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ABSTRACT

A general theory is formulated, based on extensive experimental
and theoretical work, concerning the variation of chemical species
in the top aerated horizon of the soil associated with the intermittent
percolation of a secondary treated sewage effluent containing aqueous
ammonium ions.

Experimental data are presented to show that the variation of
aqueous cations in inorganic percolating solutions is a result of
the consecutive steps of rapid ion exchange of cations from the
electric double layer followed by slow ion exchange of chemisorbed
cations diffusing through aluminosilicate mineral structures.

High concentrations of alkaline earth salts in interstitially
held solutions when the granitic sand is drained of solution are
shown to be a result of desorption of cations from the sand by aqueous
hydrogen ions generated by the conversion of adsorbed ammonium ions

to nitrite ions by Nitrosomonas. Only a slight amount of mineral dis-

solution is shown to occur. Data are also presented to show that when
a solution is again percolated through the sand, hydrogen ion desorp-
tion is accompanied by only minimal nitrification.

A mathematical model is presented to predict the variation of
aqueous calcium, magnesium, sodium, ammonium, nitrate, nitrite, oxygen,
acidity, and bicarbomate ions as well as the bacterial population
densities, adsorbed cations, and gaseous constituency of a soil column

and solution as an intermittent percolation process is operated.
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INTRODUCTION

Groundwater recharge by percolation of secondary treated sewage
effluent has been practiced for centuries. In the past twenty years,
population pressures have warranted the increased practice of recharg-
ing groundwater supplies with secondary treated sewage effluent through-
out the world and in the United States. A solution percolating through
the ground is acted upon by various physical, chemical, and biologicai
mechanisms. Most rapid changes to the quality of the solution occur
when it first enters the soil. A vast number of biological transfor-
mations to the solution's dissolved chemical species can occur; however,
any one biological transformation will proceed only under a specific
set of envirommental conditions. Study of the quality of solution re-
charging groundwater supplies has been extensive (Tefflemire et al.,
683 Fetter et al., 69). Rather than the present research concerning
itself with the entire change of solution quality as secondary treated
sewage effluent travels down through the soil and channels across
acquifers to the groundwater reservoirs, the present research has
centered on aqueous quality as solution percolates down through the
topmost horizon of soil. Most of the chemical species dissolved in a
solution intermittently percolating through a laboratory granitic sand
colunn were studied under the specific conditions of the presence of
aqueous ammonium and bicarbonate ions and lack of organic carbon com-
pounds. The specific conditions of percolation were chosen so that a
local problem with groundwater recharge by intermittent percolation of sec-

ondary treated sewage effluent could be analyzed. An understanding of the



recharge process under a specific set of conditions builds toward
understanding the same process under all sets of conditions.

A rapidly growing population and subsequent demand on underground
reserves requires the lLos Angeles County Flood Control District
(LACFCD) to augment water supplies by replenishing the natural ground-
water reservoirs. Some recharge of these reservoirs is accomplished
by intermittently spreading secondary treated sewage effluent on the
ground's surface so that it can percolate through the soil and to the
reservoirs. Undesirable increases of total dissolved solids in the
percolating solution have been observed as it travels through the soil
matrix. Only plausible explanations have been given for the dissolved-
solids pickup. This present investigation has concentrated on a basic
understanding of the chemical, biological, and physical interactions
that lead to the change in Total Dissolved Solids content of solutions
in a soil environment.

The results of the Los Angeles Flood Control District's spreading
operation at Whittier Narrows had been carefully examined. A scaled-
down version of the intermittent percolation process, as performed in
the field by the LACFCD at Whittier Narrows, was operated in the lab-
oratory so that more control could be placed on the variables influenc-
ing the chemical composition of percolating water. Such control has
permitted development of a quantitative model for the change of total
dissolved solids in the actual spreading operations. Development of
the mathematical model required a recognition of basic processes
associated with the interaction of minerals, solutions, and bacteria.

Such recognition permits engineering recommendations to be made for



reducing the total dissolved solids increase of intermittently perco-
lated treated sewage effluents. The results of this investigation
relate to the discovery of heavy metals from mine tailings by acid

leaching which apparently is also a chemical, physical, and biological

process of percolation.



BACKGROUND

The spreading of water for the conservation of groundwater sup-
plies first came into use in Southern California toward the beginning
of the twentieth century. Usual practice then was to construct catch
basins on the peripheries of river channels. Weirs jutting into the
channels diverted water into spreading basins during flooding periods
of the river (Mitchelson, 1). Population approximately doubled each
ten years and drew a heavy demand on its subsurface water reserves.
Such demand prompted the widespread practice of recharging the ground-
waters. The Los Angeles County Flood Control District (LACFCD) con-
structed spreading facilities adjacent to the Rio Hondo and the San
Gabriel Rivers in 1938 to compensate for their lining of the Rio Hondo
and the Los Angeles Rivers for flood control purposes (Leonard, 2).
Eleven years later the LACFCD investigated the spreading of treated
sewage effluent to augment groundwater reserves.

Since 1963 groundwater quality research has been conducted by the
LACFCD. Field research is conducted on a small test spreading basin
between the Rio Hondo and the San Gabriel Rivers in Whittier Narrows.
Effluent from the Whittier Narrows Water Reclamation Plant is diverted
for spreading purposes to ascertain variations of solution quality as
percolation proceeds through the soil matrix to the aquifers below.
Attention will be given presently to the test basin at Whittier Narrows
although one further south on the Rio Hondo was also operated
(McMichael et al., 3). The Whittier Narrows test basin used by the

LACFCD is a 50 by 70 foot plot of level ground circumferenced by a



two foot high levee and centered with a four-foot diameter cylindrical
hole approximately ten feet deep and reinforced by a corrugated pipe.
Effluent leaving the Whittier Narrows Water Reclamation Plant is
diverted intermittently to flood the test basin for one week every
three weeks. As the treated sewage effluent percolates through the
soil, solution samples are withdrawn through the corrugated pipe at
two-foot depth intervals (Reid, 5). Analysis of the samples permitted
evaluations to be made on water quality as percolation of secondary
sewage effluents proceeded.

Data from the original work at Whittier Narrows (McMichael et al.,
3) show that toward the beginning of the 8-hour Wet Period and 16-hour
Dry Period a Total Dissolved Solids (TDS) increase of 300 to 400
mg/% could be expected in a solution after percolation through eight
feet of soil. Ieaching of soil salts was considered as an initial con-
tributor to the TDS increase. Production of carbonate and nitrate ions
by soil bacteria was given as the main continuing factor affecting the
TDS. Such biological activity, in lowering the solution pH, would
encourage the dissolution of carbonate and ferrous minerals and thereby
would give the inundating solution a higher TDS content. A series of
tests performed by the ILACFCD at the Whittier Narrows test basin ten
years since the initial work was reported (Reid, 4). Aqueous samplings
were taken at four different times during the one-week Wet Period.
Instead of 300 to 400 mg/% dissolved solids being acquired by the per-
colating solution, 550 mg/% TDS had been added to the solution by the
time it had traveled eight feet into the soil. The periodicity of

samplings permitted the new observation that the cumulative quantity



of dissolved solids added to the percolating solutions decreased from
550 to 80 mg/f by the seventh day of the Wet Period. The same
transient behavior of TDS content of percolating solutions is apparent
in more cecent data (Reid, 5). Reid attributed the total dissolved
solids increase to a hardness increase. Production of aqueous hydrogen

ions can be catalyzed by the bacteria Nitrosomonas (and Nitrococcus)

according to the reaction

NH, (aq) + —3—02 —— NOj(aq) + H,0 + 2H'(aq)

2

Resulting hydrogen ions would drive calcium carbonate to dissolution.

Reid 1listed the further nitrification step by Nitrobacter

- 1 -
NOz(aq) + 50, — NO3(aq)

2

Primarily calcium, nitrate, and bicarbonate ions composed the overall
TDS increase of the solution. A less important contributor to
hardness, according to Reid, was the release of calcium ions by ion
exchange reactions for ammonium ions.

The change of nitrogen compounds in intermittently percolated
soil systems has been studied extensively. Pincince (6) investigated
the nitrate content of soil at Whittier Narrows and found there to be
little nitrification when solution was percolating. As soon as the
solution began draining from the soil, nitrification proceeded very
rapidly as air was drawn into the soil. Lance et al. (7) also showed
that nitrification was extensive when soils drained of solution and
that the leading edge of newly infiltrating solutions would be charac-

terized by large concentrations of nitrate ions. Bouwer (8,9,10)



observed high aqueous nitrate ion containing peaks at the start of each
new infiltration of solution into the ground and attributed the source
of nitrate to nitrification of ammonium ions in cellular matter or
adsorbed to the soil.

With the field work data from Whittier Narrows in mind, it would
be expected that a solution of ammonium and other ions, on passing
through a well aerated soil should experience ion exchange of its
cations for calcium and magnesium followed in time by a conversion of
its aqueous or adsorbed ammonium ions to nitrate ions. Acid result-
ing from this biologically catalyzed nitrification process would then
promote dissolution of certain minerals, thus increasing the total

dissolved solids content of the percolating solution.



EXPERIMENTAL APPARATUS

LABORATORY COLUMN

A laboratory apparatus was set up to simulate the intermittent
groundwater recharge process and its operation. A column of artificial
soil, approximately eight feet tall would permit such simulation. One-
quarter-inch walled, six-inch inside diameter Lucite plastic was
chosen as the column's material of construction to permit visual exam-
ination of the soil matrix during experimental runs. A six-inch inside
diameter was sufficiently large to avoid wall effects to the flow and
minimize flow distortions by solution withdrawals for sampling.
Assembly and disassembly of the laboratory column was facilitated by
segmenting the structure axially into eight units. Each individual
segment had as its base a 70 Mesh stainless steel screen permitting
each separate segment to support a one-foot layer of soil. To dis-
courage the growth of photosynthetic organisms the entire laboratory
colunn was enclosed in a black sheath. Except to permit radial passage
of solution, the colunn's top segment was designed to be closed from
the outside envirorment. Any gases that might escape the surface into
the six-inch depth of solution capping the soil could be sampled
through a septum at the apex of the top segment's conical enclosure.
During the inundation phases (the Wet Period) of the intermittent
groundwater recharge process the solution ideally stands at a constant
depth. A "constant head" tank stood above the top of the éolumn and
hydraulically connected to it via a 1/2-inch inside diameter Tygon
tube to maintain a constant head of 15 inches of water on the top

of the laboratory column's soil (Figure 1). To force a flow of
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Figure 1: Circulation of Percolating Solution for the Laboratory
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550 mg/min. horizontally across the surface of the column's "soil'',
solution was pumped (Gorman-Rupp Inc.) from a large holding tank into
the constant head tank at approximately 1000 m&/min via a 1/2-

inch inside diameter Tygon tube. From there the flow was horizontal
across the surface of the column's soil and out the other side of the
top segment of colunn where it was piped back down to the holding tank.
The minute quantity of solution that percolated away from the flow,
across the soil surface, and down the eight-foot column was funneled
through a 1/2-inch ball valve at the column's base. Flow rate of
the exiting solution was controlled with a rotometer. To prevent

gases from coming out of solution and interfering with the rotometer,
the flow traveled out of the meter and up a tube to such a height as to
maintain a seven-foot head of water on the meter. The flow was then
disposed of. The laboratory column permitted solutions to travel across
the surface of an artificial soil, down through that soil, and away
from the soil thereby simulating the physical operations of the inter-

mittent groundwater recharge process.

SOLUTION, GAS, AND SOIL SAMPLING

Each segment of column was supplied'with a tap whose stainless
steel inlet easily could be moved across the diameter of the column for
solution sampling purposes (Figure 2). When the laboratory column was
drained of solution, during the Dry Period, the same tap served as a
gas sampling port. Immediately below the solution/gas sampler was an
access for soil samples (Figure 3). Soil sampling was accomplished by

screwing a hollow stainless steel rod into a solid stainless steel rod
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of the same diameter and already positioned horizontally through the
column (Figure 4). The hollow rod was then pushed into the body of
the column. When a plunger inside the hollow tube was withdrawn,
approximately one gram of soii would follow the flow of solution
through the tube's single opening and into the vacated cavity. The
hollow rod then would be withdrawn from the column. Design of the
sampler permitted soil samples to be taken only when the column was

saturated with solution.

ARTTFTICIAL SOIL

Filler soil for the laboratory column was chosen to approximate
that in the Whittier Narrows test basin so that the Total Dissolved
Solids problem of this intermittent recharge process could be simulated.
The test basin is constructed on alluvium that has been deposited since
the Middle Miocene Epoch. The irregularity of the fluvial deposits has
given the test basin an anisotropic vertical soil profile with grain
sizes varying from fine silt to sand. Although the grain's source
undoubtedly was the granitic San Gabriel Mountains, the vertical soil
profile was not exactly chemically homogeneous but rather varied in
coloration from red to black. Instead of filling the laboratory
colum with material of pure origin such as crushed granite, calcite,
or quartz, or of using the same soil mixture as that under the test
basin, an intermediate was chosen. Sand from a Rio Hondo sand bar was
collected to fill the column. Such sand originated in the San CGabriel
Mountains and would be very similar to the bulk chemical composition of
the soil of the Whittier Narrows test basin located 1/4-mile

east of the Rio Hondo; therefore, there was a good probability that the
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high Total Dissolved Solids content of percolated solution associated
with the Whittier Narrows test basin percolation could‘be duplicated in
studying the intermittent groundwater recharge process.

The river sand was cleaned in water and classified. To prevent
the long-term possibility of a flow-generated axial distribution of
sand finer than 70 Mesh throughout the column's length, all sand finer
than 65 Mesh was separated out with W. S. Tyler Company screens.
Pebbles in the colum's soil could cause an inconvenient flow pattern
near a solution sampler or interfere with the taking of a soil sample.
Sand larger than 8 Mesh was discarded. Approximately three per cent of
the original river sand was removed by the two screening processes.
Grain size distribution for the classified sand showed a linear form
typical of unclassified natural sand when a plot was made of grain size
(Mesh) versus cunulative weight (probability scale) (Appendix A). The
final geometric grain size for the laboratory column's soil was 0.5 mm
whereas Whittier Narrow's soil was of mean size 0.28 mm.

Although the important interfacial processes in the laboratory
column will be liquid-solid in nature, the sand's surface area was
determined by a method involving gas-solid interactions. A Brunauer
Bmmett, and Teller (BET) analysis by nitrogen adsorption yielded a
surface area of 0.4 mz/gm dry sand.Jr A separate analysis by krypton
adsorption on a different piece of equipment yielded 0.22 mz/gm..1t If
all the grains were perfect, nonporous spheres 0.05 cm in diameter, the

surface area would be only 0.005 mz/gm. The grains, therefore, are

T Performed by Vega éankur, Division of Chemistry and Chemical Engin-
eering, Caltech.

 Performed by Jet Propulsion Laboratory, Caltech.



16

either very irregular or they are extremely porous. Scanning electron
micrographs typically revealed the sand to be irregularly shaped but
with few fissures larger than 100 A.+

Once the laboratory column was filled with the sand, certain
physical chéracterizations could be made on the column's solution/sand/
gas system. Porosity can be considered to be of two types (Collins,
58). Total porosity includes the volume fraction that is not occupied
by sand. A well packed sample of the sand outside the laboratory
column gave a total porosity of 0.44 + 0.01. Since the medium density
of the sand was 2.6 * 0.03 g/m&, then the bulk density would be 1.5 #
0.3 g/mt. Effective porosity includes only those pore spaces that are
available to fluid flowing through the porous media. Wet Period effec-
tive porosity was quantified with depth by monitoring the downward
movement of a rapidly moving (1700 2/day) salt solution replacing a
deionized water solution in the laboratory column. Effective porosity
was 0.23 at the top but leveled off to 0.35 + 0.02 below the one-foot
depth. Effective porosity for the Dry Period would be the volume
fraction available for gas diffusion. Termination of a certain Dry
Period was accomplished by purging the column with deionized water.
The total quantity of aqueous chloride ions in the column at the end of
the Dry Period was made. Under the reasonable assumption that the sand
did not release aqueous chloride ions during the Dry Period and with
the knowledge of the chloride ion content of the preceding Wet Period
solution, the quantity of water in the column could be determined. The

volume fraction of water was 0.06 *+ 0.02, therefore the effective
.r.

Performed by Ken Evans, Jet Propulsion Laboratory, Caltech.
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porosity of the Dry Period was 0.38 + 0.03.

Polarizing microscopic examination of a 0.03 mm thin section of
the column's sandT helped characterize the sand's chemical nature.
Pérticular attention was made to detect such rapidly dissolving
minerals as calcite (CaCO3) and dolomite (MgCa(CO3)2). Percentages of
minerals detected were:

quartz (SiOQ) 40 + 20

plagioclase (labradorite, andesine) 20 + 10
((Ca,Na)(Al,Si)AlSizog)

biotite (KQ(Mg’Pe)B(SiBAlz)OQO(OH)u) 5% 2
hornblende NaCaz[(Mg,Fe)uAl]Al2Si6022(OH)2 3+ 2
augite (Ca,Mg,Fe-'":Al)(Si,Al)O3 1 +1/2
opaques 5 % 2
microcrystallines 25 £ 12

Detection of quartz, plagioclase, biotite, and hornblende was in
accordance with the source of the sand. Although no carbonates were
detected, they did exist in trace amounts in the sand by virtue of the
fact the trace grains of the sand produced marked effervescence in

hydrochloric acid. Clays were not detected.

ROUTINE ANALYTICAL PROCEDURES
Aqueous Samples

Solution samples from the laboratory column were collected in 50 mg
polyethylene screw-cap bottles that previously had been washed in
deionized water, 5 M nitric acid, and deionized water again. Most

analyses were made directly on the contents of the polyethylene bottles.
.1.

Thin section prepared by Rudy Van Heuen, Pasadena.
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However, solution samples collected in 100 mf pyrex beakers were

immediately analyzed for pH and aqueous oxygen content. Analyses for

various aqueous species were performed in the following manner:

+
H

+4+

++

Na+

- Beckman Expandometric SS-2 gave pH values with errors

of + 0.001.

EDTA titration to a murexide indicator endpoint (Taras,

56) gave an uncertainty of + 0.04 mg/%. When aqueous
sodium, magnesium, and potassium were also to be analyzed,
aqueous calcium ions were quantified by atomic absorption
(AA) spectroscopy (Varion Techtron, type AA-5) with an
air-acetylene flame at 422.6 nm. Standardization was

made against known calcium salt solutions (Taras, 56).

The error of analysis was one to five per cent.

Analysis was made by flame AA spectroscopy at 285.2 mm and
standardized against known magnesium salt solutions (Taras,
56). Uncertainty of the value was one to two per cent.

For solutions containing less than 100 mg/f sodium,
analysis was made by flame AA spectroscopy at 589 rm.

For solutions above 100 mg/%2, emission spectroscopy at

the same wavelength was employed. Standardization was
made against sodium chloride solutions containing 2 gm K'/s.
Error of analysis was two to five per cent.

Analysis was made by flame AA spectroscopy at 766.5 mm.
Standardization was against known potassium chloride
solutions containing 1 gm cs'/%. Error of analysis was

one to two per cent.
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Mn++ - Analysis was made by flame AA spectroscopy at 279.5 rm.

Standardization was made against known manganese solu-
tions (Taras, 56) and error of analysis was one to two
per cent.

Iron - Analysis was made by flame AA spectroscopy at 248.3 nm
against known iron salt solutions (Taras, 56). Uncer-

tainty on the result was five per cent.

<+

NH - The sample was treated with ZnSOUr and KOH followed by
Nesslerization (Taras, 56). Solution absorbances were
taken on a Beckman Model B Spectrophotometer. An error of
+ 0.05 mg NH: (as nitrogen)/% was typical.

NO - The sample was reacted with naphthy%ﬁmine hydrochloride

N I

reagent (Taras, 56). Solution absorbances were taken and
standardized against fresh nitrite salt solutions. Un-
certainty of the value was * 0.001 mg NOE (as nitrogen)/%.
NO, - The sample was acidified and scanned from 275 to 220 mu
with a Beckman Ratio Recording Spectrophotometer. Nitrite
concentrations at the same level as nitrate concentrations
gave one-tenth the absorbance. Uncertainty was 10 per cent.

HCO, - A titration curve was generated from pH 9.5 to 5.0 for the

w |

sample with the Radiometer system ABU12, PHM26, TT1l, and
SBR2c. Calibration was performed on known sodium bicar-
bonate solutions. An error of three per cent was realized.
Cl~ - A potentiometric curve was generated for the sample using
a silver/silver chloride electrode (Taras, 56). Calibra-

tion was based on acidified sodium chloride solutions and
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yielded an error of five per cent.

Si(OH)u - The molybdosilicate method (Taras, 56) gave uncertainties
of + 0.02 mg Si0,/%.

O2 - The sample's temperature was immediately determined with
a thermocouple. Aqueous oxygen content was then deter-
mined with a Beckman Fieldlab Oxygen Analyzer. Calibra-
tion was made with a solution saturated with oxygen at a
known temperature. Errors in the oxygen analysis started
at + 1 mg/% but later in the investigation leveled off to

+ 0.2 mg/%.

Gaseous Samples

Gas sampling during the Dry Period was accomplished by withdrawing
a sample through the solution/gas sampling port into a 50 m& glass
syringe. Ten feet of 1/16-inch inside diameter stainless steel tubing
filled with 50-80 Mesh Porapak Q was capable of separating air, carbon
dioxide, and nitrous oxide. Oxygen, nitrogen, and nitric oxide were
separated in a 10-foot, 1/16-inch inside diameter stainless steel
column of 60-80 Mesh molecular sieve 5A. For routine operations, only
carbon diéxide, oxygen, and nitrogen were analyzed. A 0.4 mf gas
sample could be separated into oxygen and nitrogen by operating the
Porapak Q column at 0°C with 20 psia helium as the carrier flowing at
~1.5 mg/second. A 2 mg gas sample could be separated into carbon
dioxide and air by operating the molecular sieve column at ambient
temperatures with 20 psia helium as the carrier flowing at 0.67 mg&/
second. All gases were detected with a thermoconductivity detector on

a Carle Instrument Company Basic Gas Chromatograph, Model 8000.
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Biological Samples

Cell counting apparatus and reagents were all steam sterilized at
248°F for 30 minutes. A soil sample of approximately one gram sand,
accompanied. by 3 m¢ solution, was emptied into 40 m& of sterilized,
deionized water in a 50 mf polyethylene centrifuge tube (sterilized for
24 hours with ultraviolet light). The tubes were individually capped
and agitated at full speed on an S8223 Vortex Genie Mixer (American
Hospital Supply Corporation) for two minutes to remove bacteria
from the sand grains. The resulting agitated solution was then
diluted 10, 100, and 1,000 times before being plated.

An accunulative count of all types of heterotrophic bacteria
living at various depths in the laboratory column was ascertained by
spreading 100 uf of the hundred and thousandfold dilutions of agitated
solution on plates of nutrient agar. Colonies became visible after
only 24 hours of growth on the agar in the dark. Final bacterial
counts were made three or more days after the solutions were plated.
The white to yellow circular colonies were primarily gram negative
cocci and bacilli two to five microns in length.

Nitrosomonas and Nitrobacter are potentially important micro-

organisms that cause secondary treated sewage effluent to acquire a
higher Total Dissolved Solids content as it percolates through the
soil. Populations of both of these nitrifying autotrophs were analyzed
quantitatively with depth in the laboratory column. A silica based
compound, free of organic compounds, was used as the plating medium to
discourage heterotrophic bacterial growth. Work of Pramer (57)

served as a basis for the preparation of the silica substrate. A
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Biological Samples

Cell counting apparatus and reagents were all steam sterilized at
2u8°F for 30 minutes. A soil sample of approximately one gram sand,
accompanied. by 3 mf solution, was emptied into 40 mf of sterilized,
deionized water in a 50 mf polyethylene centrifuge tube (sterilized for
24 hours with ultraviolet light). The tubes were individually capped
and agitated at full speed on an S8223 Vortex Genie Mixer (American
Hospital Supply Corporation) for two minutes to remove bacteria
from the sand grains. The resulting agitated solution was then
diluted 10, 100, and 1,000 times before being plated.

An accunulative count of all types of heterotrophic bacteria
living at various depths in the laboratory column was ascertained by
spreading 100 pf of the hundred and thousandfold dilutions of agitated
solution on plates of nutrient agar. Colonies became visible after
only 24 hours of growth on the agar in the dark. Final bacterial
counts were made three or more days after the solutions were plated.
The white to yellow circular colonies were primarily gram negative
cocci and bacilli two to five microns in length.

Nitrosomonas and Nitrobacter are potentially important micro-

organisms that cause secondary treated sewage effluent to acquire a
higher Total Dissolved Solids content as it percolates through the
soil. Populations of both of these nitrifying autotrophs were analyzed
quantitatively with depth in the laboratory column. A silica based
compound, free of organic compounds, was used as the plating medium to
discourage heterotrophic bacterial growth. Work of Pramer (57)

served as a basis for the preparation of the silica substrate. A
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solution of 30 gm sodium metasilicate in 300 mf water was passed
through 200 m¢ of IR-120 C.P. (Mallinckrodt Chemical Works) cation
exchange resin which had previously been purged with 1:1 N HCl. The
resulting silicic acid solution was acidified further to pH 1 with con-
centrated HC1 and sterilized. Extensive reports on the preparation of
culture media (Lewis et al., 59; Loveless et al., 11; lees, 12;

Dessers et al., 13; Laudelout et al., 14) and plating media (Engel et

al., 15; Delwiche et al., 60) for Nitrosomonas and Nitrobacter exist.

The plating media used was similar to the chemical envirorment from
which the bacteria would be collected. An ammonium salt-containing

solution was prepared with the following salts and concentrations (mg/%):

CaCl, 560
MgS0, 238
MnCL, - 4H,0 8
K,HPO, - 3H,0 65.2
KH, PO, 59.3
NaHCO,, 1382
(NH, ) ,S0,, 8000

A nitrite salt-containing solution was prepared of similar constituency
except ammonium sulfate was replaced by 600 mg/2 NaNOQ. After sterili-

zation, the Nitrosomonas plating mixture was prepared by raising the pH

of an equal volume mixture of silicic acid solution and the ammonium
salt solution to 6.0 with potassium hydroxide. The resulting solution
was poured into 9 cm diameter culture dishes; gelling occurred in less
than 10 minutes. A similar procedure was followed for the Nitrobacter

plating compound except that nitrite solution, instead of ammonium salt
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solution, was used. One hundred ut of the ten and hundredfold dilu-
tions of the agitated solution were plated. Within one week of incu-
bation in darkness, minute specks were visible on the plates. A final
count of the specks, made two weeks after the plating, yielded the

population densities of Nitrosomonas and Nitrobacter in the laboratory

column.

The plate containing ammonium salt should permit only Nitrosomonas

bacteria to multiply (Stanier, 16) and similarly Nitrobacter should be
the only bacteria that could grow in the nitrite salt containing
medium. Actually there do exist various genuses that could populate
the same plates (Breed, 17). Nitrifying bacteria colonies were single-
cell thick transparent star-shaped masses approximately 3 mm in
diameter. Colonies growing on the ammonium enriched medium were gram
positive, nommotile rods 1.0 by 2.0 microns. These rods were lcosely
joined together on chains of up to six rods (Figure 5). The nitrite
ion-enriched silica gel plating medium grew single-cell thick masses
of gram-positive rods of similar geometry. These rods however, were not
primarily chained (Figure 6). The behavior of the colony to its being
manipulated with a wire and the regularity of distance between cells
suggested each cell was surrounded by a 1 u-thick slime layer. These

descriptions strongly suggest the former bacteria as being Nitrosomonas

and the latter as Nitrobacter (Breed, 17) as was the intent of each

medium.

Surface Chemical Species
Analysis of the distribution of cationic chemical species adsorbed

to the surface of sand required the use of sand whose surface was
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adsorbed with just one cation. For the preparation of such a sand,
sand was leached for three days with a salt solution of the appropriate
cation. Immediately after the leaching step, the sand was washed in
200 m¢ of acetone in less than two minutes and rapidly dried in a
stream of air. Such procedure would leave a sand surface undisturbed
by possible dissolution of the sand.

The procedure for the determination of the quantity of cations
adsorbed to the surface of sand (inequilibrium with a specifically
prepared solution) was followed in a manner that would avoid the possi-
bility that sand dissolution would alter the chemical composition of
solution immediately in contact with the sand surface. A sand sample
was leached by the specifically prepared solution, but not dried
(Barber et al., 18). The moist sand was weighed and frozen. Later,
the sand was leached for four hours with 0.01 M ammonium acetate solu-
tion (0,01 M barium chloride was used when adsorbed ammonium ions were
being determined). Analysis of the leachate and knowledge of the
composition and quantity of solution film originally on the moist sand
yielded the quantity of cations adsorbed to the surface (Sivasu-
bramaniam et al., 19) even if the sand itself were dissolving to yield

more aqueous cations.
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GENERAL EXPERIMENTAL PROCEDURE

Wet Period procedure essentially called for the permitting of a
solution to flow, at constant rate, through the experimental column so
that samples of the percolating solution could be taken with depth and
time. Usually the feed solution was prepared by diluting a more con-
centrated solution one-hundredfold to give a 50 £ feed stock. A well-
mixed feed solution was insured by circulating the solution between the
holding and constant head tanks for several minutes before flow was per-
mitted into the column itself. The first flow into and down the lab-
oratory column usually ran at the average rate of 670 %2/day until the
solution reached the column's base. Flow was then set at a much lower
rate by adjusting the rotometer. Nine solution samples could be taken
at nine depth intervals in less than 15 minutes. To terminate the
Wet Period, flow of solution into the column's top segment was diverted.
Flow leaving the base was disconnected from the rotometer and permitted
to exit to the drain. Emptying lasted approximately 30 minutes;
however, even a week after the end of the Wet Period tiny sporadic flows
would periodically be released.

The Dry Period was considered to have begun as soon as solution
flow to the column was stopped and draining had begun. Easy access of
air to the soil was insured by removing the conical roof from the
colum's top segment. Gas samples, taken through the solution/gas
sampling ports were immediately analyzed. The entire gaseous interior
of the column could be sampled and quantified in less than one hour.
The Dry Period usually lasted two weeks. Even though the 1/2-inch

ball valve at the column's base remained open, the bottom two feet of
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the column's soil usually remained waterlogged throughout the Dry

Period.
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SPECIFIC EXPERIMENTAL PROCEDURES, RESULTS, AND CONCLUSIONS

GENERAL TREND OF THE INVESTIGATION

Experimental investigations with the laboratory column were begun
as soon as a minimal knowledge of the intermittent percolation process
would permit. The preliminary investigations permitted the investi-
gator to make most of his mistakes and yet to acquire a feel for the
operation of the laboratory column and the relative importance of
various basic processes at work. It was learned that ion exchange
reactions were important enough that the initial condition of the sur-
face of the sand would have to be quantified in order to predict mathe-
matically transient changes to the cationic character of a solution
percolating through the sand. The main body of research can essen-
tially be viewed as composed of three areas of investigation. One area
centered on the general nonbiological interaction between the perco-
lating solution and sand system. Another area of investigation was a
detailed examination of the interactions of a granitic sand sample and
an aqueous solution outside of the laboratory column. The third basic
area of investigation of the main body of research focused on the
general overall interactions of physical, chemical, and biological
agents with a percolating solution, thereby permitting a theory to be
developed on the mechanism of the addition of large quantities of dis-
solved solids to percolating secondary treated sewage effluent and the

intermittent groundwater recharge process in general.
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PRELIMINARY INVESTIGATIONS

Percolation of Deionized Water

Total Dissolved Solids content of secondary treated sewage effluent
percolating through the top 10 feet of soil at the Whittier Narrows
test basin has been reported to be increasing mainly in the form of
hardness. By one mechanism, the calcium and magnesium ions of hardness
are driven into solution by ion exchange with the solution's ammonium
ions. The major increase of hardness is attributed to dissolution of
carbonate minerals due to a continuous production of aqueous hydrogen
ions by the nitrification reactions during the percolation process.

The present run ascertained the change of agueous calcium ions in
a solution percolating through the column when no aqueous ammonium ions
could exchange calcium into solution nor be converted to nitrite ions
with an accompanying production of carbonate-dissolving hydrogen ions.
Nine solution samples were drawn simultaneously at one-foot intervals
as demineralized water percolated down through the column at 37 #&/day.
Data on the concentration of aqueous calcium and hydrogen ions were
taken at three time periods.

A production of 0.5 mg ca™/q per foot of travel existed through-
out the 37.5 hours of the run (Figure 7). In general, there was a
decrease of aqueous hydrogen ions in the solution as it traveled down
through the sand (Figure 8). The solution was acidified in the top foot
of travel. Thereafter it became increasingly alkaline until the five-
foot depth was reached. At that depth a leveling off of pH rise was

apparent even though calcium ions were still being added to the
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solution at 0.5 mg Ca++/£.

Electroneutrality of the percolating solution requires that the
appearance of 0.22 meq Ca++/2 of the effluent solution be matched by
the disappearance of 0.22 meq/% of another cation or the appearance of
0.22 meq/% of an aqueous anion. By virtue of the fact that deionized
water was being percolated, the only cation that could disappear from
the solution would be the hydrogen ion. Because less than a tenth of a
per cent of the 0.22 meg/% can be matched by the disappearance of aque-
ous hydrogen. then there must have been an addition of some aqueous
anion species to the percolating solution

This run brings out the fact that, in the absence of nitrifica-
tion reactions and substantial ion exchange reactions, the maximum

u mg Ca++/gm sand*

rate of release of aqueous calcium ions would be 10
hr. Furthermore, the ability of the column's mineral assemblage to

alter solution acidity is but very slight.

Percolation of a Sodium Salt Solution

Ton exchange of aqueous ammonium ions for calcium and magnesium
ions was partially blamed as being a slight cause of dissolved solids
acquired by a percolating solution. Motivation for percolating a
sodium salt solution through the column was to exhibit the rate and
extent of ion exchange reactions in which the column's sand could
participate.

The surface chemical constituency of the sand was the same as that
after the end of the previous run of 37.5 hours of percolation of de-

mineralized water. A feed solution of 119 mg Na'/g (typical sodium ion
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level of the Whittier Narrows' secondary treated sewage effluent) was
percolated through the laboratory column at 33.6 &/day. Percolation
lasted for 25 hours during which time two sets of depth pro-
file concentrations of aqueous calcium and hydrogen were taken.

A pronounced appearance of aqueous calcium ions occurs in the per-
colating solution when up to 31 mg ca™*/4 was added (Figure 9). Even
during the short 12.5 hour interval between samplings there was a drop-
off of rate of calcium ion addition to the percolating solution.
Aqueous hydrogen ions were removed from the percolating solution (Fig-
ure 10) until a pH of 7.0 was reached at the three-foot depth. Below
three feet, acidity of the solution increased throughout the remainder
of travel down through the column. With time, there was a tendency for
the consumption of acid to diminish at the column's top even though the
addition of acids further down was constant.

Since no analysis was made for aqueous sodium ions, it can only be
theorized that these graphs represent the ion exchange of sodium ions
for calcium ions. Since the‘outlet concentration of aqueous calcium
ions varied from 31 to 22 mg Ca++/z, then the amount of calcium that
was released from the column's sand averaged 0.4 peq/gm dry sand. Con-
sidering the entire run's release of aqueous calcium ions, the sand's
capacity to hold calcium must be at least 1.0 upeq/gm. If the ion
exchange reaction between solid exchangers Na and Ca and aqueous species
Na© and ca™t is

k

T3+ Ma ‘k_z_ Na + catt (1)
1
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then the concentration of aqueous calcium ions, Ca, in the percolating
solution with depth, z, (neglecting axial diffusion through the column)

is describable by

L0

9z

aCa

— apel?
Ca—K2CaNa)+BW

(2)

where o and B are constants, Kl and K2 are rate constants of reaction
(1), Na and Ca are the concentrations of adsorbed cations, and Na and
Ca are aqueous cationactivities. Because the initial surface concentra-
tions are not known, quantitative use of the above mass balance equa-
tion cannot be made. It is clear, however, that the sand surface could
not have been devoid of sodium species. If calcium species were domi-
nant on the sand, then there would be a larger rate of addition of
calcium ions at the top of the column than at the bottom. Of course
the data show the reverse to be true and therefore there must have been
liberal quantities of sodium ions adsorbed to the sand surface at the

start of this percolation.

Percolation of a Calcium Salt Solution

A long duration study of changes to a percolating solution of 7 mg
Ca++/l was undertaken. The sand surface chemical constituency would be
the same as that at the end of the 25-hour flow of 119 mg Na'/e solution.
The sand's surface should be approximately half-to-fully saturated with
sodium ions. Over a period of 50 hours the flow of solution was main-
tained at a constant at 33.6 2/day. Six depth samplings of solutions
were taken.

The depth profiles of aqueous calcium ion concentration can be
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described as a set of breakthrough curves traveling down the column.
These breakthrough curves connect an aqueous calcium ion concentration
of 7.1 mg/% with one of 3.6 mg/% (Figure 11). Neglecting the top
segment of column, the aqueous hydrogen ion content depth profiles also
are breakthrough type curves connecting pH 6.5 with pH 7.5 (Figure 12).
The hydrogen curves appearea to move down the column in conjunction
with the calcium ion profiles.

Assuming the prevalent process is an ion exchange of aqueous
calcium ions for sodium, certain numerical results can be concluded.
The average rate of travel of the breakthrough curve is 0.13 + 0.03 ft/
hour down the column. Since the porosity of the column is 0.44, then
0.25 + 0.06 ueq Ca++/gm was adsorbed by the sand along with 0.0004 *
0.0001 uweq H+/gm. Sand located above any breakthrough curve represents
sand that has come to equilibrium with the inlet solution. Since the
inlet solution is devoid of aqueous sodium ions, then the sand above
any breakthrough curve must have negligible sodium adsorbed to its
surface. Sand below the breakthrough curve is in equilibrium with
the aqueous calcium ion (3.6 mg/f) and sodium (3.85 mg/%) released in
the breakthrough curve region of the column. If only sodium is
released when aqueous calcium ions are adsorbed by the sand, then the
quantity of sodium ions on the sand below the breakthrough curve must
be 0.25 + 0.06 peq Na+/gm. If "x" is the total capacity of the sarnd to
hold cations, in ueg/gm, then the equilibrium coefficient, Keq’ for the

exchange reaction (1) can be defined as

. Na® Ca (3)
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and evaluated as

Keq = 5(x - 0.25)[mM gm/ueq] . (u)

Study of Extraneous Sand and Solution Chemical Species

So far, the only ion investigated that would be released by the
laboratory's sand was calcium. However the column's minerals are known
to contain calcium, sodium, potassium, magnesium, iron, zirconium, and
probably manganese. The standard chemical formulas of minerals in the
laboratory column are purely ideal and any number of cationic substitu-
tions could occur in the mineral. To head off the possibility that an
important cation might have been neglected in considerations of the
interaction of the minerals and a percolating solution, a sample of the
column's sand was vaporized in an electric arc and its emission spectrum
was analyzed for most metallic elements.+ Also, effluent from the
column during the percolation of a 40 mg ca™/4 solution was taken and
evaporated to dryness under an infrared lamp. The residue was also
submitted for analysis for many extraneous cations.

There were no surprises in the composition of the sand itself
(Table 1). The presence of certain cations in the solution is impor-
tant. The relative abundance of barium ions in the percolating solu-
tion is assumed to represent an impurity in the feed solution. How-
ever the abundance of iron, manganese, and copper in the solution
relative to their relative quantities in the mineral material itself

possibly means that the minerals of these cations are more accessible

.1.

Performed by Mrs. F. Bingham, Geology, Caltech.
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Table 1

Emission Spectrographic Analyses

n Sand Solution
Element ppn/ ppm Sr mg/% / mg/% Sr

Mg 3.7 100

Fe 1.2 1

Ti 1.2 trace
Ba 0.85 3

Sr 1.00 i

Mn 0.22 17

Zr 0.11 1

Cu 0.06 05

\Y 0.03 1

Cr 0.03 0.3

Ga 0.02 0.2

se 0.01 0.3

T Certain elements are not tabulated due to their being dif-
ficult to analyze or their being too abundant.
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to dissolution. Possibly the accessory minerals are coatings on the

surface of other minerals.

Percolation of Calcium Salt Solution

Again, a calcium salt solution was percolated through the column.
This time the concentration was higher at 37 to 38 mg Ca’ /% with a
flow rate of only 3.7 &/day. The initial condition of the sand was
that after two weeks of deionized water flow, for which the column
effluent contained 4 mg ca’* /0. The colum was initially full of de-
ionized water. During the run, samplings were taken every 12 hours and
analyzed for calcium, pH, and carbonate.

pH profiles show a breakthrough curve moving down the column at
approximately 0.17 ft/hr. and connecting solution of pH 6.3 with pH 6.9.
When the curve had swept through the column in 60 hours, the pH profiles
were quite constant at pH 6.3. Curves representing the quantity of
aqueous calcium ions in the percolating solution with time appeared to
have two breakthrough curves. One curve was similar to the pH break-
through curve in that it traveled down through the column at the rate
of 0.17 ft/hr. The second breakthrough curve moved at a much slower
rate down the column. The slow moving curve connected solution of 38 mg
Ca't/8 with 27+ 1 mg Ca++/£; the other curve joined solution of 30 +
4 mg Ca'T/4 with 3 + 2 mg ca™ /4. on top of all the many inflections
of the calcium ion profiles was a gradual increase of 0.5 mg ca T /n-ft.
Carbonate ion concentrations (see Appendix B) increased in the perco-
lating solution at a constant rate of 0.0667 mM/f%.

Both the pl1 breakthrough curve and the fast moving calcium ion
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breakthrough curve are the leading edge of the calcium salt solution
as it displaces the deionized water solution already in the column.
The smaller calcium ion breakthrough curve represents the boundary
between sand that is in equilibrium with the incoming solution and sand
in equilibrium with the column's effluent. The quantity of calcium
ions that must be added to the sand so that it will be in equilibrium
with the influent determines the rate at which the breakthrough curve
travels déwn the column. The data show that 1.2 peq Ca++/gm was added.
Gradual upward inflections in the calcium ion profiles are assumed due
to genuine dissolution of a calcium-containing mineral. The addition
of carbonate ions to the percolating solution suggests that mineral to

be calcium carbonate.

General Conclusions

The preliminary investigation revealed several important points
relative to the addition of dissolved solids to a percolating solution.
When a neutral solution passes through the laboratory column, aqueous
calcium would be released at less than 107 mg Ca++/gm-hr. Calcium
carbonate is the partial source of the aqueous calcium ions. Rate of
release of calcium ions did not appreciably vary with pH between the
range 6.3 and 7.7. If bacterial nitrification is going to cause a
large increase of the rateof release of calcium ions to the percolating
solution similar to the situation at the Whittier Narrows test basin,
the pH will have to be dropped considerably below 6.3.

Ton exchange reactions are rapid and extensive enough to be im-

portant transient factors in the cationic constituency of a percolating
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solution. Cationic exchange capacity of the sand is at least 1.2 ueg/
gm. Besides sodium and calcium, the aqueous hydrogen ion can also
participate in ion exchange reactions with the column's sand.

Ton exchange reactions must be considered if a mathematical model
is to predict the variation of aqueous species in a percolating solu-
tion under non-steady-state conditions. Verification of the role of
ion exchange.reactions requires that, at least, all the concentrations

of all prominent ions in the aqueous phase be known.

MATN BODY OF RESEARCH
Percolation of Deionized Water

This run represented a situation of dissolution of the column's
minerals in a near neutral enviromment in the absence of biological
interference. lLater, when a biological community would be established
in the column, effect on the dissolved solids content of the solution
by bacteria would be immediately obvious.

Chemical interactions between the mixture of minerals of the lab-
oratory column and a percolating solution was undertaken with the
addition of two more sampling ports at the 1/4- and 1/2-foot depth
positions. Biological production of acids and bases was to be avoided
as much as possible during this run. Bacteria were deactivated in the
column, in a manner that would be harmless to fﬁture colonies to be
grown, by percolating deionized water at 11 &/day. Oxygen content of
the percolating solution gradually rose from a minimum value of 2 mg
02/2 to 8 mg 02/2 over a period of one month. Except for traces of

organic compounds and light coming into the top segment, there would be
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no energy sources to support bacterial growth capable of altering the
chemical properties of the percolating solution.

Aqueous species monitored, in consideration of the constituency of
the sand's minerals, were sodium, magnesium, calcium, potassium,
manganese, iron, and silica. Deionized water peréolated through the
column for two weeks at 11.1 ¢/day. Only the last two days of percola-
tion were monitored.

In no sample was the aqueous manganese or iron concentration higher
than 0.01 mg/¢. Detectable aqueous species exhibited time independent,
unimodally-increasing concentrations as the solution percolated down
through the column. The rate of addition of aqueous species decreased
with depth of travel. Aqueous magnesium concentrations leveled off at
0.9 mg/% as did sodium ion values at 0.2 * 0.01 mg/2 (Figures 15 and
16). Potassium ions were added to the solution throughout the column
at approximately the same rate (Figure 17). Large experimental errors
on aqueous silica content did not hide the fact that approximately
1.5+ 0.3 mg SiO2/£ had been acquired by the column's effluent (Figure
18). The solution was acidified in the top three inches of sand but
was driven back toward neutrality in the remainder of flow (Figure 19).

The well oxidized condition of the percolating solution (8 mg
02/2) and its neutral pH required Fe(OH)3 and MnO, to be the stable
forms of iron and manganese in the column (Stumm et al., 20). Aqueous
species concentrations of iron or manganese in equilibrium with either
of the minerals is negligibly small and consistent with observations.

Generation of aqueous cations from aluminosilicate minerals by

ion exchange or by dissolution is but a subtle distinction. Assuming
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the microscopic examination of the sand to be thorough, the source of
cations by dissolution can be only aluminosilicate minerals. Overall
dissolution reactions of such aluminosilicate minerals as plagioclase
((Ca,Na)(Al,Si)AlSiZOB), biotite (Kz(Mg’Fe)B(SisAlz)Ozo(OH)u)’ or
hornblende (NaCaz[(Mg,Fe)”Al]AJZSiBOZZ(OH)2) will generally be one, or
a combination of, the following in a well-oxidized neutral aqueous
environment:
aluminosilicate(s) + H+(aq) = Fe,Mn wreckage(s)
+ silica(ag) + alumina(aq) + cation+(aq) (5)
aluninosilicate(s) + H+(aq) = Fe,Mn wreckage(s)
+ silica(aq) + alumina wreckage(s) + cation+(aq) ©
aluninosilicate(s) + H+(aq) = Fe ,Mn wreckage(s)
+ clay(s) + cation+(aq) 7
The specific path of dissolution taken will be dependent on the con-
centration of aqueous silica and alumina adjacent to the dissolving
aluninosilicate surface. Minerals in contact with fresh free-flowing
solutions will dissolve according to reaction path (5) where the Fe,Mn-
wreckage would represent trace quantities of iron and manganese oxides,
hydroxides, and oxyhydfoxides. Neutral solutions percolating through
a soil rapidly saturate with respect to aluminum hydroxide, gibbsite
(Al(OH)g). Eventually, as further dissolution occurs, a high enough
aqueous silica concentration will prevail that further dissolution of
minerals will yield clays (reaction 7). In the absence of high

cationic activities the clay will typically be a member of the kaolin

group (AluSinlO(OH)8)' The present run was of high enough silica
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concentration that a combination of reaction paths 2 and 3 would be
thermochemically possible down through the laboratory column:

aluminosilicate(s) + H+(aq) = Fe,Mn, andclaywreckages(s)

+ silica(aq) + cation+(aq) ©

Such a dissolution mechanism gives the aqueous hydrogen ion and cations
the attribute of ion exchangers. Pure ion exchange reactions, however,
do not involve change of the solid exchanger's structure. The question
of whether the source of cations in percolating solutions at Whittier
Narrows is due to ion exchange or to mineral dissolution is of great
importance, and the eventual separation of the two mechanisms is impera-
tive.

The appearance of aqueous silica in the present investigation's
solution cannot be by the ion exchange path since its aqueous species
is neutral. Si(OH)L+ is the only aqueous species possible over the
entire pH range that will exist in the percolating solution (pH 4.5 to
8.5). Aqueous silica appears in the solution due only to actual
mineral dissolution.

Simplification of the source mechanism of aqueous silica is accom-
plished by neglecting dissolution of quartz. The overall reaction of

solid silica phases with water is:

SiOz(s) + 2H,0 = Si(OH)u(aq)

2

Si(OH)u can dissociate or polymerize into at least five other aqueous
species (lLagerstrom et al., 30). As long as the solution pH is between

2 and 9, Si(OH)q concentration is unaffected by pH. Much study has
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been given theisolubility of quartz due to discrepancies between data
caused by a more soluble metastable, amorphous silica phase or micro-
crystalline quartz (Moore et al., 53). The present discussion is
focused on the macrocrystalline silica mineral, quartz, of solubility

12 mg Sioz/l. Only the dissolution portion of the quartz water reaction
needs to be considered since the silica content of the solution of this
run was well below saturation of any solid silica phase. Change of
concentration of aqueous silica in a batch reaction of quartz and water
can be described by:

d sio

2 _
—a -0 (9)

The dissolution reaction itself controls the overall rate of transfer
of silica away from the crystal quartz due to the smallness of the

1

reaction rate constant, k,, (4 x 10 1 mg/cmz-hr)(van Lier et al., 31;

13
Henderson et al., 32). Using the BET analyzed surface area for o, quartz
could have contributed only 0.006 mg SiOQ/R to the laboratory column's
effluent 1.5 mg SiOQ/Z. Therefore quartz can be neglected as a factor
affecting the percolating solution's pH or aqueous silica concentration.
Dissolution of aluminosilicate minerals must be the reason for the
addition of aqueous silica molecules to the percolating solution. The
least complex disgolution of the aluminosilicates of the colum's sand
would be via reaction path (5). However a more complex situation
arises by considering the possibility of incongruent dissolution. The
aluninum-to-silicon molar ratio for the aluminosilicate minerals of the
column is approximately unity. Congruent dissolution (reaction path 5)

+H4+
should yield an aqueous effluent alumina activity of 0.75 mg Al /%.
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Maximum solubility of the hydrated aluminum hydroxide gibbsite

(A1203 3H20) in the pH range of the present run is 0.0007 mg IR
(Gardner, 36). Gibbsite, therefore, must be a product of the incon-
gruent dissolution of the parent aluminosilicate throughout the length
of the colunn. Furthermore, subsequent data show that aqueous aluminum
concentration is at least less than 0.01 mg AT/ thus negating the
possibility that a more soluble amofphous gibbsite (Wollast, 29) and
slow gibbsite crystallization rate could permit a higher aqueous
alunina concentration. As aqueous silica concentrations increase
further, another solidvmineral, kaolinite, could precipitate by reac-

tion of aqueous silica and gibbsite:

4A1203-3H20(s) + HSl(OH)H(aq) = A14814010(OH)8(S) + lOHQO .

Theoretically 1.2 mg Si02/2 is all the aqueous silica necessary to
start the formation of kaolinite from gibbsite (Stumm et al., 20). By
observation of natural water systems Garrels (37) listed 10 mg SiO2/2
as the minimum silica concentration. According to Weaver (38), six
kaolin phases exist. Due to the unknown kinetics of the reaction, it
is difficult to state which phase will prevail as a solution percolates
through the column. From a thermodynamic point of view, if equilibrium
has been reached, 1.2 mg SiOz/Z would be the maximum concentration the
percolating solution could attain. Therefore, minerals abové the
three-foot depth must incongruently dissolve to gibbsite and those
below the same depth will dissolve incongruently to kaolinite.

It has been proposed (Helgeson, 33; Wollast, 29) that products of

incongruent dissolution form a coating on the parent mineral, hindering
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the flow of products and reactants of dissolution. If the overall rate
of release of aqueous silica is controlled by diffusion through an
amorphous coating, then a steady state representation of aqueous silica

in a percolating solution will be described by:

[5i0,1(z) = [Si0,17 (1 - exp(-ADz/uL)) (10)
where

[Si0,1(z) = aqueous silica concentration as a function of depth, z

[SiOQJ% = aqueous silica concentration at interface of parent
mineral and coating

D = diffusion coefficient of silica through the coating =
3.6 x 107 am?/nr (Wollast, 29)

L = thickness of coating = 1077 o,

Because diffusion through the surface coating is assumed to control the
overall rate of release of silica from the parent aluminosilicate,
then the interfacial aqueous silica concentration will be in equilib-
rium with both the parent and the coating mineral. In the case of
albite (NaAlSi3O8) in contact with either gibbsite or kaolinite, that
concentration is approximately 10 mg SiOz/R (Stum et al. 20).

Therefore,
[SiOQJ(Z) = 10(1 - exp(0.01z)) . (11)

If the products of incongruent dissolution do not adhere to the parent

mineral, the overall release of silica will be governed by

[50,1(2) = [SiOQJS (1 - exp(-ak;z/w) (12)
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where

K

. 2
[810230

1]

rate constant of dissolution

aqueous silica concentration in equilibrium with both
gibbsite and kaolinite.
Either equation could represent the change of aqueous silica concentra-
tion of percolating solutions if reasonable guesses for the constants
of the equations were made.

Incongruent dissolution of any aluminosilicate mineral reaction
(8) in a near neutral deionized enviromment will produce the same
equivalents of alkali ions as it will consume hydrogen ions. 0.003
neq H+/% was removed from the percolating solution; yet, 0.26 ueq
cations/% were added. Conservation of the solution's electroneutrality
requires that an anion be released with the cations to the extent of
0.257 ueq/%. Because the column had been inundated for a month with
solution, the dissolving mineral-salt releasing anions and cations must
at least be only sparsely soluble or else it would have dissolved away
its trace occurrence in the laboratory column. Calcium or magnesium
carbonate or phosphate minerals are the possible source of released
anions. Sodium and potassium ionic salt minerals found in nature are
not sparsely soluble. Sodium and potassium ions are undoubtedly pro-
ducts of the breakdown of aluminosilicate minerals. Both sodium and
calcium exist in the plagioclase structure to preserve electroneutrality
in the structure composed of four member chains of SiO2 tetrahedra
partially replaced by alumina. Sodium additions to the percolating
solution would result from the breakdown of plagioclase and variation

of the rate of addition of sodium with depth should follow that of
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aqueous silica. Potassium ions probably originate from biotite at a
rate dependent on the diffusion of potassium ions out from between the
aluminosilicate sheets that form biotite (Reed et al., 39).

This run specifies the upper bound to the rate at which cations
and silica would be released to a neutral percolating solution. Calcium
ions are released (Figure 20) presumably by dissolution of carbonates
at the maximum rate of 3 x 10_5 mg/gmehr. Possibly by dissolution of
carbonates and hornblende, magnesium is released at the maximum rate
of 1 x 10_5 mg/gmehr. The maximum rate of addition of sodium ions to
a percolating deionized solution is 2 x 1076 mg/gmehr; potassium's

B mg/gmehr. The release of silica is a direct result

rate is 5 x 10
of dissolution of the column's aluminosilicates. Forty per cent of the
colunn's sand can be neglected as a supplier of the aqueous silica
because quartz is extremely slow at dissolving. As a.result of this

run, the effects, if any, of bacterial activity on the dissolved solids

content of a percolating solution will be readily apparent.

Percolation of a Calcium Salt Solution

Preliminary findings show that, despite its coarseness, the sand
of the column is an excellent cation exchange medium. This run was
intended to exhibit the importance of cation exchange reactions on a
large array of aqueous species. The first step of dissolution of a
fresh mineral surface is an ion exchange of the mineral's cation for
the hydrogen ion (Helgeson et al. 35). The scdium and calcium of
plagioclase could be replaced by the aqueous hydrogen ion without much
alteration of the alumina/silica bonds. Similarly, potassium of

biotite is weakly held as an interlayer ion. Potassium is replaced
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by the hydronium ion to give vermiculite (Frye, 4i) in the early stage
of dissolution of biotite. The effect of a counter ion on the release
of cations from the column's mineral assemblage must be examined more
closely.

The counter ion used in this run was calcium in a calcium chloride
solution of 40 mg Caf+/2. It is important to remember that previously
deionized water had been purging the column for two weeks. At the
rate of 11.1 2/day the calcium solution percolated for 197 hours during
which time the aqueous composition of the solution with depth was
determined at seven time intervals. Analysis was again made after
another 235 hours of flow at 36 &/day, followed by 75 hours at 11.1 ¢/
day of the same 40 mg ca'"/4 solution.

Aqueous silica, oxygen, potassium, and hydrogen concentrations of
the percolating solution were essentially time independent whereas
sodium and especially calcium and magnesium aqueous levels were not.
The rate of addition of potassium ions to the solution (Figure 21) more
than tripled over the rate when deionized water was percolated (Figure
17). As previously experienced, the rate of addition of aqueous potas-
sium ions decreased with depth. Aqueous silica levels (Figure 22)
were unaffected by the increased ionic strength of the percolating
solution. pH (Figure 23) followed the same general pattern as when
deionized water was percolated (Figure 19). In the top six inches
0.005 meq acid/ftwas added to the incoming solution and the final
constant pH for the remainder of flow was 6.1 instead of 6.7. There
also existed a definite consumption of 2.5 mg 02/2 (Figure 24) from

the solution in the top segment of the column with a gradual readdition
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of oxygen throughout the remainder of flow. Sodium ions appeared in
the solution (Figure 25) at a rate three times that of the deionized
water run (Figure 16). After extensive percolation, the quantity of
sodium ions acquired by the calcium salt solution matched that of
the deionized water percolation. Calcium ion level of the solution
dropped through the breakthrough curve from 40 mg ca /e to a quasi-
equilibrium value of 29 to 31 mg catt/e (Figure 26). Magnesium levels
generally rose at some depth through its breakthrough curve from 0 to
7 mg Mg++/2 (Figure 27). After extensive percolation, the calcium and
magnesium ion breakthrough curves had traveled down and out the column
and the quasiequilibrium concentrations of 29.5 + 0.5 and 7.1 *+ 0.3
mg/ %, respecticely, gave way to the inlet values with a gradual upward
movement of concentrations with depth. |
One of the more interesting aspects of this run is the variation
of aqueous magnesium and calcium content of the percolating solution.
Aqueous calcium and magnesium ions are coupled in ion exchange. The
sum of equivalents per liter of aqueous calcium and magnesium ion levels
is, to within ten per cent, a constant throughout the column. The
complete variation of the concentrations of aqueous calcium and mag-
nesium of the percolating calcium chloride solution can be described by
considering a mass balance for both species and making certain assump-
tions. Neglect any radial distribution in the column by considering
only the average concentration taken radially through the solution.
An effective diffusivity coefficient will account for axial molecular
diffusion and dispersion. The effective porosity will be assumed to

equate superficial fluid velocity with its average linear velocity.
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The differential mass balance for the aqueous phase calcium ion is

2

u 3Ca 9 Ca _ aCa _
"t 7 T Rayea T Rigca o

Dissolution of any solid phase will be assumed to take place well

below saturation and therefore the rate of production of aqueous calcium
ions will not be a function of the concentration of aqueous calcium

but rather constant

l1-P

_ L
Rd,Ca = —_ﬁg_—'SSdCa (14)

where dca is the dissolution constant, SS is the surface area, and PI
and PE are porosities. The most prominent ion exchange reaction is,

k

catt(aq) + @r—k——b Gz + Mettag) . (15)
2

If the reaction itself controls the overall rate of mass transfer, the

production of aqueous calcium ions will be governed by the rate expres-

sion,

axCa
_Ri,Ca =k, Ca Mg ~ k, Mg Xoq = 3% - (16)

A similar set of equations then exists for the magnesium ion.
A steady state situation is one in which aqueous species at a fixed
depth are constant of time and in equilibrium with the solid cation

exchangers. The steady state expression for equation (13) is

2
u dCa dCa _
s az %77 Raea e
E dz

If an inlet solution contains only salts of calcium and magnesium of

respective concentrations CaI and MgI, the integration of (17) is
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R P
Ca(z) = Caj + _da_SiE % (18)

Prior to the present run, the sand had been percolated by deionized
water. Since the prevalent cations appearing in solution during that
run were calcium and magnesium, then it is reasonable to assume the
initial solid cation exchanger of the sand for this run was composed
entirely of calcium and magnesium. A distribution coefficient will be
assumed constant and defined by

K = Ijl_gia_ (19)
eq ng Ca

During the deionized water run when a small quantity of aqueous calcium
and magnesium (CaI and MgI) was percolated through the column, the

equilibrium solid cation exchange ratio at various depths is predictable

by use-.of the distribution coefficient and equation (18),

Ra,ca’E
s

i T

(20)

P .

Mg; + ﬁg3Mg—£z
u

XCa/ng]O = 0.608 Keq

Electroneutrality of the aqueous phase of the present run will be main-
tained, therefore,

3 Rd,CaPE Z

I = (21)

R Pt
ZO[MgII - Mg + .Qﬁg%fl—i = 12.2[Ca - Ca

A newly infiltrating solution of salt concentration CaII amd Mgy per-
colating down through the column will eventually have changed its
aqueous cationic ratios until they are in equilibrium with the solid

cation exchange ratio XCa/XMéjo given by equation (20). This
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quasiequilibrium solution, existing below the breakthrough curve, will
have a calcium concentration as defined by (19), (20), and (21) to be

R Pz : R P_a
1.64[MgII + DMEES ,cp 4+ DEE
R

d,MgPEZ\
u

(z) = (22)

quasi

b -
1+ 1.64 R e
[Ca+_da_ci§_
I u

J

nguasi(Z) is found by use of equation (19). Equation (22) predicts

fdbthisrmula.CaquaSi(B feet) of 30 mg ca**/¢ which is in good agreement
with the actual value of 30.4 * 0.7 mg Ca++/£.

Prediction of the unsteady state variation of aqueous calcium and
magnesium ion concentrations in the percolating solution requires the
use of equations (13) and (16) as well as similar differential mass
balances for magnesium. These equations cannot be solved analytically.
The result of the numerical solution (Appendix C), as represented in
Figure (28), shows 2u4-hour interval profiles of the aqueous concentra-
tions of the percolating solution at various depths in the column. The
initial calcium ion concentration falls from its inlet value through
the breakthrough curve to same quasiequilibrium value along the line
AA' which is also defined by equation (22). The large inflection
below the quasiequilibrium values represents the interface between the
newly infiltrating 40 mg Caf+/£ and the deionized water that was pre-
viously occupying the column. By the eighthday the calcium breakthrough
curve has reached the three-foot depth. Calcium ion concentrations in
the percolating solution above that breakthrough curve are represented
by equation (18). As for the magnesium ion concentrations, the first

day profile shows the inlet concentration of magnesium rise through
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the magnesium breakthrough curve at 0.5 feet and fall back downward at
five feet where the calcium salt solution interfaces with the deionized
water solution. On the eighth day profile, the inlet solution gains a
slight amount of magnesium ions in the top three feet of flow due to
the dissolution term of the differential mass balance for magnesium.
However, at the three-foot depth the percolating solution suddenly is
supplied with a relatively large quantity of magnesium ions due to the
fact that the sand and solution there are experiencing the ion exchange
reaction (15). It is clear the differential mass balances fully repre-
sent the actual data (Figures 26 and 27).

Aqueous potassium accumulated in the percolating solution of
calcium chloride at a higher rate than was experienced with the de-
ionized water solution. After extensive percolation, the quantity of
potassium liberated from the sand was unchanged; therefore, the source
was essentially unaltered. As the cationic content of the percolating
solution varied from 40 mg ca*t/e-0 mg Mg++/£ to 30 mg Ca++/2—7 mg
Mg++/2, there was no change in the rate at which potassium was added
to the solution. The mechanism of potassium release is unaffected by
variation from the one doubly-charged cation to the other. Possibly
the mechanism of potassium release centers on the diffusion of the
potassium ion out from between the aluminosilicate sheets of the biotite
crystal. The general shape of the potassium ion profiles is similar to
those of the aqueous silica molecule. Such aqueous potassium concen-
tration profiles could be modeled if it were assumed that the rate con-
trolling step of the transfer of potassium ions from the interior of

the biotite crystal to the percolating solution was the internal
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diffusion of the potassium ion. If this were the case, then

[K1(z) = [K], (1 - exp(-A z/ul)) (23)

where [K]eq equilibrium concentration of potassium inside the biotite

crystal

]
"

distance between ion exchange site and opening of the
sheet.
Suppose the reaction step is
++ kl +
Min(aq) + ZKin *‘}—<—2—— Min + 2K1-n(aQ) (24)
where M;;(aq) is the aqueous calcium or magnesium concentration at the

reaction site. Since an equilibrium coefficient is assumed of the form,

s
K.
g 5 in] ™™ (25)
Min xK
then
K [M. ]
K, = et - (26)
q M
This implies that
dlx1(z)
—— [Mln] (27)

The concentration of calcium and magnesium ions in the deionized water
was approximately 0.10 mM between the five and eight-foot depths where

h mg K+/gm~hr. The

potassium ions were being released at 4.1 x 10~
quantity of calcium and magnesium ions in the present run was 1 mM. If
indeed the overall rate is controlled by the diffusion of the potassium

ion out from between the aluminosilicate sheet of biotite, then the
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internal concentration of aqueous calcium and magnesium ions will be

1 mM. The rate of release should, therefore, be 1.3 x 1072

6

mg Kt/
gnehr; it actually was 8.6 x 107~ mg K+/gm-hr.

Aqueous sodium ions initially were released by the minerals of
the sand at triple the rate of the deionized water run. However, after
extensive percolation of the 40 mg ca**/s solution the sodium ion
release fell back down to that of the deionized water run. Such time-
deperdent behavior of the aqueous sodium ion profiles can be modeled
by a process including ion exchange of aqueous calcium ions for sodium
ions with a continuous addition of sodium ions to the percolating
solution. After the transient effects of the ion exchange die out, the
continual addition of sodium ions remains.

Aqueous hydrogen ions in the percolating solution are susceptible
to a large number of effects. Extensive possibilities will not be
discussed. The percolating solution should have been totally un-
buffered; however, 0.07 mM of phosphate ions were detected in the solu-
tion throughout the column. No aqueous carbonate ions were detectable.
Acidification of the percolating solution in the top six inches of the
column must represent the result of some bacterial activity that con-
sumes oxygen and perhaps utilizes light. After the acidification, the
pH of the solution showed a gradual climb from 5.3 to 6.2. Such a
climb represents a consumption of 0.004 mM of aqueous hydrogen ions.
Constancy of the asymptotic pH value of 6.1 is suggestive that the
aqueous hydrogen ion's concentration is governed by ion exchange reac-
tions rather than dissolution reactions.

Dissolution of aluminosilicates proceeded at the same rate



78

in the 1 mM calcium chloride solution as in a deionized water solution.
Exchange of cations of a mineral's interior with aqueous hydrogen ions
is the first step of dissolution; breakup of the remaining alumino-
silicate superstructure is the final step. The presence of relatively
high concentrations of other cations did not speed the degradation of
the colunn's minerals despite the fact that the rate of addition of
sodium, potassium, and magnesium to the solution had increased. If the
reason for the aqueous silica concentration's leveling below 2 mg
Si02/2 is due to the formation of a second solid phase containing
silica, that second phase cannot be a magnesium or calcium-containing
clay or else the equilibrium concentration of silica would have been
dropped by the high concentrations of calcium of this run.

Cation exchange, even on sand grains 0.05 cm in diameter, is
extensive. The duration of the transient cation exchange reactions is
directly proportional to.the total capacity of the medium to hold
adsorbed cations. Considering the siltiness of the soil of the Whittier
Narrows test plot, transient cation exchange would be of long duration.
By the end of this run, cation exchange reactions involving weakly
held ions have been giving way to mineral dissolution as the main con-
tinuing cause of addition of aqueous cations to the percolating solu-
tion. The minimum rate of addition of sodium and of magnesium ions

6 and 1.3 x 107° mg/gm+hr. Rate of release

was respectively 1.6 x 10
of aqueous silica by dissolution is a constant of the ionic strength
of the percolating solution up to at least 3 mM. All the data of
this run exhibited consistent results with data of the preliminary

investigation.
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Higher Rate Percolation

Certain mass transfer steps of solid-liquid reactions can be dis-
counted as rate determining steps by observations of the effects of an
increased flow rate of solution. If mass transfer of ions from a
mineral is controlled by reaction or internal diffusion of ions, then
a threefold increase of flow rate will leave the overall rate unchanged.
If external diffusion controls, an increase of Reynold's number will
tend to improve mass transport by external diffusion and increase the
overall rate of dissolution or ion exchange.

To test mass transfer, the sand experiencing 197 hours of flow at
11.1 ¢/day with 40 mg ca*t/e was suddenly subjected to 36 + 6 %/day
flow of the same solution. During the 233 hours of the run, four sets
of depth samples were taken from the column's percolating solution and
amlyzed.

The aqueous calcium and magnesium profiles, as before, were time-
deperdent (Figures 29 and 30). Furthermore, the rate at which the
breakthrough curves traveled the length of the column was tripled. The
travel rate is the rate of re-equilibration of the solid cation ex-
change ratios with the inlet solution. Because the rate of flow was
three times faster, the solid cation exchange ratios were forced to
equilibrate three times faster. The behavior of these two aqueous
species can be modeled merely by changing the fluid velocity used in
the solution of equation (13).

Dissolution of the column's aluminosilicate minerals proceeded at
the same rate as when percolation was slower. Such a response corrob-

orates the theory that either the mineral dissolution reaction step or
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internal diffusion controls the overall rate of silica release.
Furthermore, the curvature of the higher flow rate aqueous silica con-
centration profiles (Figure 31) decreases from that of the lower per-
colation rate. The equations of aqueous silica profiles (10 and 12),
based on dissolution reaction or internal diffusion control, show that
the second derivative of the profile should vary inversely with velo-
city.

Variation of acidity of the percolating solution as depicted by
the pH profiles was somewhat erratic (Figure 32). Acidity increases at
the top were still present; however, there was a tendency for the maxi-
mum acidity to occur further down the column. Further into the run
these acidity additions were less prominent. The cause of the behavior
would be speculative. As solution percolated deeper into the column,
PH rose to a value of 6.1, the same value of the previous run.

Aqueous oxygen content of the percolating solution (Figure 33) is
suggestive that the higher flow rate carried an oxygen sink down the
colum's length and finally out. Initially, oxygen content of the
effluent was 4 mg 02/2 under that of the inlet solution. The final
profile shows essentially no oxygen was removed from the solution.

If a straight line is forced through the aqueous profiles, an
average rate constant for the release of aqueous species can be
evaluated. By the end of the previous 11.1 R/day calcium salt solution
percolation, sodium was being released at 4.6 x 1076 mg/gmehr into the
solution (Figure 25). At the start of the 36 &/day run its rate was
8.9 x 1070 mg/gm<hr (Figure 34). This increase of 70 per cent can be

associated with the ion exchange portion of the sodium release process.
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At the end of the 36 &/day run, aqueous sodium had a release rate of
3.2 % 10-6 mg/gmshr. When the 11.1 &/day run was resumed, the sodium
release rate dropped to 1.4 x 1075 mg/gmehr. Potassium ion release in
the 36 ¢/day flow was greater than that of the 11.1 %/day flow. The
final rate of release of magnesium ions to the solution was 2.9 x 1070
mg/gmehr (Figure 35) while that at the end of the second 11.1 &/day run
was 1.3 x 10—6 mg/gmehr. Therefore sodium, magnesium, and potassium
additions to the percolating solutions did not remain the same but
rather were higher with high flow rates of solution.

Percolation rates of 11.1 and 36 %/day represent extremely low
flow through the column (Re = 0.004 to 0.012). Mass transfer rates
controlled by transport of products or reactants from the bulk solu-
tion to the solid surface certainly are approaching the situation of
diffusion through stagnant solution. Mass transfer can be specified
by assuming the simplification that the rate of mass transport between
some bulk solution and a spherical particle is represented by trans-
port between a flat solid plane of uniform aqueous surface concentra-
tion Qe and a bulk solution concentration Chulk” The rate of mass
transport between bulk solution and solid is equated with a mass

transfer coefficient kc. Therefore,

acbulk

T akc(csurf - Cbulk) (28)

where
a = surface area of mass transfer per volume solvent.
As Reynold's number approaches zero for a packed bed of effective

porosity P. the mass transfer coefficient approaches a constant value;
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PE kC

abD

= 0.914 , (Yip, 40). (29)

A mass transfer coefficient for a finite but small Reynold's number
has been correlated;

Pe ke 1.09

D7 (gerey 23

(30)

The long-term data imply that sodium, potassium, and magnesium are
being continually added to the percolating solution by mass transfer
controlled by diffusion of ions between the mineral surface and the
bulk solution. Steady state concentration profiles for the aqueous

species Chulk is described by,

uoc
bulk _
- PE 3z _akc(csurf - Cbulk)‘

(31)

For the present run, the inlet was free of cations except for the

calcium ion. Therefore,
CLulk © Ceurf a - exp(-akcz/u)) . ' (32)

If, as the data imply, the long-term bulk aqueous activity of the

various cations are far from S then

c c P. ak /u . : (33)

bulk ~ Ssurf ‘E e

Diffusion coefficients of cations moving away from the parent alumino-
silicate surface into the bulk solution will be assumed to be 1.5 x

1070

cmz/sec (Harned et al., 21,25,42). For the two flow rates 11.1
and 36 %/day, the Peclet number (ScRe) is 2.4 and 7.1, respectively.

The k, values are then 4.5 x 1073 and 6.4 x ZL(J—3 mg/(cmz-hr-mg/l),
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respectively. If the minimum surface area is assumed as being one in
which the particles are nonporous spheres, then akc/u will have a
value greater than 20000 ft_l. Therefore, external mass transfer by
diffusion of chemical species from the bulk solution to the surface of
the mineral is essentially infinitely fast and thus either reaction or

internal diffusion control the overall rate of mass transfer.

Percolation of Lithium and Ammonium Salt-Containing Solutions
Particular attention must be directed at determining the rate at

which aqueous calcium ions are released by the column's minerals in
dissoiutién. For a period of one month the laboratory column was
operated on an intermittent schedule with solution devoid of calcium
salts. Magnesium chloride was used to adjust the solution's ionic
strength back up to 11 mM. For a period of five months thereafter, a
solution of the following composition was percolated intermittently:

2.43 mM LiCl

4,12 mM LiHCO

3
0.49 mM (NH,),SO

/2%y
Because the percolating solution was free of aqueous sodium, magnesium,
potassium, and calcium, addition of small amounts of the same cations
to the percolating solution was readily apparent. Solution samplings
were taken periodically for five months. Final data collected showed
the variation of aqueous calcium, magnesium, sodium, potassium, and
silica in the percolating solution at different solution flow rates.

Throughout the study, magnesium content of the percolating solution

dropped gradually from an outlet concentration of 3.5 to 1.5 mg/%
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(Figure 36). However, two years previously an effluent magnesium con-
centration of 0.2 mg/% was attained after extensive percolation of

40 mg Ca++/2 solution. Other aqueous cation profiles did not show
sustained changes with time and are assumed to represent steady state
situations. The outstanding phenomena observed was that despite a
150-fold variation of flow rate, the concentration profiles of all
aqueous cations remained unchanged (Figures 37, 38, and 39) even though
the level of aqueous silica dropped (Figure 40).

Considering the variation of solution composition in the top three
feet of the column, the rate of release of any ion is controlled by
chemical reaction or molecular diffusion inside the mineral structure.
Aqueous silica was released from the minerals at the same rate no
matter what the flow rate was. The variations of aqueous cations with
depth are unchanged with flow rate changes. It would appear at first
sight that the rate of release of cations from the minerals increases
with increasing flow rate. The consistent constancy of concentration
profiles, despite wide variations in flow rate, is a hint that a
reversible reaction controls the aqueous cationic concentrations.
Already it has been shown that ion exchange reactions occur in the
column; however, large scale ion exchange reactions can be observed to
die out with time (Figure 29). It is proposed that there is a
secondary ion exchange reaction which is so fast that even when
Reynold's Number of the flow is increased from 0.004 to 0.63, the
extent of the ion exchange at each depth is unchanged. Because the
concentrations of cations change with depth, the secondary ion

exchange reaction must be in local equilibrium with the adsorbed
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chemical species on the sand at each depth. In general, the ion

exchange reaction will be of the form
it +fen + T (3u)

where M is a chemisorbed cation. Primary ion exchange reactions involve
electrostatically adsorbed cations. The chemiscrbed cation must be
part of the structure of the mineral, such as the calcium or sodium of
plagioclase. Because, for all purposes, the concentration of the
aqueous lithium ion is constant in the solution, the equilibrium

expression for the reaction ideally is
+ o
K=M (Li/M . (35)

The particular variation of M' concentration wifh depth ideally is
directly proportional to (M/Li). va the same percolating solution were
sent through the column in the opposite direction, the cation concen-
trations would initially start at higher values and drop off to lower
concentrations in reflection of the variation of (M/Ii). The one
stumbling block to the acceptance of a secondary ion exchange reaction
is that it is always in equilibrium. Equilibrium of one ion exchange
reaction would mean that the aqueous phase concentration of cations is
always set by that reaction. To bring the theory in tune with all the
known data, it must be assumed that when lithium is first brought into
contact with the minerals of the column, it first ion exchanges with
electrostatically adsorbed cations. During the electrostatic ion
exchange reaction, the presence of aqueous lithiuﬁ ions is unknown to

chemisorbed cations until the lithium has exchanged with a majority of



98

the electrostatically adsorbed cations on the minerals' surfaces. Once
the shielding effect of the electrostatically adsorbed cations is gone,
lithium can carry on rapid reversible ion exchange with chemisorbed
cations. Since the equilibrium coefficient for the exchange is small,
and because the surface of the mineral is constantly being renewed, |
the chemisorbed cations are continually being added to the percolating

salt solution.

Summary of Nonbiological Changes to a Percolating Solution
Investigations have been concentrated on nonbiological inter-
actions between a percolating solution and a granitic sand matrix.
Minerals of the column were basically quartz and aluminosilicates.
There had been chemical evidence (localized effervescence when a sand
sample was acidified) of trace amounts of calcite (CaC03) in the sand
but, after two years of percolations, trace amounts were no longer
apparent. Forty per cent of thesand, quartz, dissolves at a negligible
rate. The remaining 60 per cent is aluminosilicates which have molecular
structures of silica and alumina interconnected by cations. Dissolu-
tion of the aluminosilicate will yield a cation but no anions.
Dissolution of the mixture of aluminosilicates in the column was
evidenced by the release of aqueous silica to the percolating solutions.
Aqueous silica was produced at the rate of 2.4 to 3.7 % 10_5 mg SiOz/
gmehr aluninosilicate minerals at a pH between 8.5 and 5.5 irrespective
of the ionic strength or flow rate of the solution. When the aqueous
silica concentration climbs above 1.2 mg SiOQ/Q, the solution becomes

supersaturated with respect to kaolinite (AluSinlO(OH)8).
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Because some of the aqueous silica, dissolved from aluminosilicate

. minerals, potentially can be lost to kaolinite, or possibly some other
clay mineral, the rate of appearance of aqueous silica is a lower

bound on the estimate for the rate at which cations should be released
by the aluminosilicate assemblage. Based on the ideal mineral formulas,
the bulk composition of the aluminosilicates in the laboratory column

suggests that the rate of release of calcium, magnesium, sodium, and

6 6

potassium, respectively, should be 2.9 to 4.4 x 10 ~, 1.4 to 2.1 x 10,

6

1.5 to 2.3 x 10", and 1.6 to 2.5 x 10"6 mg/gmehr aluminosilicate. The

minimum rate of release of the respective cations experimentally was

6, and 5.0 x 107° mg/gmehr alunino-

1.4 x 107°%, 2.2 x 107, 3.6 x 10”
silicate.

Silica was released by the minerals at a rate that, contrary to
the usual dissolution case, was not controlled by transfer of silica
from the mineral surface to the bulk solution but rather by the dissolu-
tion reaction itself or by diffusion of silica inside the mineral.

Variation of aqueous silica content of the percolating solution with

depth Z can be modeled with the general equation
SiOQ(z) = Si021 (1 - exp(-Az/u)) (36)
0

SiOQ]O is an equilibrium, or quasiequilibrium concentration of aqueous
silica and A is a constant that can be either the rate of the dissolu-
tion reaction or a diffusivity coefficient.

Release of cations from minerals can proceed by two ion exchange
mechanisms. Primary ion exchange reactions are relatively short-lived,

large scale exchanges of electrostatically held cations for cations in
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the bulk solution. The capacity of the sand to hold such cations is on
the order of 10 pweq/gm sand (it will later be shown to be 27 uweq/gm).
Primary ion exchange reactions for a percolating solution are charac-
teristically located in one band in the column above and below which
the distribution of cations in the bulk solution is in equilibrium with
the sand surface distribution of cations. Primary ion exchange reac-
tions are the first and most prominent cation exchange reactions
affecting a newly composed solution. The zone of the primary ion
exchange reaction moves down and out the column as observed by the
motion of an inflection in the concentration profile (Figures 26 and 27).
Once the primary ion exchange reaction is gone, a secondary ion exchange
reaction lingers on throughout the column for an indefinite duration of
time. As long as the distribution of cations in the bulk solution does
not sway too far from equilibrium with respect to primary ion exchange,
the secondary exchange reactions are always in equilibrium so that any
change in the flow rate of solution will not change the depth profiles
of the concentrations of aqueous cations. The secondary reactions are
believed to occur between the bulk solution and chemisorbed cations.
Because the source of chemisorbed cations is in the structure of the
aluminosilicates themselves, the capacity for chemisorbed cations is
extremely large. Secondary ion exchange reactions are a first step in
the overall mineral dissolution process whereby cations in the mineral
structure are replaced by aqueous hydrogen ions or another cation. The
replacement weakens the bonds of the alumina and silica superstructure
which breaks up the mineral crystal, thereby exposing new chemisorbed

cations ionically bonded in the crystal structure.
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Nitrifying bacteria generate two aqueous hydrogen ions for every
ammonium ion that is converted to nitrite. The hydrogen ion can
exchange with electrostatically held cations or it can exchange with
chemisorbed cations. Electrostatic cation exchange should be the major
process redistributing the aqueous hydrogen ions between the solution
and mineral phases. If the secondary ion exchange occurs, its effects
would not be noticed due to the primary exchange reactions. Both cation
exchange reactions are identical in their net effects to the cation
concentration in the percolating solution; that is, an equivalent of
hydrogen ions produced by the nitrifying bacteria will exchange an

equivalent of calcium, magnesium, sodium, or potassium from the minerals.
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CHEMICAL PROPERTIES OF THE LABORATORY COLUMN SAND

Mineral Dissolution
Positive proof was sought for three hypotheses. It was known that

5 t5 1075 mg/gmehr,

minerals were releasing cations at the rate of 10~
but the question was if the aluminosilicate structure of the mineral

was actually disintegrating or if the observed aqueous silica was

coming from some other source such as a clay (Siever et al., 46).

Another question to be answered was concerned with the presence of a

mass transfer hindering amorphous layer of mineral matter growing on

the surface of a dissolving aluminosilicate mineral. Finally, positive
proof of the release of aqueous calcium from aluminosilicates rather than
from some trace mineral was sought. Answers to these questions were
sought by observation of sand grain surfaces under a scanning electron
microscope (SEM) before and after the grain was permitted to interact
with various solutions.

Laboratory column sand was sampled and separated into feldspar,
hornblende, and quartz fractions. Each fraction was mixed with epoxy.
After drying, the epoxy was broken, thereby splitting in half individual
sand grains. One half of each grain was kept as a specimen untreated
with aqueous solution. The other face of each mineral was permitted to
react for one to two months in one of three solutions. 0.16 M nitric
acid was used to permit detection of actual breakup of the alumino-
silicate structure in a strong acidic solution in a reasonably short
time period. A solution to be used as a feed solution for the labora-

tory column (Table 3) was permitted to react with the mineral grains
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so that the formation of an amorphous layer could be detected. The
third solution was 1 M potassium fluoride and potassium phosphate for
the detection of release of calcium ions from the aluminosilicate
minerals. The mineral grains remained in the 1" x 1/8" x 1/8" epoxy
support while they interacted with 30 mf of gently stirred solution.
Specimens treated with nitric acid showed signs that the epoxy
itself had disintegrated slightly, possibly leaving same residue on
the grain surfaces. Quartz showed no effects of the acid treatment
either in low magnitude écanning electron micrographs or in higher
magnitude pictures (Figure4l).  The quartz surface was covered with
sharp concoidal fractures characteristic of a freshly cleaved specimen.
Pictures of freshly fractured plagioclase and hornblende mineral grains
are compared to the upside-down reversed picture of the twin fragment
that was treated for one month in 0.16 M nitric acid. The plagioclase
crystal (Figure 43) did actually disintegrate in the acid (Figure uii4)

E mg/gmehr. A closer look at the surface

at approximately 4 x 10~
(Figure 42) does not reveal an amorphous layer formation to hinder
dissolution of the parent mineral. Formation of an amorphous layer 1is
theoretically doubtful in such an acidic envirorment. Hornblende
(Figures 45 and 47) also actively dissolved in nitric acid (Figures 46
and 48) at approximately the same rate as the plagioclase. It is
therefore seen that when the aluminosilicate ions exchange their cations
with aqueous hydrogen ions, they also experience an actual disintegra-
tion of their structure in a measurable amount of time.

Plagioclase grains treated for two months in solution to be perco-

lated through the laboratory column (Table 3) show clumps of matter on



Figure 41: Quartz Surface after Two Month  Treatment in 0.16 M
Nitric Acid (7500 Magnification)

Figure 42: Plagioclase Surface after One Month Treatment in
0.16 M Nitric Acid (7800 Magnification)



Figure 43: Freshly Fractured Plagioclase in Epoxy Support
(79 Magnification)

Figure 44: Twin Fragment of Freshly Fractured Plagioclase after
‘ One Month Treatment in 0.16 M Nitric Acid (79 Magni-
fication)



Figure 45: Freshly Fractured Hornblende in Epoxy Support (79 Magni-
fication) '

Figure 46: Twin Fragment of Freshly Fractured Hornblende after one
Month Treatment in 0.16 M Nitric Acid (79 Magnification)
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Figure 48: Twin Fragment of Freshly Fractured Hornblende after One
Month Treatment in 0.16 M Nitric Acid (4090 Magnification)
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the surface (Figure 49). The clumps are 1 to 0.1 micron in size. Be-
cause there was some clumpy material on the surface of the quartz
grains treated in the same manner, the plagioclase debris cannot be
assumed to have originated from the mineral itself. Hornblende grains
also were coated with debris. The attempt to detect a surface coating
must be judged inconclusive.

Quartz, plagioclase, and hornblende treated for two months in the
potassium fluoride/phosphate solution were expected to show a coating
of calcium fluoroapatite <Ca5(P04)3F) wherever calcium would be
released from the crystal surface. Quartz was totally unchanged in the
solution. Plagioclase (Figure 50), and especially hornblende (Figures
51 and 52), showed hexagonal crystals growing on the surfaces. The
crystals were much stronger calcium emitters than the background
mineral and are therefore assumed to be 0.2 to 0.5 micron crystals of
calcium fluoroapatite. There was no preferential growth of crystals on
any specific mineral cleayage plane; however, there was a conspicuous
lack of crystals inside the mineral fissures (Figure 52). Presumably
the calcium fluoroapatite crystals are present because of release of
calcium from the interior of the aluminosilicate and subsequent reac-
tion of the calcium ion with the fluoride and phosphate ions of the
solution. The surfaces were freshly cleaved, calcium ions which had to
have been desorbed from the mineral by the chemisorption of potassium
ions from the solution. Judging from the coverage éf crystals, calcium
must have been released from the hornblende mineral at the rate of
5 % 10_3 mg Ca++/gm~hr. The high concentration of aqueous potassium

ions would tend to cause an ion exchange of calcium from the crystal



Figure 49: Plagioclase Surface after Two Month Treatment in Neutral
Salt Solution (7750 Magnification)

Figure 50: Plagioclase Surface after Two Month Treatment in
Fluoride/Phosphate Solution (4000 Magnification)
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Figure 51: Hornblende Surface after Two Month Treatment in
Fluoride/Phosphate Solution (3700 Magnification)

Figure 52: Hornblende Surface after Two Month Treatment in Fluoride/
Phosphate Solution (7000 Magnification)
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at a higher rate than lower strength solutions as used previously in
percolation experiments through the column. Sharpness of crystal
edges on the hornblende specimen suggests that this mineral did not
experience disintegration of its structure during the two-month
reaction with solution.

This present investigation has shown that plagioclase and hornblende
do dissolve, in the manner of destruction of their crystalline struc-
ture, in a reasonable amount of time in an acidic solution. Disinte-
gration of their structure could be neither confirmed nor disproven in
neutral salt solutions. In a one molar potassium fluoride/phosphate
solution, the destruction of the structure was not evident. Quartz
was totally unaffected by any solution. Calcium ions were released
from the interior of the aluminosilicate minerals with little or no
alteration of the external appearance of the mineral. The reaction
causing the release of calcium ions must be an ion exchange of aqueous
potassium ions for chemisorbed calcium ions. Presence of a mass
transfer hindering surface coating on the minerals was not observed in
the acidic solution. In the 10 mM neutral salt solution, the coating's
presence is inconclusive. Minerals interacting with the fluoride/
phosphate solution showed no signs of a surface coating which follows
from the observation that the mineral probably did not release silica

in the destruction of its structure.

Determination of Ion Exchange Distribution Coefficients
Cationic exchange reactions have been demonstrated to be of impor-

tance for solutions percolating through a soil assemblage. An
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empirical relationship was found to correlate the distribution of
calcium, magnesium, ammonium, and the aqueous hydrogen ion on the
column's sand surface to their respective concentrations in the aqueous
solution. The potassiumion was not included in the study because this
ion was found to be of minimal importance to solutions percolating
through the laboratory column.

Experimental work was based on the assumption that equilibria
between the distribution of the five cations on the sand and solution
could be represented by determining the equilibrium distribution
between calcium and each of the remaining cations. Sand samples that
had previously been equilibrated with calcium salt solutions were re-
equilibrated with four series of solutions containing varying concen-
trations of calcium, of ionic strength 11 nM, and one other cation salt
buffered to pH 8.3 with bicarbonate (the hydrogen/calcium ion distribu-
tion was analyzed with nitric acid as the hydrogen ion "salt"). One
dry gram of the sand was equilibrated with 25 m% of solution. After
one week, solution was drained from the sand and analyzed for the con-
centrations of aqueous calcium and the other cation to give the distri-
bution of ions in the aqueous phase. Weight of the moist sand gave
the quantity of ions in the thick film of solution surrounding the sand.
Ammonium acetate molar solution was used to leach the wet sand for four
hours (in the case of calciunvémmonium distribution, barium chloride
solution was used). Analysis of the leachate yielded the distribution
of cations on the sand's surface (the hydrogen ion surface concentra-
tion was found by analysis of the pH of the 25 m% solution before and

after the equilibration).
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Binary ion exchange reactions, such as between calcium ions and

s . + <
an arbitrary cation M follows the reaction

lZMlE£-+ 2M+|ZM[ #EIZMICa++ - B (37}
An equilibrium expression for the calcium/cation exchange can be
defined as
%l 12
Ca _ sy
[Ca]l

M

where [ZM[ is the absolute value of the charge on the cation M, [M] is
the activity of M in the aqueous phase, and Xy is the activity of M on

the substrate. The equilibrium expression implies that a plot of

AV A I
Ca M /M Ca versus x ZM e

Ca /XM

experimental data did not plot linearly when the aqueous and surface

would be a straight line. The

activities were replaced respectively by molarity and surface equivalent
fraction. If the surface species act like a regular solution (Garrels

et al., 27), the activity coefficient of a surface species is
A = exp(BXQ/RT) (39)

where B is a constant, x is the surface concentration, R is a constant,

and T is the temperature. For any distribution of the species

|2yl
KCa _ XCEM ‘ZCal

M

7] [M] exp(-B(xCa - XM)/RT) . (140)
Ca !

7
Xy [Ca][ Tﬂ

For surface distributions for which neither species dominates the
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surface by more than 90 per cent

|7, VG2 12, ]
Ca _ XCa MM
KlM = IZCaI} IZM[J . (41)
Xy Ca

The data for the binary equilibrium reactions between calcium and four

other cations all gave linear plots when plotted according to the above

Ca and KCa

hy Y

mine the distribution of calcium and another cation, M, in an ion

equation (Figure 53). Two constants, K , are used to deter-

exchange system.

Specific Role of the Aqueous Hydrogen Ion

The phenomenon of ion exchange of electrostatically held cations on
an aluminosilicate is a result of charged sites on the crystal surface
resulting from amphoteric dissociation of surface hydroxyl groups,

SiOH and AlOH, giving positive or negative sites:

SiOH < Si0™ + H' ; Ko * 1070 0 107® (Stum et a1., 20;
Dugger et al., 49) (42)
Si0H + H' @ SiOH) 5 K = 1072 to 107, (43)

 Another origin of surface charge would result from isomorphic substitu-
tion of aluminum for silicon in a tetrahedral site in the structure of
the mineral. The former mechanism of charge formation makes the
aqueous hydrogen ion a potential-determining species.

The quantitative description of the surface charge for a mixture
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Figure 53: Ion Exchange Distributions for Calcium Ions and Four Other
Cations
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of minerals is omplex. It would be expected that in a pH environment
between 10 and 2, the hydroxylated silica surface would only act as
neutral or negative sites. The hydroxylated alumina surface would be
composed of negative and positive sites in the same pH range (Tanabe,
28). Kaolinite, a mixture of silica and alumina groups, has both
negative and positive sites (Stumm et al., 20) over much of the pH
range of an aqueous solution. Theoretically, the aqueous hydrogen ion
can participate in any number of dissociation reactions on the column's
mineral surfaces in the pH ranges found in the column's percolating
solution. Such reactions are amphoteric dissociation reactions rather
than common ion exchange of hydrogen ions.

Specific or selective ion exchange reactions are reactions involv-
ing cations attracted to the mineral surface by electrostatic forces
augmented by chemical bonds. Ion exchange of cations bonded
by chemical forces is a specific ion exchange reaction. Alumino-
silicate minerals, of course, do have substantial capacity for chemi-
sorbed cations. Even pure silica can hold an important quantity of
chemisorbed calcium above pH 7 (Parks, 48). Both theory and experimental
evidence suggest calcium, sodium, potassium, and magnesium are parti-
cipants in specific ion exchange reactions with the minerals in the
laboratory column, i.e., alkaline earths are ionically bound.

Aqueous cations attracted to the mineral surface by charged sites
are positioned in a iayer over the mineral surface so that they are
balanced between the electrostatic force of the charged sites and the
tendency of the cation to diffuse away from high concentration zones.

Similarly, anions, repulsed by a surface charge (negatively adsorbed),
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will be positioned in balance between their being repelled by a nega-
tive charge and diffusing back into a low concentration zone. The
above two layers compose the Double lLayer. A negatively charged
mineral in an aqueous solution of ionic strength 10 mM should have a
double layer thickness of approximately 30 A  in which the cation
concentrations could be thousands of times larger than in the surround-
ing solution (van Olphen, 24). If aqueous hydrogen ions are exten-
sively being chemisorbed, then the interaction between sand surface
and solution will be more complex than a simple ion exchange of the
hydrogen ion for another cation. Chemisorption of an equivalent of
hydrogen ions by the sand will not yield an equivalent release of other
cations; instead, more equivalents of cations will be released (than
hydrogen ions adsorbed) by virtue of the fact that less anions will be
negatively adsorbed.

The equal equivalent exchange between the hydrogen ion and other
cations was investigated. Column sand which had been equilibrated with
sodium bicarbonate salt solution was permitted to react with a constant
pH nitric acid solution. The sample was placed inside a 1/4-inch
lucite tube through which approximately 35 m¢ of solution was circu-
lated at 25 mg/min by a peristaltic pump (Figure 54). Circulation of
the solution took it into a glass chamber where pH was monitored with
a glass membrane/saturated rubidium chloride electrode system. A
positive pressure was maintained above the chamber by helium to prevent
acidification of the solution by atmospheric gases. Any deviation of
the solution's pH was checked by addition of nitric acid from a

titrator system. The quantity of hydrogen ions taken up by the sand
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mixture was assumed to be equal to the quantity added to the solution
to maintain a constant pH. The quantity of cations released by the
sample was calculated from the analysis of the solution which had been
circulated through the sample. Another method was used to determine if
an equivalent adsorption of hydrogen ions would give an equivalent
release of cations. A sand sample, previously equilibrated with
calcium chloride solution, was permitted to react with a 11 mM solution
of calcium chloride acidified to various pH's with nitric acid. The
change of pH of the solution after a week gave the quantity of hydrogen
ions adsorbed by the sample, and analysis of the quantity of calcium
on the sand surface before and after the reaction gave a direct account
of the quantity of calcium released from the sand surface. Results are
plotted as quantity of hydrogen ions consumed against quantity of
cations released (Figure 55). The points of largest uncertainty repre-
sent the results of the calcium chloride equilibrated sample. There
was a tendency for more cations to be released than hydrogen ions to
be adsorbed thereby suggesting that the aqueous hydrogen ion is being
chemisorbed and changing the concentration of negatively charged sites
on the sand surfaces. The effect is weak enough to warrant, as a first
approximation, the assumption that, above pH 4, aqueous hydrbgen ions
exchange in a one-to-one equivalent ratio with other cations.

The capacity of a sand sample to hold cations by electrostatic
forces must be known in order to model the distribution of cations be-
tween the sand surface and the percolating solution. When the binary
ion exchange distribution coefficients between the calcium ion and

four other cations was determined, the total cation exchange capacity
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was found to be a function of the particular pair of cations. Cation
exchange capacities for the binary pairs calcium/ammonium, calcium/
magnesium, and calcium/sodium were, respectively, 15 + 1, 11 + 2, and
36 + 3 microequivalents per gram of column sand at a pH of 8.3. The
cation exchange capacity of the column sand mixture was determined in
a solution of composition identical to the solution to be fed to the
colunn (Table 3) but with a variable pH. The above capacity would be
taken as the average for small changes of solution cationic composition
around that of the percolating solution's inlet composition. A column.
sand sample that had been equilibrated with solution to be percolated
through the column (Table 3) was permitted to react with the same
solution at various pH's adjusted with nitric acid. After the equilib-
rium terminated, the adsorbed species were extracted from the sample‘
with 200 mg of ammonium chloride for four hours. The total equivalents
of calcium, sodium, potassium, and magnesium adsofbed to the samples at
various solution acidities are plotted at the top of Figure 56. A
similar experiment had been performed on a sand sample; however, a
calcium chloride solution was used in place of the multi-salt contain-
ing solution. The results of the calcium adsorption investigation are
plotted on the bottom of Figure 56. The cation exchange capacity of
the sand mixture in the column feed solution varied from 23 to 29 ueq/gm
in the pH range 4 to 8. The capacity to hold calcium remained approxi-
mately constant at 30 # 5 ueq/gm over the same range of pH. Because
there was no drastic change of the sand's capacity to adsorb cations

in the wide range of pH from 4 to 8, it can be assumed that the hydro-

gen ion is not participating in chemisorption reactions in the same
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pH range. -The total cation exchange capacity of sand will be assumed
constant at 27 ueq/gm and changes of pH can be neglected. Even when
the pH of the aqueous solution drops as low as 4, Figure 55 shows that
the overall effect can still be treated as a simple ion exchange of

cations between the sand surface and the aqueous solution.

Proof of the Rate Controlling Step of Ion Exchange

Data suggest that cations released by the column's sand particles
originate within the mineral structure rather than on its surface or
in a surrounding electric double layer. A more conclusive proof of
the origin of cations was undertaken for the ion exchange between
aqueous hydrogen ions and another cation in a continuous flow system.

One gram samples of column sand that had previously been equili-
brated with a single salt solution were leached at 46 m&/hr with 22 mM
hydrochloric acid. During the operation, the effluent was collected
ard analyzed for the cation of the salt with which the sand had been
equilibrated with magnesium salt solution, the interruption was
characterized by draining the sand and permitting it to rest for 3600
seconds. The calcium salt solution equilibrated sand was interrupted
of leaching by its being drained, flushed with acetone, and dried
followed by 4630 seconds of rest. The resumption of leaching was
started and the effluent was constantly sampled. The accumulative
quantity of cations released from the sand is plotted against the
square root of time elapsed from the start of the leaching and also
from the start of the resumption of leaching.

Time variation of accumulative quantities of cations released
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from a sand sample can be determined for the condition that diffusion
of reactants or products inside the crystal controls the overall rate.
The time required for a species to diffuse a short distance L into a
crystal is approximately LQ/D, where D is the effective diffusion co-
efficient. Suppose the crystal has S sites per crystal volume to be
converted from one cationic form to another. The approximate time it
would take to convert all the ion exchange sites a small depth, 1,
further into the crystal will be the number of sites, AlS (A is the
area perpendicular to the direction of diffusion), divided by the rate
of transport of cations into (or out of) the crystal, ADC/L (C is the
concentration of the species diffusing). If the time to convert
exchange sites 0.1L further into the crystal is much longer than the
time required to transport cations between the sites and the surface of
the crystal, then it is assured that the transport of cations through
the crystal is approximately at steady state. The criterion of a

steady state diffusion profile inside the mineral is

If the number of exchange sites represents the number of chemisorbed
cations in a mineral, then S is on the order of 19" veq/%. For the
present investigation of exchanging a sand with a solution of 22.4 mM
of hydrogen ions, the most stringent test of the criterion would be to
assume that the diffusion of hydrogen ions into the minerals controls
the release rate of other cations. Therefore C is 22.4 ueq/f and the
right hand side of the above criterion is 130 which is much larger than

one. Under the further assumption that exchange reactions occur only
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at sites at the furthest depth of penetration of cations inside the
crystal, the rate of penetration of the reaction front into the mineral

will be equal to the rate at which cations diffuse into or out of the

crystal
- o ki
DC/L = S I (4y4)
or
L = yDOEE (45)

The accumulative release or consumption of cations for a crystal system

of total area A is
Accum = AYDSC/t' . 46)

A plot of accumulative release versus the square root of elapsed time
should therefore yield a straight line if diffusion of cations inside
the mineral structure controls the rate of release of cations.

The interruption test can eliminate external diffusion as the
slowest step for the transport of cations between the bulk leaching
solution and the inside of the crystal. If the diffusion of cations
from the bulk solution to the mineral surface controls, then a sudden
stoppage of flow of leachate and resumption will not change the rate of
release.of cations. On the other hand, if diffusion of cations inside
the crystal (or the exchange reaction itself) controls, an interruption
will permit internal diffusion (or reaction) to proceed such that when
the leaching resumes the rate of release of cations would have suddenly
increased. The latter was the case for the extraction of magnesium and

calcium from the sand samples; At least for the secondary ion exchange
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process, the rate of release of cations from the column's sand is not
controlled by external diffusion.

Data are plotted against the square root of elapsed time to
show an indication of the specific rate determining step (Figure 57).
Initially when the acidified leachate reaches the sand sample, cations
are released at a rate that does not indicate that internal diffusion
controls. Presumably the initial release of cations is by the same
primary ion exchange as presumed for percolating solutions in the
laboratory column. The primary ion exchange reaction is exchange of
cations in the mineral's double layer and must be controlled by the
diffusion of cations between»the bulk solution and the double layer.
The curves of accumulative release become straight lines with time
which implies that internal diffusion has taken over as the rate deter-
mining step. After the interruption (Figure 57), the curves tend to be
linear. If the line is extended back to the origin, it does not inter-
cept zero; therefore, during the interruption or immediately upon
resumption of leaching, some cations have entered the double layer

and disrupted its equilibrium with the leaching solution.

Summary of the Chemical Properties of the Column Sand

By direct observation, it was found that the aluminosilicate
minerals dissolve in a reasonable amount of time with complete destruc-
tion of their structures. The steps leading to the final disintegration
of their aluminosilicate superstructures can be traced. A solution
coming in contact with the mineral will first redistribute cations in

the double layer of the mineral. The redistribution comes about by
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cation exchange between the bulk solution and the double layer cations
at a rate controlled by mass transfer of cations between the same two
regions of cations. The double layer was found to be so thick, and
the minerals' pores so small, that the cation exchange capacity of the
column's sand is directly proportional to the external surface area of
the sand. Once the double layer has reached equilibrium with the per-
colating solution, a continuing, but slower, exchange of cations from
the interior of the mineral persists. Whereas the capacity of the sand
for cations in the double layer was 27 ueq/gm, the cations being released
from the interior of the mineral structure are chemisorbed cations and
therefore, being part of the original structure of the crystal, have a
capacity of 4000 peq/gm. Electrommicrographic pictures of positions on
the mineral structure of release of cations imply that chemisorbed
cations are only released from the external surface of the mineral;
therefore, the release rate is directly proportional to the external
mineral surface area. The slowest step of the release of chemisorbed
cations is the diffusion of cations inside the mineral structure.
Apparently when the original cations of the mineral have been replaced
by hydrogen ions, or some other cation, the aluminosilicate structure
of the mineral breaks up at a fixed rate controlled by the disintegra-
tion reaction itself. Certainly in strongly acidic solutions the
superstructure of the aluminosilicate mineral breaks up completely;
however, in neutral solutions there is a thermodynamic possibility
that the alumina and silica resolidify into a clay mineral and inter-
fere with further mass transfer of cations to and from the parent

mineral.
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Ton exchange equilibria between calcium and each one of the cations
magnesium, sodium, ammonium, and hydrogen was determined. Undoubtedly
there was some specific lon exchange participating. Even though the
aqueous hydrogen ion is a potential determining species for the column's
sand, it can still be considered as an ordinary cation participating
in nonspecific lon exchange reactions. Furthermore, as long as the
solution pH is above 5.5, the cation exchange capacity of the column
sand can be considered as constant at 27 peq/gm. Because of specific
cation exchange, the cation exchange capacity rigorously is a function
of the cations participating in the ion exchange.

Consider a solution percolating through a soil matrix, cation
exchange of cations in the double layer for cations in the bulk solu-
tion will be the most important first reaction to change the composi-
tion of the percolating solution. The extent of the cation exchange
reactions of the solution's cations is dependent on the exchange
distribution coefficients; however, the duration of the ion exchange
process will be directly proportional to the surface area of the soil.

A silty soil will change the composition of a percolating solution for
a longer duration of time relative to a coarser soil. Once the solution
has percolated past the zone of ion exchange, and thereby equilibrated
itself with ions in the double layer of the soil's minerals, it will
continue to show a slow change in its composition due to ion exchange
with chemisorbed cations inside the struciure of aluminosilicate
minerals. For all intents and purposes, the aqueous hydrogen ion will
participate in ion exchange in a manner similar to the other aqueous

cations. As long as the mineral material of the soil is quartz or
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aluminosilicates, the interactions of the percolating solution and the
minerals will result in negligible change to the total dissolved cation
content of the percolating solution. The hardness of the solution, of
course, can be changed for the worse if a hard solution had previously
been percolating through the soil or less so if the aluminosilicates
are primarily calcium and magnesium containing. Again, the pH will be
only as important as the concentration of any other cation in ion
exchanging calcium or magnesium of a mineral. The concentration of
hydrogen ions of the percolating solution becomes more important than
the concentration of other cations when the percolating solution en-
counters a mineral such as calcite (CaCO3) or dolomite (CaMg(CO3)2)
which dissolves more rapidly in an acidic solution. Moderately
soluble minerals such as calcite will dissolve to increase the total

dissolved solids of the percolating solution as well as its hardness.
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PERCOLATION OF SOLUTICNS THROUGH A NITRIFYING COMMUNITY

The last stage of experimental research focused on the variation
of the aqueous chemical composition of solutions percolating through
a nitrifying bacterial community. The nitrifying bacterial community
alone was assumed responsible for the high dissolved solids content of
percolating solution. The laboratory column had been purged for two
months with solutions devoid of carbon-containing compounds and there-
fore of no value to any bacteria. It was necessary to encourage the
growth of any bacteria which would survive in an inorganic solution of
similar composition to that percolated at the Whittier Narrows test
plot. Since it was the immediate goal of the research to approximate
the Whittier Narrows data, the entire array of different autotrophic
bacteria in the Whittier Narrows soil was permitted the opportunity
to grow in the laboratory column. Approximately 50 grams of moist
soil from the surface of the Whittier Narrows test basin was slurried
with 250 mf of water and injected into the top segment of the column.
The type of bacteria that would become dominant in the column's
bacterial community should be similar to the bacteria of the test plot
because the percolating solutions of both environments were similar
except for a total lack of organic carbon in the laboratory solution.

Growth of the Aitrifiers Nitrosomonas and Nitrobacter can occur

only under a limited set of chemical conditions. Carbon dioxide is
the carbon source of the nitrifying bacteria. The presence of organic
carbon will encourage the growth of faster multiplying heterotrophic

bacteria and may actually inhibit the growth of nitrifiers (Delwiche



182

et al., 60). Energy for the bacterial conversion of carbon dioxide
to cellular material is from the reaction of ammonium and nitrite ions
with oxygen to yield nitrite and nitrate ions, respectively. Compo-
sition of solution to be percolated intermittently through the labora-
tory colunn contained aqueous ammonium ions and dissolved oxygen and,
in general, was very similar in composition to the solution spread

on the Whittier Narrows test plot (Table 2). The final feed solution
contained manganese and iron (Table 3) to satisfy the bacterial re-
quirement for these aqueous species. Later in the study, ferric
nitrate was not added to the feed solution because it was found that
the iron would be lost from the feed solution as a precipitate in an
aerobic enviromment. ,The laboratory column's feed solution contained
aqueous ammonium ions, oxygen, and bicarbonate; theoretically the only
type of bacteria that could be supported would be nitrifiers.

Many chemical species in the percolating solution were analyzed,
but not all at the same time. Cation exchange reactions are impor-
tant enough that all aqueous cations interact with one another; there-
fore, for a full understanding of one or two aqueous cation concentra-
tions, all important cation concentratioﬁs (such as calcium, magnesium,
sodium, potassium, ammonium, and the hydrogen ion) were determined. If
nitrification was to be recognized during the one-week Wet Period, the
primary reactants of nitrification, dissolved oxygen and aqueous
ammonium ions, as well as the products, nitrite, nitrate, and the
hydrogen ion, were determined. During the two-week Dry Period, oxygen
carbon dioxide, and nitric oxide in the column's gaseous atmosphere

were checked as indicators of nitrification (Yoshida et al., 223
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Table 2

Whittier Narrows Water Reclamation Plant
Effluent Quality

Aqueous Species Concentration mg/%
Calcium 51
Magnesium 12
Sodium 119
Potassium 11
Armonium 18
Bicarbonate 251,
Sulfate 114
Chloride 93
Nitrate 23
Phosphate 18
Total Dissolved Solids 703
Dissolved Oxygen 5.1
B.0.D. o)

A 6 60

(Reid, 4)
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Composition of Solution Fed Intermittently to Column

Salt

Calcium Chloride CaCl2

Magnesium Sulfate MgSOu

Manganese Chloride MhClz-HH 0

2
Potassium Phosphate K, HPO,, +3H

Potassium Phosphate KH POLF

2

Sodium Sulfate Na2SO,1L

Sodium Bicarbonate NaHCO3

Sodium Nitrate NaNO3

Ammonium Sulfate (NHu)QSOu

Ferric Nitrate Fe(NO3)3-9H20

0

Concentration mg/%

140.
593
2.0
16.3
14.9
28.5

346.
28.9

65.0
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Verhoeven, 23). A quantitative measure of the bacterial populations

of heterotrophic bacteria and the nitrifiers, Nitrosomonas and Nitro-

bacter, on the column sand was taken. All the important chemical
compounds participating in hitrification reactions throughout the inter-
mittent percolation schedule were monitored.

Tt was anticipated that as the feed solution percolated down
through the column, nitrifying bacteria would consume aqueous ammonium
ions and oxygen and generate sand-dissolving aqueous hydrogen ions,
thereby releasing large quantities of aqueous calcium and magnesium
ions. During the Dry Period of two weeks it was expected that nitrifi-
cation would occur on the moist sand with consumption of gaseous oxygen

and dissolution of the sand.

First Wet Period

Feed solution was percolated at 11 2/day through the column for the
typical one-week duration. Because the column would be experiencing a
period of adjustment with respect to the distribution of bacteria
throughout its length and with respect to the distribution of cations
in the solution, only a few aqueous species were analyzed.

Up until the third day of percolation, aqueous oxygen content of
the percolating solution hardly changed. By the last day, 5.6 mg 02/2
of the inlet solution's 8 mg 02/2 was consumed before the solution per-
colated to the 1/2-foot depth. Aqueous silica content increased
linearly with depth from 0.25 of the inlet to 1.95 mg Si02/2 of the
effluent. Analysis of the sand's adsorbed cations at the one-, four-,

and eight-foot depths revealed that calcium was the most prominent
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cation and that potassium and sodium comprised the remaining two per
cent.

The variation of pH with depth is conspicuous because approximately
2 millimoles of acid would be required to lower the carbonate buffered
solution's pH the amount observed. If the source of acidity is the

first nitrification reaction

Nitrosomonas
2 5

+ 3 - +
NHH (aq) + 5—0 NO2 (aq) + 2H + HQO s (47)

Nitrobacter

2 —m8m8

- 1 -
NO,, (aq) + 50 NO, (aq) (u48)

then the consumption of 5.6 mg 02/2 can account for only part of the
total quantity of acid released to the percolating solution. Despite
the solution's increased acidity, the quantity of silica released is
the same as that of the deionized water and calcium salt solution per-
colation investigations. Because there were no chemical compounds
capable of consuming large quantities of dissolved oxygen, it is
assumed that oxygen is disappearing from the percolating solution due

to the presence of bacteria.

First Dry Period

The first Dry Period was started by diverting solution away from
the top of the column and permitting solution to continue exiting the
bottom at 11 ¢/day. It was later decided that such practice was
causing unnecessarily complex initial and boundary conditions for later
mathematical models of the column's gaseous atmosphere. The column,
hereafter, was permitted to drain in as short a time as possible

(approximately 30 minutes). Three gas samplings were taken from the
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column and analyzed to detect aerobic bacterial activity during the
two-week Dry Period.

No nitric oxide was detected at any depth of the column. However,
nitrogen dioxide was detected as a trace gas but with a concentration
no different from the ambient concentration. There was a noticeable
decrease of gaseous oxygen with depth especially for the 48-hour profile
(Figure 58). The 72- and 192-hour gas samplings showed less conspicuous
changes of gaseous oxygen volume percentages with depth. Substantial
quantities of carbon dioxide appeared in the gaseous atmosphere of the
laboratory column. For the 72-hour gas samplings, carbon dioxide at
the five-foot depth was 1.0 volume per cent whereas atmospheric carbon
dioxide averages 0.033 volume per cent. Gas samplings below the seven-
foot depth were not taken because of the interference by intermittently
released interstitial water.

The first Dry Period showed that gaseous oxygen is consumed and
carbon dioxide emitted very early in the period. Such behavior of the
colum's gaseous atmosphere implied that bacteria were consuming oxygen
and producing acids to convert bicarbonate ions in the interstitially
held water to carbon dioxide gas. Proof that nitrifying bacteria are
responsible for the changes in the column's atmosphere will be pre-

sented further into this report.

Second Wet Period
Feed solution percolating into the column and displacing air out
through the column's base terminated the previous Dry Period. Once

solution reached the column's base, the flow was adjusted to 11.1 #/day
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for the duration of the one week Wet Period. Samples of solution were
taken 42 and 85 hours after the run started. Sand samples from the
column were analyzed just before the end of the Wet Period.

Except for aqueous sodium which did not sway from 120 mg/2, all
aqueous cationic concentrations in the percolating solution were time-
and depth-dependent. Magnesium content of the solution exhibited
typical lon exchange type profiles (Figure 59) with breakthrough curves
taking the inlet magnesium concentration down to 0.3 mg/% from 12.8 mg/%.
The rate at which the zone of magnesium ion exchange traveled down the
column implied an addition of 1.6 ueq of magnesium per gram of sand.
Potassium content of the percolating solution also changed in a manner
suggestive of ion exchange with 0.24 ueq potassium added per gram of
sand. The first hint of an increase of hardness of a percolating
solution came from the aqueous calcium profiles which showed humps of
calcium concentrations suggestive of ion exchange desorption of 0.9 ueg
calcium/gram.

Acidity of the percolating solution increased as it traveled down
the column (Figure 60). This increase represented a constant addition
of acid to the percolating solution of 0.7 ueq/%+ft down to the five-
foot mark for the 43-hour orofile and 0.6 peq/%-ft down to the seven-
foot mark for the 85-hour profile. Therefore the appearance of aqueous
hydrogen ions in the percolating solution did not occur at one partic-
ular zone in the column as typical of the other cationic concentration
profiles.

The 85-hour profile of nitrogen compounds susceptible to nitrifica-

tion is plotted (Figure 61). The most important feature is that
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aqueous ammonium ions were extracted from the percolating solution.
There was an increase of aqueous nitrate ions and a lesser increase
of aqueous nitrite ions. The maximum amount of ammonium ions that
could be converted to nitrite ions, based on the quantity of dissolved
oxygen, is 0.17 mM, The maximum concentration of nitrate ions that
could result from nitrification, based on the dissolved oxygen content
of the incoming solution, would be 0.13 mM. Despite the fact that
dissolved ammonium ions and oxygen are disappearing from the solution
and dissolved nitrate and hydrogen ions are appearing, it must be con-
cluded that the bulk of the disappearance of aqueous ammonium ions is
not due to bacterial nitrification of ammonium ions but rather due to
adsorption of ammonium ions by the column's sand. The increase of
nitrate ions at the base of the column is attributable to a lingering
of high concentrations of nitrate ions from the previous Dry Period.
The oxygen profiles for the percolating solution show a drop of
6.5 mg 02/2 (Figure 62) which presumably is due to bacteriaj; however,
there was an increase of oxygen content of the solution further down
the column. The increase is a result of oxygen-deficient solution per-
colating into regions of the laboratory column where oxygen-containing
air is trapped in the interstices of the sand. Considering the rate at
which the upward inflection of the aqueous oxygen profile moved down
the column, exhausting interstitial air of oxygen, the volume fraction
of interstitial air between the four- and six-foot depths should be
0.06--a reascnable result considering that the measured total porosity
for solution in the column was 0.44 and the effective porosity was 0.35.

Sand samples removed from the column were leached at approximately
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50 me/hr for seven hours with 0.01 M barium chloride solution. The
leachate was collected in one-hour batches and analyzed for magnesium,
sodium, potassium, and calcium. The accumulative release rate of
cations followed the trend previously observed with a rapid initial
release of double layer cations and a slower final continuing release
of chemisorbed cations. The chemisorbed desorption portion of the
accumulative release curves was extrapolated back to the ordinate to
determine the accumulative quantity of cations in the double layer.
The results are plotted in Figure 63. Calcium is, by far, the most
prominent adsorbed cation. Adsorbed magnesium tended to approach zero
peq/gm with depth, a fact which suggested that the magnesium ion
exchange breakthrough curve had not traveled past the five-foot depth
mark by the end of the second Wet Period. Adsorbed species on the sand
prior to the second Wet Period did not include magnesium. The first
and second Wet Periods were characterized by the column's sand adsorb-
ing 1.6 ueqg magnesium/gm thereby bringing the distribution of adsorbed
cations on the sand in to closer equilibrium with the distribution of
cations in the aqueous phase feed solution.

The second Wet Period has shown the percolating solution to lose
its dissolved oxygen and ammonium ions and gain aqueous nitrate, calcium,
and hydrogen ions. A close look at the quantitative data showed exten-
sive nitrification was limited by the maximum aqueous oxygen concentra-
tion being 8 mg/f. At least 80 per cent of the disappearing ammonium
ions was adsorbed to the column's sand. Presumably the disappearance
of dissolved oxygen was due to nitrification with production of 0.05 mM

of nitrite ions and theoretically 0.08 mM of aqueous nitrate ions. No
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continuing large scale production of dissolved solids was observed.

Second Dry Period

The second Dry Period was initiated in the routine manner of per-
mitting the column to drain of its solution in approximately 30 minutes
and remain undisturbed for about two weeks with the top segment closure
left open. Thirty-milliliter gas samples withdrawn from the 0.39
volume fraction of air in the column at three time intervals were
analyzed for oxygen and carbon dioxide.

As previously observed, there was a consumption of gaseous oxygen
and production of carbon dioxide (Figure 64). The total quantity of
gas flowing through the top of the column would be the integral over
time of the diffusivity (D) multiplied by the gas' concentration
gradient at the entrance. The effective diffusivity of a gas in a
porous media is approximately 0.69D (Edwards et ai., 54). Because the
diffusivity of oxygen in air is 0.69 ft2/hr, approximately 9200 mg of
oxygenﬁ«n%aconsumed in the laboratory column during the Dry Period.
That amount of oxygen could be a potential reactant for nitrification
of about 140 millimoles of ammonium ions. Because carbon dioxide
diffusivity is 0.54 ft2/hr, approximately 3000 mg of carbon dioxide
were generated. Eleven millimoles of aqueous bicarbonate ions were
consumed if the source of the carbon dioxide gas was the acidification
of the interstitially held solution of 4 mM bicarbonate. The origin

of the remaining carbon dioxide gas is not known.

Third Wet Period Start-Up

Consumption of gaseous oxygen and production of carbon dioxide
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during the previous Dry Period implied the existence of a large amount
of aerobic bacterial activity. To evaluate change in the composition
of the 0.06 + 0.02 volune fraction of interstitial solution surround-
ing the column sand during the Dry Period, the leading edge of solution
initiating the third Wet Period was sampled as it reached progressively
deeper down the column. Analysis of this leading edge would reflect

on the actual constituency of the interstitial solution at the end of
the previous Dry Period.

Exceptionally large quantities of dissolved cations were encountered
by the leading edge (Figure 65). With an inlet calcium, magnesium,
sodium, and potassium content of 48, 15.2, 113.; and 11.2 mg/4%, the
leading edge of the newly infiltrating solution peaked at 235, 52, 158,
and 15 mg/% for the same respective cations. The Whittier Narrows data
of Reid (5) show that an inlet solution of aqueous calcium, magnesium,
sodium, and potassium content respectively of 47 + 2, 12 + 1, 112 + 2,
and 10 + 1 mg/% would have acquired peak concentrations respectively of
135 + 10, 40 + 10, 178 + 5, 16 + 2 mg/% at the four-foot mark. The
ammonium ion content of the leading edge fell practically to zero by
the first foot of travel. At Whittier Narrows the inlet aqueous
ammonium ion content dropped from 20 + 5 mg/% to 3 + 3 mg/% by the
second foot of percolation. Nitrate ion content, however, rose to
218 mg/% (Figure 66), compared to 500 * 50 mg/% at Whittier Narrows.
Lance (67) and Lance et al. (7) reported a 50 mg NOS(N)/R
move out of a soil column irrespective of the duration of their Dry
Period. Pincince (6) measured a solution wave of 50 mg NOS(N)/% in

his soil column. The same author measured the concentration of nitrate
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ions in the interstitial water at the Whittier Narrows test plot as

40 mg Nog(N)/z 14 hours into the Dry Period. The leading edge became
more and more acidified as it increasingly gained the chemical
characteristics of the column's interstitial solution (Figure 67). The
pH of the leading edge at Whittier Narrows is, within experimental
uncertainty, equal to that of the laboratory column. Silica content
(Figure 68) rose to 6.9 mg/% by the time the feed solution reached the
six-foot mark.

During the first week, atleast, of the Dry Period ammonium ions
adsorbed to the minerals and contained in the 0.06 * 0.02 volume frac-
tion of solution surrounding the sand were nitrified by bacteria; hence,
the consumption of gaseous oxygen during the Dry Period. Considering
only the top six feet of the laboratory column, the total amount of
nitrate ions produced was 31 millimoles. Because there were negligible
quantities of aqueous nitrite ions generated, a total of 31 millimoles
of ammonium ions must have been consumed during the Dry Period. The
amount of ammonium ions in the interstitial solution at the start of
the Dry Period was 1.2 millimoles based on the analysis of the ammonium
ion content of the percolating solution at the end of the third Wet
Period. The remaining ammonium ions have to have been adsorbed to the
column's sand--0.62 peq/gm of ammonium ions were. therefore desorbed
from the sand and nitrified. Note that the amount of gaseous oxygen
consumed during the Dry Period could have been enough to convert a
total of 140 millimoles of ammonium ions. Because 31 millimoles of
nitrate ions were generated, then 62 millimoles of aqueous hydrogen

ions must have been the byproduct of nitrification. Sixty-two
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millimoles of hydrogen ions is far and beyond the 8.3 millimole bi-
carbonate ion capacity to buffer the interstitial solution. The pH of
the interstitial solution would have fallen to less than 2 during the
Dry Period if it were not for the fact that hydrogen ions ion exchanged
with cations on the sand. The average formula of the aluminosilicate
minerals has 0.7 moles of calcium, magnesium, sodium, and potassium

per mole of silica. The aqueous silica concentration of 0.11 mM implies
essentially that only 0.08 mM of cations could have been released in
the total destruction of the aluminosilicate minerals. The 31 milli-
equivalents of cations appearing in the interstitial solution were
desorbed by 31 milliequivalents of aqueous hydrogen ions; the vacancy
of 31 milliequivalents of adsorbed ammonium were taken up by the remain-
ing aqueous hydrogen ions produced by bacterial nitrification. The net
result was a near neutral solution of pH 6.2 and sand with 1.24 peq/gn
of its adsorbed ammonium, calcium, magnesium, sodium, and potassium
replaced by hydrogen ions. The downward deflection of the concentration
of aqueous magnesium ions in the leading edge profile is the strongest
suggestion that the high concentration of aqueous magnesium ions in

the interstitial solution originates not by dissolution of the column's
minerals but by desorption of adsorbed cations from the mineral sur-
faces. Figure 63 has shown that below the three-foot mark in the
colunn, sand was deficient of adsorbed magnesium ions; therefore, the
interstitial solution in the same region of the column did not gain a
large amount of magnesium ions during the Dry Period ion exchange of
aqueous hydrogen ions (Figure 65). The 0.06 volume fraction of inter-

stitial solution surrounding the sand at the beginning of the Dry
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Period contained 7 mM of dissolved salts, half of which were in the
form of bicarbonates and one-third were hardness salts; at the end of
the Dry Period the same interstitial solution contained twice as much
salts, most of which were nitrates and half were hardness salts. The
newly infiltrating solution intercepted the interstitial solution and
took on its characteristics. The above mechanism presumably is the
mechanism for the major proportion of hardness and total dissolved
solids appearing in the samples taken at Whittier Narrows. The
aqueous nitrate ion content at Whittier Narrows, however, indicates
that about four timesmore ammonium ions were nitrified than in the

laboratory column.

Third Wet Period Continued

Once the leading edge of solution reached the column's base, the
flow was set at 11.1 2/day. During the one week of percolation, three
solution sampling series were taken and analyzed. Because the sand
had been forced to adsorb 1.2 peq of hydrogen ions per gram sand from
a solution of pH 6.2, it was natural that during the percolation of
solution of pH 8.3 the sand would desorb hydrogen ions. Hydrogen ion
desorption manifested itself as a pH change with depth of the percolat-
ing solution (Figure 69). pH at the Whittier Narrows test basin (Reid,
5) dropped from 7.1 to 6.5 after two feet of percolation 29 + 9 hours
after the start of the Wet Period. By the end of the Wet Period, the
drop was only from 7.1 to 6.8. The change of pH reflected a rate of
release of aqueous hydrogen ions into the bicarbonate buffered solu-

tion of 0.37, 0.25, and 0.11 millimoles of hydrogen ions per liter-foot



0 . O~
I T | T I T [ ] ©
l @O
O A
1 — ® AT -
—
o ® A& @m =
(Il
-
o
>3- ® A @ —
<
0P
5
241 ® A @m -
L
-’ HOURS _SINCE START
S:ﬁ 'OF PERCOLATION
S © 4 O ® 58 -
L. A 96
o 0 160
=
_— A o
0 ® ]
i
[
T © A M -
8 LD [A 1 rrJ 1 | 1 l 1 l
</ i J
6.0 6.4 6.8 (4% 7.6 8.0 8.4
PH |
Figure 69: pH of Feed Solution Percolating through the Laboratory

Column during the Third Wet Period



158

for the 58-, 96-, and 160-hour profiles, respectively, in the top six
feet of the sand column. An average 2.5 * 0.1 ueq/gm was desorbed
throughout the six-foot length of the column during the seven days of
the run. The desorption of aqueous hydrogen ions should be matched by
an adsorption of an equivalent amount of other cations. Magnesium and
potassium concentration profiles (Figure 70) contain breakthrough
curves that represent an average adsorption of-0.5 peq K+/gm and 1.2
ueq Mg++/gm. At Whittier Narrows there was no hint of ion exchange of
incoming aqueous alkali ions for adsorbed hydrogen ions. The concen-
tration of dissolved oxygen in the percolating solution (Figure 71),
as at Whittier Narrows, limits the nitrification of aqueous ammonium
ions to 0.1 mM; therefore, the minimum emount of ammonium ions that
were adsorbed by the colum's sand was 0.7 peq/gm (Figure 72). At
Whittier Narrows the percolating solution's ammonium ion content at the
two-foot mark started at 3 + 3 mg/% at the start of the Wet Period but
tended to rise to 6 * 5 mg/% after a week of percolation. Rather than
having one breakthrough curve, the aqueous proton lost the trait of
having a breakthrough curve due to its being desorbed at various zones
in the column in response to the different locations of the break-
through curves of three different cations.

The first quantitative measure of both Nitrosomonas and Nitrobacter

was made on the last day of the third Wet Period. Sand samples were
agitated in 40 mf of deionized water. The water was then plated on
silica gel, and bacterial counts were made one month later. Cell popu-
lation couﬁts for both nitrifiers were approximately 2 x lOL‘l cells/gnm

sand throughout the column's length. Positive population counts
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