selenium

An Eh-pH diagram for the system A8, As(1ll), and
As(V) is given in Fig. D-1. The equations used to
construct this diagram are given in Tables D-II and D-
II1. Boundaries are defined by the stability of water and,
where appropriate, 107*M activities of arsenic in solution
are assumed. No corrections have been made for effects
of ionic strength on equilibrium expressions. The shaded

T T T T T T -

G

Fig. D-1. Eh-pH dingram for aqueous solution of arsenic (10~‘M
assumed for concentration of aqueous species).

34

area in Fig. D-1 shows the Eh-pH regime indicated for
our experimental solutions by our measurements. Thus
we should not concern ourselves about reduction of As V
to As lII in this system.

The selenium Eh-pH diagram is shown in Fig. D-2.
Equations used to construct this diagram are in Tables
D-II and D-1V. Boundaries again are those of water
stability and 107*M activities of selenium were assumed
with no corrections for ionic strength applied to the
equilibrium expressions. The area in which our experi-
ments have been performed is shown by the shaded area
in Fig. D-2. Thus there is a possibility for reduction of Se
VI to Se IV in our sysiem. We are presently doing
speciation studies to check out this possibility.

4. Calcium Salts of Arsenic, Molybdenum, and
Selenium

Solubility product constants for the calcium salts with
arsenate, molybdate, and selenate corrected to an ionic
strength of 0.1 are in Table D-V. We recall from the
above (Part 2) that arsenic is present either as HAsO}~
or H,AsO; and not as AsO;". However, Mo and Se

T T
12 3 HSeO],
5
ok "’%\ i
H,Se0N

for aquebus solu  n of seieninm (10~'M
assumed for concentration of aquecous species). '

Fig. D-2. Eh-pH diagram



TABLE D-III

OXIDATION-REDUCTION EQUATIONS USED FOR
THE CONSTRUCTION OF ARSENIC Eh-pH DIAGRAM

H,AsO, + 2H* + 3¢ = H,AsO, + H,0 E° = 0.559V

Eh = 0.559 — 0.059 pH — 0.0295 1og(LP_la‘is°_’])

[H;As0;)

" ( [H,AsO;]

08951 ) — 1.0—>Eh = 0.559 — 0.059 pH
[H,Aso.]) - P

H;As0; + H* + 3e” = As + 2H,0 E° = 0.248V

0.059 1
Eh = 0.248 — 0.059 pH — 1 g( )
P 3 R [H,As0;]

if [H,As0,] = 10~* M—Eh = 0.169 — 0.059 pH

AsOj}” + 3H,0 + 2~ = H,AsO; + 40H™ E° = —0.68

Eh = 0.972 — 0.118 pH —

0.059 ( [H,Aso;])
7 %%\ [asor]

. [ [HAsO73] )
f [ 2 3 = 1.0 —» ={Q. -
i ( [AsOT] = 10— Eh=0.972-0.118 pH

(M

@

€)
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TABLE D-III (cont)

H,AsO57 + 2H,0 + 3¢ = As + 40H™ + H,0 E° = —0.675

0.059 log [H,As03]

Eh = 0426 — 0.079pH +

if [H,AsO5] = 107*M—Eh = 0.347 — 0.079 pH

H,AsO7+ 3H* + 2¢~ = H,AsO, + H;0 E° = 0.660

0059 ([HJAsos])_ 0.089 log

1
2 [H,AsO;] H7]

Eh = 0.660 —

. [H3ASO3])
fl————} = 1. H =0 — 0.089 pH
i ({HIASO;] 1.0—E 0.660 — O p

HAsO}™ + 4H* + 2¢” = H,AsO, + H,0 E° = 0.877

0059 | ([HsAsosl )_ 0.118 pH

Eh = 0.877 —
2 (HAsOZ]

ir(lﬂﬁioi)= 10—Eh = 0.877 — 0.118 pH
[HAsO{™]

“

&)

(6)



TABLE D-1V

OXIDATION-RE:MUCTION EQUATIONS USED FOR
THE CONSTRUCTION OF SELENIUM Eh-pH DIAGRAM

SeQ} + 4H* + 2¢” = H,S¢0, + H,0 E° = L.15

0059 | ( [H,S¢0,] )

Eh = 1.15 — G.118 pH — > [Se0T]

if [H,Se0,] = [SeO} }>EH = 1.15 — 0.118 pH )

Se0} + H,0 + 2¢~ = Se0% + 20H E° = 0.05

Se0?)
Eh = 0.876 —~ 0.02951 ([_3) — 0.059 pH
*\[5e07] P
if [SeO}"] = [SeO} ] -Eh = 0.876 — 0.059 pH (2

Se0} + 3H,0 + 4¢~ = Se® + 60H™ E° = —0.366

0.059
4

Eh = 0.873 — 0.0885pH + log [Se037]

if |Se0}"] = 107*M — Eh = 0.814 — 0.0885 pH @3)
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TABLE D-1V (cont)

H,Se0, + 4H* + 4e” = Se° + 3H,0 E° = 0.740
Eh = 0.740 + 0—‘%53 log [H,Se0;] — 0.059 pH

if [H,8€0,] = 10°*M—Eh = 0.681 — 0.059 pH (4)

HSeO; + 3H' + 2e” = H,8¢0; + H,0 E°=1.10

0.059 , {[H,S¢0,] )
= 110 — I —0.0885 pH
Eh = LI0 2 ° ([HSeO}] P
if [H,8¢0,] = [HSeO;]—Eh = 1.10 — 0.0885 pH )

Se0i” + 3H' 4 2~ = HSeO; + H,0 E° = 1.07

0059 ( [HScO;3) )

Eh = 1.07 — 0. H —
7 — 0.0885 pil ) [SeO ]

if [HSeO7] ~[Se0i ] =Eh = 1.07 — 0.0885 pH (6)



TABLE D-V

SOLUBILITY PRODUCT CONSTANTS FOR CALCIUM SALTS
WITH ARSENATE, MOLYBDATE, AND SELENATE

Cay(AsO,), = 3Ca** + 2As0;~
CaMoO,,, = Ca®** + MoO;~

CaSeO,, = Ca’™ + SeOf”

Ksp*®
I1=0 I1=0.1
6.31 X 107" 6.83 x 107"
4.17 x 10°® 2.714 x 1077
7.94 3¢ 107* 5.22 x 107?

®Assuming an activity coefficient of 0.40 for Ca?* and 0.38 for the 3 anions.
PSolubility product constant at 25°C, 1 atm pressure, ionic strengths (I) are 0 and 0.1.

are both present as the completely deprotonated anions
MoO}~ and SeO}". Thus we must consider the max-
imum allowable concentrations of Ca under the condi-
tions of our experiment, for example, Mo and Se
concentrations of ~10 mg/£ (~107*M). At 10 mg/4 Mo,
it would take a 2.74 x 10°M (110 mg/8) calcium to
exceed the solubility of CaMoO,,. For the much more

soluble selenate salt, it takes 52.2M calcium in solution
with 107*M selenate before the solubility product is
exceeded and precipitation of CaSeQ,, would occur.
Thus, unless calcium concentrations get unusually high,
such as might occur in a calcareous soil at low pH,
precipitation of calcium molybdate will not occur.
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