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EXECUTIVE SUMMARY

This research project titded “Soil Treatabilities Pilot Studies to Design and Model a Soil
Aquifer Treatment System” were performed by a team consisting of faculty and graduate students
from Arizona State University, the University of Arizona, and the University of Colorado. It was
funded by the cities of Phoenix, Mesa, Scottsdale, Tempe, Glendale and Youngstown, Arizona,
the Salt River Project, Tucson Water, the USDA Water Conservation Laboratory, the American
Water Works Association Research Foundation (AWWARF), the Water Environment Research |
Foundation (WERF), and the National Water Resources Institute (NWRI).

The overall objectives of the project has been to study the treatment of wastewater effluent as
it percolates through soil and to evaluate means to maximize the treatment efficiency and capacity
of soil aquifer treatment (SAT) systems. A major portion of the work was devoted to a
systematic evaluation of the effects of soil type and effluent pre-treatment on SAT. These two
factors along with wet/dry scheduling can control the performance of SAT systems.

The major concerns associated with soil aquifer treatment leading to potable or non-potable
reuse of wastewater effluent were identified as organic carbon, nitrogen species, and pathogens.
The levels of organic carbon, nitrogen species, and pathogens found in municipal wastewater
effluents treated biologically tend to be at levels greater than that found in surface waters and
provide serious concemns for reuse. The enforcement of industrial pre-treatment programs has
eliminated most concemns over priority pollutants in treated municipal wastewater and priority
pollutants were not a focus of this study.

The concerns over organics in treated municipal wastewaters are analogous to the concerns
associated with naturally occurring organics in surface waters or groundwaters. One major
concern is the reaction of the organics with the commonly used disinfectant chlorine to produce
disinfection by-products. Both the removal of organic carbon during soi aquifer treatment and
the reactivity of organic residuals with chlorine to form disinfection by-products was studied.

Nitrogen species, in particular nitrate-nitrogen are one of the most common reasons that
groundwaters do not meet drinking water standards. Nitrogen can be removed effectively before

soil aquifer treatment to ensure compliance with nitrogen standards. Previous studies indicated
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that significant transformations of nitrogen occur during soil aquifer treatment provide further
removal of nitrogen species. The wastewaters used in this study differed considerably in terms of
total concentration and predominant forms of nitrogen present.

The removal of protozoan parasites, bacteria, and viruses during simulated soil aquifer
treatment was studied. Pathogenic bacteria and viruses can be present in large numbers in
biologically treated wastewater. However, disinfection prior to soil aquifer treatment is effective
at deactivating pathogens. In previous field studies involving soil aquifer treatment, infective
enteric viruses or enteric bacteria in aquifers that were recharged with wastewater have rarely
been found. This study particularly focused on examining the fate of Cryptoosporidium and
Hepautitis A, since these pathogens are of potential concemn and very little data on their fate during
soil aquifer treatment existed.

The results were used to complement the development of a model to optimize the operation of
soil aquifer treatment systems. Several components of the model were developed to aid the
decision maker by optimizing removal efficiencies of critical components at different infiltration
rates and maximizing the recovery of recharged water while preventing mounding.

The major technical approach to the research consisted of:

e Pilot-scale column studies using soils from the proposed and existing SAT sites. Sets of
columns were operated to simulate soil aquifer treatment with five different soils and six
different effluent qualities.

¢ Extensive laboratory studies were used to quantify individual abiotic and biotic removal
mechanisms, Lo determine the effects of preozonation on BDOC (biodegradable dissolved
organic carbon), and to investigate the effect of soil compaction on column studies.

e Detailed data analysis were performed to develop monitoring requirements and models for the
optimal design and operation of SAT based on relationships between effluent pretreatment

levels, soil types, and infiltration rates.

Process performance, removal mechanisms, and monitoring requirements were determined for

the following water quality parameters:
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o Health-effect-related parameters, including pathogens and DBPs (disinfection-by-products)
represented by HAAs and THMs

o Dissolved organic carbon (DOC)

¢ Nitrogen (Org-N, NH;, NO;, NOy)

For the removal of organics, many of the key results can be summarized by one primary
observation. Under agrobic conditions, the DOC concentratio could be reduced to approximately
4 10 6 mg/L. through SAT. This result was independent of the pre-treatment used prior to SAT,
independent of soil type, and essentially independent of infiltration rate. Essentially, this
corresponds to complete rerﬁoval of carbonaceous biological oxygen demand (CBOD).
Therefore, even primary effluent that was applied slowly to prevent ponding and associated
oxygen limitations could produce a post-SAT quality effluent that was similar to the post-SAT
quality of denitrified effluent, even though the denitrfied effluent contained 80% lower levels of
DOC than the primary effluent. Pre-treatment with ozone did not have a significant effect on the
4 to 6 mg/L of DOC levels that proved refractory during SAT, although destruction of
compounds contributing to UV absorbance did occur. The refractory level of 4 to 6 mg/L was
confirmed by repeated BDOC tests indicating that 4 to 6 mg/L of DOC is refractory to removal
over a five day or lower ime scale. Well acclimated cultures were capable of reducing DOC
levels to 3 mg/L, indicating that greater removal can occur after sufficient acclimation of
biological cultures. The removal of DOC was primarily by aerobic biological activity and was
sustainable over the two-year ttme period of the experiment. The removal efficiency of UVysy
was lower than the removal efficiency of DOC, and the abundance of aromatic humic-type
substances in the refractory effluent was confirmed by more detailed investigations into the classes
of compounds present. The trihalomethane formation potential (THMFP) of the refractory DOC
was also higher than typical organic matter associated with surface waters. Therefore, production
of DBP’s upon chlorination could be a problem with recovered water. Chloramination
demonstrated potential for eliminating problems with THMFP. Most field sites that are affected
by SAT have lower levels of DOC (1 to 2 mg/L) indicating that cther removal mechanisms for
DOC occur in the field that were not observed in this study. Analysis of samples for specific

organic compounds in wastewater effluents were consistent with studies of other wastewater
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effluents. The presence of compounds such as EDTA (ethylenediamine tetracetic acid) and alkyl-
phenol ethoxylates in wastewater effluents could provide indicators of how effective overall DOC
removal is in the field when the effects of dilution are uncertain.

The removal of DOC by aerobic conditions influences nitrogen removal in several ways. The
removal of DOC creates anoxic conditions in the soil which prevents nitrificaton during
application of water. If the majority of biodegradable DOC is removed under aerobic conditions,
there will not be sufficient organic carbon to stimulate denitrification when nitrate is present and
anoxic conditions exist.

The major observation for nitrogen was that SAT systems tend to promote nitrification of
influent wastewater and transform the majority of influent nitrogen to nitrate. A significant
carbon source, anoxic conditions and nitrate-N must be simultaneously available to promote
denitrification. Although denitrified effluents contained nitrate-N and biodegradable carbon, the
BOD levels were too low to create anoxic conditions. Trickling filter and high-rate activated
sludge effluents with influent nitrogen levels ranging from 10 to 40 mg-N/L consistently showed
effluent nitrate nitrogen peaks i excess of the MCL of 10 mg-N/L. Attempts to establish
denitrifying conditions by manipulating the wetting/drying schedule were not successful.
Denitrification was observed when nitrate was blended with primary effluent since sufficient BOD
and nitrogen were available to produce anoxic conditions in the column reactors. Unlike the
simulations, denitrification has been observed in several field studies of soil aquifer treatment,
suggesting that mechanisms for denitrification exist in the vadose zone that are not present in lab
or pilot-scale columns. Denitrified effluents that were below the MCL before SAT remained
below the MCL when drying cycles were long enough to promote complete nitrification and
prevent extended accumulation of ammonia.  However, short drying periods during cool weather
did not provide complete nitrification, thus allowing ammonia to build up in the soil. Nitrification
under warmer conditions lead to increased nitrate-N concentrations that often appear as spikes at
the beginning of wetting. This phenomenon was noticed for all effluent pretreatments, including
denitrified effluents, and concentration spikes as greater 100 mg/L of nitrate-N can occur when
ammonia accumulates at high levels. Overextended wetting could eventually cause ammonia-N to
penetrate in the groundwater, particular for coarser grained soils with lower cation exchange

capacities. Operation with denitrified effluents should maintain nitrogen levels below the MCL..
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Minor deviations above the MCL from nitrate spikes should be mitigated by dispersion and
mixing as the nitrate spike approaches the groundwater. Nitrate-N concentration spikes are not a
problem after dilution with the rest of the percolating water. Flow weighted average
concentrations need to be used to determine the actual impact on the groundwater.

Pathogen removal studies indicated that removal efficiency inversely correlated with flowrate,
or directly correlated to detention time, High virus removal efficiencies (>99%) were observed in
one-meter of soil after low infiltration rates were induced by the development of a clogging layer.
The lowest removal efficiencies (45%) were observed when infiltration rates were high, such as
for the removal of bacteriophage in a porous sand that did not have a clogging layer and aerobic
biological activity was inhibited in the soil. For virus removal, the general mechanism for removal
is sorption and decay. Removal of indigenous bacteriophage ranged from 76% to 96% for flow
through one meter of soil. The 76% removal efficiency occurred with a porous sand. In every
case, removal efficiencies was lower at the beginning of wet periods when infiltration rates were
high and detention times low. The removal of poliovirus across one meter of porous sand was
88-99%, indicating that indigenouos bacteriophage are removed less efficiently than poliovirus
and that bacteriophage could serve as conservative indicator of virus removal during SAT. Four
logs removal of Crytosporidium was routinely observed after passing through one meter, of soil
including the porous sand with the highest infiltration rates. Since the removal of pathogens
during soil aquifer treatment 1$ dependent on sorption and decay, significant removal of pathogens
is expected to continue deeper in the vadose zone. Assuming a first-order decay relationship, if
90% removal of virus occurred during flow through one-meter of soil, then 90% removal would
occur In each subsequent meter of soil. Therefore, two meters of soil would remove 99% of
viruses and three meters of soil would remove 99.9% of viruses. These high removal rates are not
surprising in light of the lack of evidence for enteric viruses in groundwaters recharged by treated
wastewaters. Further analysis of data must be done to determine whether a first-order
relationship is appropriate.

The hydraulics of SAT systems are affected by many factors including soil type, field spatial
variability of soil type, the formation of a surface clogging layer, wetting/drying cycie times for
application of the secondary effluent, effluent type, and climatic conditions. Clearly, the

maintenance of a reasonable rate of infiltration is of prime importance to the success of any SAT
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facility. Further, the hydraulic loading rate relates directly to the land requirements for SAT.
Field and laboratory observations indicate that the hydraulics of SAT infiltration basins are
controlled to a large extent by the formation of a low conductivity clogging layer on and within
the upper few centimeters of the surface soils. Therefore, management of surface and near-
surface basin soils through control of wetting and drying cycle times and periodic basin surface
scarification is generally required to ensure adequate infiltration rates. Not only is the hydraulic
loading rate important from a feasibility/economics standpoint, it also relates to the efficiency of
treatment, this is particularly apparent for pathogen removal as evidenced by the dependence of
viral removal efficiencies on infiltration rate.

The saturated hydraulic conductivity of soils studied ranged from 0.005 to 250 ft/day (0.0015
to 76 m/day). The clays provided infiltration rates too low for practical SAT. Silts with hydraulic
conductivities from 0.1 to 0.6 ft/day (0.03 to 0.18 m/day) tended to have infikration rates close to
the saturated hydraulic conductivity and were not significantly affected by clogging layer
development unless drying did not occur between cycles. This observation indicates that the
conductivity of the soil was controlling and that the clogging layer conductivity was greater than
0.5 ft/day (0.15 m/day). Soils with higher saturated hydraulic conductivities exhibited more
classical behavior with infiltration rates approaching their hydraulic conductivity at the beginning
of wetting followed by a rapid decrease tn infiltration rate as the clogging layer developed. With
denitrified effluent, almost two years were necessary to develop a clogging layer on porous sand
while clogging layer developed was rapidly with trickling filter effluent. In most cases, infiltration
rates began to decrease in subsequent cycles even though sufficient drying occurred to desiccate
the upper clogging layer. After 21 cycles of wetting with effluent, removal of desiccated algae
and raking of the surface clogging layer to a depth of about one inch reestablished the original
higher infiltration rates in the porous sand column. However, shallow scraping was not effective
in reestablishing the rates of infiltration for the Sweetwater column (sandy loam). Removal of the
top six inches of soil was required to regenerate hydraulic capacity in the sandy loam columns.
Preliminary results indicate that fines migration might explain the development of a deeper
clogging layer with the Sweetwater sandy loam.

A program of consolidation and hydraulic conductivity testing has been conducted with the

intent of quantifying the mechanical and hydrologic characteristics of the clogging layer and its
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individual components. This program includes tests of actual clogging layers, as well as tests of
the individual constituents such as soil, algae, wind blown dust and effluent suspended solids. The
results indicated that the algae contributed significantly to the reduction in hydraulic loading
caused by the formation of the clogging layer. Further, it appears that compression of the algae
resulting from seepage gradients can be significant at pond depths in the range of those normally
considered for SAT operation. Attempts to control algal development by lLimiting incident
sunlight by 40-60% were not successful indicating that the planting of trees around basins would
not prevent algal development.

Column results indicate that a hydraulic loading rate of approximately 0.1 to 0.5 ft/day (0.03
to 0.15 m/day) for the silts and 0.3 to 1 ft/day (0.09 to 0.3 m/day) for the Sweetwater and Agua
Fria sands could be maintained, even with effluent infiltration and resultant surface clogging, by
controlling the wetting/drying cycles and through periodic surface scarification of the clogging
layer (or at worst periodic removal and replacement of the very near-surface soils).

The observed dependence of infiltration rates on water quality was not as significant as
originally postulated. This fact represents the robustness of SAT. Organic removal was almost
independent of infiltration rate. Very low infiliration rates actually increased DOC levels since
algal contributions of organic carbon became significant. Sufficient oxygen and microbial activity
was present to remove biodegradable organic carbon in almost alf the effluents studied at a wide
range of infilration rates. Nitrogen transformations are dependent on infiltration rate to the
extent that the total mass of ammonia adsorbed during wetting depends on the mass loading of
ammonia during wetting. Increased drying times can be necessary to add sufficient oxygen during
drying to nitrify adsorbed ammonia and prevent a large accumulation of ammonia in the soil. This
does represent a limit on infiltration rates since the increased drying times reduce average
infiltration rates. For pathogen removal, there is an inverse relationship between infiltration rate
and pathogen removal.

The overall results were used to help develop the SAT simulation model NITRINFIL which
was used to determine the trade-off between wet/dry cycle times, infiltration rates, and predicted
removal efficiencies. The model is a one-dimensional variably saturated flow and interactive
multi-component solute transport model for cyclic operation of soil aquifer treatment systems.

NITRINFIL is specifically designed to simulate the hydrological, hydraulic, physic-chemical,



biochemical processes during cyclic operation of soil aquifer treatment systems and evaluate the
performance of the system under certain operating condizons. NITRINFIL contains sub-models
for variably saturated water flow, multi-component solute transport, biochemical degradation, and
surface clogging effect. The flow submodel assumes one-dimensional, isothermal flow governed
by Darcy's law where the relationships of water content and hydraulic conductivity are defined by
van Genuchten equations. The solute transport submodel is based on one-dimensional
hydrodynamic dispersion and advective transport where the influent concentration of dissolved
oxygen, ammonium nitrogen, nitrate and nitrite nitrogen, biodegradable organic carbon, non-
biodegradable organic carbon, are assigned by users. The surface clogging submodel consists of a
sedimentation layer and a filtration layer and the concentrations of algae and suspended solids in
influent are given by users.

After extensive calibration of soil parameters, the water quality simulation results compared
well with field monitoring data for three major pollutants: ammonium nitrogen, nitrite/nitrate
nitrogen, and organic carbon. With the exception of nitrate-N peaks, the general trends of the
variations are matched. The nitrate-N peaks were difficult to simulate since precise operating
times were necessary, however, the magnitude of the peaks was predicted well and the magnitude
is more important than the time. Water quality was simulated for 44 operation cycles (480 days)
of the pilot scale columns at the 91st Avenue WWTP. The model predicted that denitrification
did occur during early cycles. Changes in wet/dry cycle times increased the aeration of the soil
system, eliminating the possibilities of denitrification, and influx and outflux nitrogen are almost
balanced. The ability to simulate aeration of the soil system is critical since experimental results
indicate that SAT performance can be strongly dependent on soil reaerauon under certain
operating conditions.

The simulation model was coupled with an optimization technique to provide results to a
decision maker that are based on desired criteria for SAT. The criteria for designing the optimal
operation of soil aquifer treatment system are to maintain a desired infiltration rate while
maintaining water quality goals. Mathematically, the problem is to maximize the infiltration

subject to constraints describing:

¢ Subsurface unsaturated flow;
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e Ponding and draining processes;
e Clogging effect;
e Biodegradation of nitrogen and organic carbon; and

e Some necessary numerical constraints on SAT operation.

The optimizer, the simulator, and the interface subroutine, are the three primary components of
this overall optimization model.

One example of using the model to aid a decision maker was the development of graphs that
demonstrate the relationship between infiltration rate, wet/dry cycle times, and removal
efficiencies for a specific soil. The infiltration rate was plotted as a function of application periods
and drying time. In this manner the decision maker can choose a range of wet/dry cycles that are
within the range of infiltration rates used for design. The next step is to observe a plot of organic,
nitrogen, or pathogen removal efficiency as a function of application periods and drying time. For
the wet/dry cycles that provide the design infiltration rate, the removal efficiencies of specific
contaminants can be determined from plots and the most appropriate wet/dry cycle times can be
determined along with feasibility. In the present model, decisions would be made primarily on
nitrogen or pathogens since organic removal was not a strong function of infiltration rate. The
model is primanly based on studies with column simulations that represent near soil surface
removal mechanisms. Future results from field work could be used to better adapt the model to
field situations where other mechanisms for organic carbon and nitrogen removal are apparent in
the deep vadose zone. The present model can also be used to predict the effect of wet/dry cycles
on the accumulation of ammonia and magnitude of nitrate spikes. As expected, the model
predicts that nitrate peaks are attenuated by dilution as flow occurs deeper in the vadose zone.

A list of engineering implications are presented in Chapter 5 that are based on the results of

this study.

42






CHAPTER 1
INTRODUCTION

BACKGROUND

This research project titled “Soil Treatabilities Pilot Studies to Design and Model a Soil Aquifer
Treatment System” has been performed by a team consisting of faculty and graduate students from
Arizona State University, the University of Arizona, and the University of Colorado and is being
funded by the cities of Phoenix, Mesa, Scottsdale, Tempe, Glendale and Youngstown, Arizona, the Salt
River Project, Tucson Water, the USDA Water Conservation Laboratory, the American Water Works
Association Research Foundation (AWWARF), the Water Environment Research Foundation
(WERF), and the National Water Resources Institute (NWRI).

The overall objective of the project has been to study the treatment of wastewater effluent as it
percolates through soil to evaluate means to maximize the treatment efficiency and capacity of soil
aquifer treatment (SAT) systems (see Figure 1.1).

The major concerns associated with soil aquifer treatment to provide high quality potable or non-
potable water from wastewater effluent were identified as organic carbon, nitrogen species, and
pathogens. Priority pollutants in biologically treated wastewater from the 91st Avenue Wastewater
Treatment Plant in Phoenix, Arizona have satisfied primary drinking water standards since strict
industrial pre-treatment requirements were enforced. The levels of organic carbon, nitrogen species,
and pathogens found in biologically treated wastewater tend to be at levels greater than that found in
surface waters and provide serious concems for reuse.

The organics in biologically treated wastewaters are analogous to the organics present in surface
waters and the major concern is the same concern associated with naturally occurring organics in
surface waters or groundwaters. This concern is the reaction of the organics with the commonly used
disinfectant chlorine to produce disinfection by-products. Both the removal of organic carbon during
soil aquifer treatment and the effect on the formation of disinfection by-products was studied.

Nitrogen species, in particular nitrate-nitrogen are one of the most common reasons that

groundwaters do not meet drinking water standards. Nitrogen can be removed effectively before soil
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Figure 1.1 An SAT system consists ot five major components: (1) pipelines that carry the treated
eft;uenl from the wastewater treatment plant to the SAT systermn: (2) percolation (infiltration)
basins where the weated effluent effluent infiltrates into the ground: (3) the soil immediately below
the infiltration basins(vadose zone); (4) the aquifer where water is stored for a long duration; and

(5) the recovery wells where water is pumped from the aquifer for potable and non-potable reuse,
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aquifer treatment to ensure compliance with nitrogen standards. Previous studies had also indicated
that significant transformations of nitrogen occur during soil aquifer treatment to provide further
removal of nitrogen species. A wide range of nitrogen characteristics in wastewater effluents was

studied to determine impacts on nitrogen transformations. Table 1.1 presents the effluents studied and

their wide range of characteristics.

Table 1.1

Typical range of water quality parameters (mg/L)

Effluent Type BOD SS NH:-N NO,-N TotalkN | TOC

Dechlorinated 3-7 3-7 1.0-3.0 1.0-6.0 | 4-10 g-10
Denitrified

Phoenix 91st | Chlorinated 3-7 3-7 1.0-3.0 1.0-6.0 | 4-10 8-10

Ave. WWTP | Denitrified

Effluent High Rate 10-15 10-25 10-30 0-8.0 10-40 13-15
Activated Sludge
(Chlorinated)

Tucson Secondary 20-25 20-30 15-25 0-2.0 15-30 15-20

Roger Road | Trickling Filter*

WWTP Tertiary-Pressure | 10-15 5-10 15-25 0-2.0 15-30 10-15

Effluent Filter
Primary 50-80 60-100 | 20-35 0-1.0 25-40 40-50

* Oy secondary effluent was also studied

The removal of all three major classes of pathogens that are of concern when wastewater is
reclaimed was studied.. These pathogen studies include parasites, bacteria, and viruses. Pathogenic
bacteria and viruses can be present in large numbers in biologically treated wastewater, however,

disinfection prior to soil aquifer treatment is effective at eliminating pathogens. During previous studies

1-3




on soil aquifer treatment, no enteric viruses or enteric bacteria have been found in aquifers that were
recharged with wastewater.  This study particularly focused on examining the fate of
Cryptoosporidium during soil aquifer treatment and Hepatitis A, since these two pathogens are of
concern and very little data on their fate during soil aquifer treatment existed.

The results were used to complement the development of a model to optimize the operation of soil
aquifer treatment systems. Several components of the model were developed to aid the decision
maker, optimized the removal of critical components, and to optimized recovery of recharged water

and prevent mounding.

What are SAT Systems ?

An SAT system consists of five major components: (1) the pipe line that carries the treated effluent
from the wastewater treatment plant; (2) percolation (infiltration) basins where the treated effluent
infiltrates into the ground; (3) the soil immediately below the infiliration basins (vadose zone); (4) the
aquifer where water is stored for a long duration; and (5) the recovery well where water is pumped
from the aquifer for potable or non-potable reuse. A glossary of terms is provided at the end of this
report.

Figure 1.2 illustrates the SAT system dynamics which can be described by the inputs of the system,
the state of the system, and the outputs of the system. Inputs to the system include the
e soil type
¢ water quality
e operation of the SAT system
e environment
where each input effects the state of the system. The state of an SAT system includes the
¢ soil moisture profile within the vadose zone
e level of oxygen
» algal growth
¢ soil hydraulic conductivity
where the state of the system controls the residence time of water in the vadose zone and the level of
microbial activity. Of particular importance is the level of oxygen which is related to the micro-

organism distribution and oxygen demanding substrates. Algal growth is related 1o the clogging layer
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Figure 1.2 Soil aquifer treatment system dynamics

formation on the soil surface and effective soil hydraulic conductivity. The soil moisture is directly
affected by inputs: soil type and the environment, and indirectly by the water quality which affects algal
growth and the soil hydraulic conductivity. The oxygen in the vadose zone is affected by the soil
moisture profile, the water quality of treated effluent, the operation schedule and the algal growth.
Algal growth is affected by the water quality of the treated effluent, the operation schedule and the
environment. Soil hydraulic conductivity is affected by the algal growth, the soil type, and the
environment

The critical outputs of the system are the total infiltration, the total organic carbon removal
efficiency, the mitrogen removal efficiency, and the pathogen removal efficiency. The total organic

carbon removal efficiency is pnmarily affected by the amount of oxygen in the system through the
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organic oxidation process. Nitrogen removal efficiency is dependent upon the amount of oxygen and
the availability of organic carbon through the nitrification-denitrification process. Pathogen removal
efficiency is dependent upon the soil moisture profile and the soil hydraulic conductivity through the
adsorption-mactivation process.

The major purification processes occurring in the soil aquifer system are: filtration, chemical
precipitation/dissolution, organic biodegradation, nitrification, deniirification, disinfection, ion
exchange, and adsorption/desorption. As part of a water reclamation process, Soil Aquifer Treatment
(SAT) is a key step to polishing the water. This step provides for (a) mechanical filtration of
suspended particles, (b) biological processes (e,g, breakdown of organics, nitrification-denitrification),
and (c) physical-chemical retention of inorganic and organic dissolved constituents (e.g. phosphorous,

potassium, trace elements), from the biclogically treated waste water.

What Has Been Done Before ?

Infiltration basins (SAT systems) are by far the most widely used method for groundwater
recharge and municipal waste removal (U.S. EPA, 1991). Because of the economical
attractiveness and low cost maintenance, many SAT systems have been installed or are planned to
be installed in the United States and other countries throughout the world. Los Angeles County
implemented the use of SAT systems for groundwater recharge in the Montbello Forebay in the
early 1960s. After over 20 years of operation and extensive study, no measurable impact on
groundwater quality or human health could be established (Nellor et al.,, 1984). Bouwer (1980,
1985) studied SAT systems in the Phoenix metropolitan area with effluents from two different
wastewater treatment plants. SAT systems have also been studied and used in Israel (Idelovitch
et al, 1980) and in Australia (Ho et al., 1983). Wilson et al. (1995) has studied water quality
changes and the fate of disinfection by-products at the Tucson Sweetwater Recharge Site. The
largest SAT project to date is presently being considered on Phoenix, Arizona, and is a major
focus of this research proposal.

Water reuse can be one of the most important strategies for meeting water quantity objectives
in anid and semiard regions like the southwestern United States. In a number of populous areas,
local groundwater supplies are already augmented by treated wastewater that reenter the ground

via managed infiltration practices or injection wells. The infiltration of wastewater effluents to
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augment local aquifers is accomplished in shallow infiltration basins that ate usually constructed in
regions with permeable soils. The treated water simply percolates through the soil mantle and
unconsolidated sediments, and then the vadose zone, to reach an unconfined aquifer. Although
these activities are generally not located in the vicinity of production wells, waters that are added
to local aquifers in this manner mix with the native groundwater and are eventually recovered and
used again (see Figure 1.1). When recovered waters are used for potable purposes, the practice
results in indirect potable reuse.

The managed infiltration of treated wastewater can be used in conjunction with engineered,
above-ground wastewater treatment processed to guarantee the public health and to meet water
reuse or drinking water quality standards at the point of withdrawal. Among the residual
contaminants in treated wastewater that might inhibit the reuse of treated effluent for indirect
potable applications are (i) organic constituents that resist degradation by aerobic process during
the time frame of above-ground treatment processes (on the order of hours), (ii) nitrogen species
that may eventually contribute to dissolved nitrate levels in groundwater, and (i) pathogens that
resist inactivation during above-ground treatment including viruses and protozoan cysts such as
those of Giardia, and Cryptosporidium. The attenuation of these contaminants during infiltration
and aquifer storage/transport of effluent that precedes its recovery and reuse is of great practical

concern for the protection of the public health.

What This Project is About !

A combination of field testing, laboratory column studies, and computer modeling have been used
to synthesize an understanding of SAT and to optimize the hydrological, physical, and biochemical
processes involved. The removal mechanisms and their efficiencies have been correlated with various
soil characteristics, effluent pretreatment methods, and hydraulic loading rates. Pilot-scale soil column
studies have being conducted to analyze removal mechanisms and the long-term fate of wastewater
effluent pollutants in SAT systems. Study results have been used to develop an SAT simulation model
and an operation optimization model. The sustainability of SAT systems have been evaluated, and
potential public health concerns and monitoring requirements have been identified to help ensure that a

SAT system does not contribute to the degradation of potable groundwater supplies.
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This research project has been designed to determine the water quality improvements during
soil-aquifer treatrnent which include the sum of biological and abiotic processes that affect water
quality during infiltration and temporary storage in the ground. The mechanisms of water quality
changes during soil aquifer treatment are also of immense interest in as much as biological
processes such as the chemical adsorption of wastewater constituents on soil surfaces may
eventually exhaust the sorptive capacity of the soil and permit unwanted contaminants to reach
points of groundwater withdrawal. Furthermore, there may be compromises between the physical
capacity of a soil to transmit percolating waters and the ability of that soil to contribute to the
removal of contaminants. Fine-grained soils provide the greatest impediment to water percolation
but should facilitate water quality improvements that depend on sorption or the activities of
microbial communities that are attached to soils. Determination of the relationships between the
degree of above-ground treatment that is provided and the expected efficiencies of SAT for the
removal of residuals that persist beyond that treatment are of primary importance. For organic
carbon, the primary hypothesis in this area was an expectation that ozonation of wastewater prior
to SAT would enhance the biodegradability of organic residuals and improve the efficiencies of
SAT for the destruction of persistent organics. The importance of achieving the lowest possible
levels of dissolved organics in waters following SAT arise from the potential for development of
disinfection by-products such as trihalomethanes from residual organics when such waters are

chlorinated prior to their reuse.

SOIL AQUIFER TREATMENT VERSUS CONVENTIONAL TECHNOLOGIES
FOR WASTEWATER RECLAMATION

Soil aquifer treatment utilizes nawral processes to produce high quality water as opposed to
conventional technologies for wastewater reclamation which utilize engineered systems to
accomplish the same goals. The source of wastewater available to municipalities for reclamation
is most often municipal wastewater that has been treated by biological treatment (secondary
treatment) to remove the majority of solids and organic components. Conventonal advanced
tertiary treatment technologies for reclamation of biologically treated wastewater include chemical

addition, sand filtration, activated carbon adsorption, and membrane treatments such as reverse
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osmosis. These technologies can be effective but they are expensive, energy intensive, and
produce chemical sludges, high strength wastewaters, along with other by-product solid wastes.
With enough energy and money almost any water can be used to produce high quality water, but
the cost and associated wastes produced make such applications prohibitive.

Soil aquifer treatment primarily uses biological processes that naturally occur in soils to
produce high quality water and recharge groundwater supplies. In general, the quality of
groundwater tends to be much better than surface waters because as water percolates from the
surface to the groundwater table, a variety of natural processes improve water quality. Another
analogy is bank infiltration which is commonly used in Europe to improve the quality of surface
waters by pumping river water through the ground to utilize natural biological process before the
water is treated for use as a drinking water source. After biologically treated municipal
wastewater has percolated through several feet of soil, the organic water quality characteristics
are comparable to many surface waters. Natural processes continue to improve water quality as
the water percolates to the groundwater which may be over 100 feet (30.48 m) below the surface.
In some cases, soil aquifer treatment appears to improve the quality of groundwater when the
groundwater has been impaired by agricultural contaminants. Contamination from agricultural
activities is a common reason groundwaters in Arizona do not meet drinking water standards.

Soil aquifer treatment has the potential to recharges groundwater which provides many
benefits not obtained when water is directly reclaimed using conventional technologies. One
major benefit is that water may be stored for years in the ground before it is recovered for reuse.
Storage of water in the ground is more efficient than surface storage where evaporation and
potential exposure to contaminants are serious problems. Water reclaimed by conventional
technologies can be directly injected into the groundwater, but the cost and energy requirements
are very high. Recharging groundwater through soil aquifer treatment reduces the costs to
recover groundwater since groundwater tables rise and the energy necessary to pump the
groundwater to the surface is reduced. Water reclaimed by conventional technologies can be used
immediately for non-potable uses, however, when the water must be stored, large expensive
surface reservoirs must be constructed. Soil aquifer treatment not only holds potential to
recharge dwindling groundwater supplies, but also has the potential to improve groundwater

quality in many areas.
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RESEARCH OBJECTIVES

The main objective of this study has been to develop criteria for the design and operation of
SAT systems based on soil characteristics, effluent types, and infiltration rates. The performance
of SAT systems were evaluated by studying the components of SAT (see Figure 1.1) in order to
maximize the output: total infiltration, total organic carbon removal efficiency, nitrogen removal
efficiency, and pathogen removal efficiency. Sustainability has been determined by extensively
studying removal mechanisms and quantifying abiotic and biotic removal contributions.
Simulation and operation models have been developed for determining the best operation
schedule for maximizing infiltration and at the same time considering the other three outputs of
the system (see Figure 1.2).

The primary objectives of this study were as follows:

e Demonstrate the feasibility of an SAT system for potable reuse using pilot scale column studies.
Water quality has been evaluated by monitoring for nitrogen, TOC (total organic carbon), and
pathogens.

e Establish removal mechanism as a function of soil types using five different soils with different
particle size distributions. The soil types included a sand, two silts and a clayey soil from the
proposed Phoenix SAT site, and a sandy soil with some fines from the Tucson SAT site.

e Determine the effect of effluent pretreatment level on SAT performance using six different effluents
including chlorinated-denitrified, dechlorinated-denitrified, and chlorinated secondary effluent from
the 91st Avenue WWTP in Phoenix and chlorinated and chlorinated-ozonated secondary effluents,
and primary effluent from the Roger Road WWTP in Tucson, Arizona.

e Develop an SAT system simulation model applicable to a variety of soil conditions and
effluent pretreatment methods.

e Develop an SAT system operation optimization model.

o Develop methodology for the eventual optimal pumpage for future recovery of water.

Other important objectives of the study were:
¢ Study the clogging layer to establish detailed profiles of biological and abiotic activities

e Deitermine the feasibility of ozone dosage pretreatment.
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¢ Study removal of pathogens recognized as high risk, including an evaluation of SAT potential
of removing Cryptosporidium.

e Identify parameters to be monitored to ensure that sufficient SAT is achieved to protect
potable groundwater supplies.

¢ Study the mechanical and hydraulic propertics of clogging layers.

RESEARCH PLAN

Elements of the technical proposal included pilot scale column studies, related field studies,
laboratory studies, and development of simulation models and optimal operation models. The
research plan has been executed by the team of investigators from Arizona State University
(ASU), the University of Arizona (UA), and the University of Colorado, Boulder (UC) illustrated
in Figure 1.3.

Personnel from ASU have been responsible for pilot-scale SAT experiments in 8 foot (2.6 m)
columns fed with wastewater effluent from the 91st Avenue WWTP, Phoenix, Arizona.
Independent variables in pilot-scale work included effluent type, soil type and wet/dry cycle times.
This effort comprised a major portion of the backbone of the overall experimental program. Due
to the impracticality of initiating field studies with effluent, particular attention was given to
investigating the effects of soil reconstruction in the soil column studies and correlating these
studies with clean-water field percolation studies. ASU had primary responsibility of compiling
the data analyses, developing the simulation model and developing an operational optimization
model.

UA investigators operated 3.3 foot-length (1 m) columns fed with secondary chlorinated, and
chlornated-ozonated effluents from Roger Road WWTP in Tucson, Arizona. The columns used
soil from the Tucson Sweetwater infiltration site and intact soil cores from the proposed Phoenix
SAT site. UA investigators lead in the design and execution of pathogen transport/inactivation
experiments. They evaluated SAT removal efficiency of Cryptosporidium and Hepatitus A virus
and identified potential public health concerns. UA was also responsible for developing an

optimization model for determining the optimal pumpage of the aquifer for recovery of water.
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Figure 1.3 Universities’ research interaction

UC carried out DBP (disinfection-by-product) chemical analyses of UA and ASU soil column
water samples. Analyses included TOX (total organic halide) and specific halogenated organics,
such as haloacetic acids (HAAs) and trihalomethanes (THMs). This research provided for all
elements of the project, ensuring analytical consistency. To the same end, UC specified and
directed quality assurance/quality control (QA/QC) procedures for the project. UC also
established relationships between ozone dosage and BDOC in wastewater effluents designated for
SAT investigation and provided general guidance for the experiment on 0zone pretreatment.

The major technical approach to the research consisted of’:
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e Pilot-scale column studies using soils from the proposed and existing SAT sites. Sets of
columns were operated as SAT systems with five different soils and six different effluent
qualitzes.

e Extensive laboratory studies were used to quantify individual abiotic and biotic removal
mechanisms, to determine the effects of preozonation on BDOC (biodegradable dissolved
organic carbon), and to investigate the effect of soil reconstruction on column studies.

e Detailed data analysis were performed to develop monitoring requirements and models for the
optimal design and operation of SAT based on relationships between effluent pretreatment
levels, soil types, and infiltration rates.

Process performance, removal mechanisms, and monitoring requirements were determined for
the following water quality paramelters:

e Health-effect-related parameters, including pathogens and DBPs (disinfection-by-products)
represented by HAAs and THMs

e Dissolved organic carbon (DOC)

¢ Nitrogen (Org-N, NH;, NO,, NOs)

The original technical objectives were accomplished by performing the following major tasks:

Task 1 Evaluate Existing Soil Data and Complete Analysis of Proposed SAT Site Soils

Task 2 Construct Columns and Fill with Different Soils

Task 3 Column Operation: Monitoring and Sampling
Subtask 3a Flooding and Drying Cycle Varation
Subtask 3b Routine Monitoring for Basic Water Quality Parameters
Subtask 3¢ Temporal/Spatial Variation in SAT Efficiency Studies
Subtask 3d Virus Attenuation Studies/Cryptosporidium Removal
Subtask 3e Analysis of Disinfection By-Products

Task 4 Laboratory Soil Column Experiments for Determination of Hydrologic Properties, Effects of
Sample Disturbances, and Abiotic Removal Mechanisms
Subtask 4a Determine Hydraulic Parameters
Subtask 4b Determine Effects of Sample Disturbance
Subtask 4c SAT Simulation in Undisturbed Samples
Subtask 4d Determine Breakihrough Curves for TOC And NH3 For Abiotic Removal Studies
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Task 5 Field Percolation Studies At Proposed Phoenix Sat Site (performed by Greelea and Hansen)
Task 6 Studies on Specific Biological Activities

Task 7 Fundamental Studies on Clogging Layer Development

Task 8 Study Accumulation of Abiotically Removed Substances

Task 9 Data Analysis, Environmental Effects, and SAT Monitoring Needs

Task 10 Develop an SAT Simulation Model for Design Purposes

Task 11 Develop an SAT System Operation Optimization Model and an Optimal Pumpage Model
Task 12 Prepare Final Report

FUNDAMENTALS OF SAT SYSTEMS

The concept of SAT depends on the infiltration of treated wastewater into the soil and percolation
through the vadose zone. Improvements in water quality can occur due to many different mechanisms
including filtration, biological degradation, physical adsorption, ion exchange and precipitation. This
combination of removal processes can be very effective in removing organic compounds, nitrogen,
phosphorus, pathogens, suspended solids, and trace metals. Efficiencies of removal for specific water
quality constituents are a function of the type of soil, level of pretreatment, and cycle times. The
removal of nitrogen, organic compounds, and biochemical oxygen demand(BOD) can be a continuous
biological process that is sustainable. Removal of trace metals, phosphorous, and refractory organics
by abiotic mechanisms can result in accumulation in the soil and eventual breakthrough. Bouwer
(1984) has estimated that accumulation of trace metals and phosphorous could become a problem in
future decades.

Previous research has demonstrated that during operation of SAT systems, cyclic flooding and
drying of the basins 1s necessary both to improve infiltraton rates and control aerobic/anoxic
conditions in the soil. Basins are flooded until infiltration rates decrease due to development of a
surface clogging layer. The majority of treatment in SAT systems occurs in the upper strata of
soil, near the clogging layer (see Figure 1.4). Therefore, the clogging layer and upper strata of
soil are critical to efficient SAT performance. During normal conditions, a cross-section of

unsaturated porous medium in Figure 1.5 illustrated that voids consist of water and air. Previous



Operational Controls:
Pumping rate
Pumping schedule
(wetting-drying) Sewage Effluent

Surface Clogging Layer
infiltration
physical clogging
biological clogging

Unsaturated Zone
unsaturated flow
solute transport

biochemical reaction (nitrogen and organics removal)
biological clogging

Figure 1.4 Processes related to operation of SAT system
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water air

Figure 1.5 Prior to SAT, the air spaces are void and allow for infiltration of water
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research suggests that a correlation may exist between certain predominate soil characteristics
present in the vadose zone (unsaturated zone) and treatment efficiency. However, during the
course of operation of soil treatment systems, infiltration of solids and biofilm development in the
upper strata results in a clogging layer. Reduced infiltration rates are caused by the accumulation
of biofilm, algae, and suspended solids reducing the void space as illustrated in Figure 1.6.

This reduction in infiltration rates adversely affects the operation of SAT systems, and cyclic
flooding/drying of the basins is necessary. Basins are flooded for a given duration of time until
infiltration rates are reduced. When infiltration rates decrease, flooding of the basin is ceased and the
remaining water in the basin is allowed to infiltrate. The soil surface of the basin is allowed to dry and
the clogging layer is removed by natural processes, or the soil surface is physically cleaned. Cycle
times also influence the presence of oxygen with depth in the vadose zonme and the depth of
groundwater. Therefore, cycle times are critical to controlling the processes to optimize biological
removal (in particular nitrogen removal) and to prevent reduced infiltration rates from groundwater
mounding. Almost all research indicates that the upper layer of the vadose zone is where most removal
occurs, in particular biological removal which may continue indefinitely, and that the upper layer
controls infiltration rates due to the presence of a clogging layer.

The removal of organic carbon and nitrogen in SAT systems (see Figure 1.7) is coupled and the
removal mechanisms include adsorption-desorption and biodegradation. During the flooding period,
dissolved oxygen in the vadose zone often becomes limited and the primary removal mechanism for
organic carbon is adsorption while ammonia is removed by ion exchange. Larger gravel and sands
tend to hold larger air pockets which increases aerobic biodegradation of carbon and nitrification of
ammonia during flooding. Smaller soils that typically contain more clays and silts have large adsorptive
and ion-exchange capacities to remove organic carbon and ammonia. Extremely long flooding time
can exhaust the removal capacity for ammonia when insufficient 10n-exchange sites for ammonia are
present and/or adsorbed organic carbon blocks ion-exchange sites. During drying, the soil in the
vadose zone becomes aerobic, however, desiccation of the upper soil layer can decrease biological
activity and hinder removal since most removal occurs in the upper soil layer. As the flooding cycle
begins again, the nitrate that was produced from nitrification becomes soluble. Denitrification will
occur if sufficient organic carbon, and low dissolved oxygen are simultancously present. Longer

flooding cycles and/or the use of primary effluent tend to increase the mass of adsorbed carbon which,

1-17



o,

7
o
z

v

soil algae walter biofilm air suspended
particle solid

Figure 1.6 After SAT the air spaces become filled with biofilm, algae, and SS. In addition, a mat of

algae can cover the surface greatly reducing infiltration rate
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in turn, can increase total nitrogen removal.

Tremendous efforts have been made in this research project toward unraveling the interactive
physical, chemical, and microbiological mysteries of the flow and transport processes in the unsaturated
zone. However, these comparatively isolated bodies of current knowledge have not been fully
integrated and utilized for simulation/prediction purposes until recently, not to mention the
management of the soil aquifer treatment system in a systematic way. The application of
comprehensive large-scale SAT system modeling previously was just in the development stage. This
research project has made a step forward on a basic understanding of the mechanisms that control the

effectiveness of SAT systems and their eventual wide spread usage in the arid and semi-arid

regions of the world.
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CrneCTERL 2

COLUMN DESIGN AND OPERATION

ASU- 3-meter columns

The design of the pilot scale columns that are in operation at the 91st Avenue waste
water treatment plant is summarized in this section. The columns are approximately 2.7 m long,
they have a 30.5 cm inside diameter and are comprised of two 1.35 m sections. The top-section
of the columns is shown in Figure 2.1. The majority of the sampling ports have been located in
the top section of the coiumn since most of the removal reactions are expected to occur there.
The sampling ports have been used to measure soil suction, redox potential/dissolved oxygen
(ORP/DO) and obtain liquid samples. These ports are positioned at depths of 5.0, 10.2, 15.2,
30.5, 61, and 127 cm below the soil surface, with extra ORP/DO ports at depths of 7.6, 12.7,
17.8, and 20.3 cm deep. The tensiometers consist of a ceramic porous cup (1 bar, standard flow)
which has been glued into a HDPE elbow fitting. The elbow fitting has been equipped with a
plexiglass chamber to hold water and the chamber is sealed by a septum stopper. :The liquid
sampling ports consist of 0.5 p or 2 p stainless steel porous cups tightly fastened into barbed
fittings. A vacuum is applied to the barbed end to extract liquid samples. The ORP/DO
samplers consist of a tube to male connector with a 0.95 cm diameter, 0.32 cm thick Supelco
septum placed inside. The septum allows for penetration into the soil column by the
microelectrode used for oxidation-reduction and by syringe used to take liquid samples for
dissolved oxygen measurements. The tops of the columns are equipped with overflow weirs,
shown in Figure 2.2, to maintain pond depths at 17.8, 33 and 45.7 cm. Effluent that overflows
from the weirs is collected in effluent reservoirs and recycled to the column by perastaltic
pumps. The bottom section of the columns is shown in Figure 2.3. This bottom section contains

one row of sampling ports located at 127 cm below the soil surface.
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Figure 2.3 Bottom Section of Pilot Scale Columns



Two 15.2 cm long, 2.54 cm O.D. effluent pipes have been welded at 7.6 cm from the column

bottom and at 60 degrees off center. These pipes allow for the collection of effluent and

maintenance of base boundary conditions. Base boundary conditions are maintained by pulling
a slight vacuum on the pipes with the use of a Gast vacuum pump. The base boundary suction
was checked periodically by use of a tensicorder. Effluent from the columns was allowed to
flow freely or was captured in collection vessels to estimate effluent flow rates. The columns
were constructed in two sections to help facilitate the packing of the columns with soil at in-situ
densities. The bottom sections were underlain with 0.32 cm neoprene sheets and silicon was
applied to obtain a watertight seal. Prior to compaction, six inches of underdrain support
medium consistiﬂg of silica sand and/or gravel was placed in the bottom of the column. Each

underdrain system was designed to prevent movement of the soil into the underdrain without

creating resistance to flow greater than each soil’s resistance. Compaction of the soil was

carried out in four inch lifts to achieve in-situ densities. After compaction, the columns were

wrapped with cooling lines and foam rubber insulation to maintain typical in-situ temperatures

during the hot summer months.



UA- 0.18 meter, 1 meter, and 2 meter Columns

18-cm Repacked Columns

The design of the schmutzdecke soil columns is shown in Figure 2.4. These columns
were 23 cm in length. The soil depth was 18 cm, allowing for 5 cm depth of ponded water
within the column. The headspace of each column was sealea from the atmosphere. Effluent
was applied to the column headspace via foil-wrapped glass tubing connected to a glass burette,

—provid'mg a constant hydraulic head (approximately +1.5 ft) to each column. The columns were

constructed out of 3.0" inner diameter acrylic tubing with 3/8" sidewalls and were equtpped with
multiple ports at five soil depths for measurement of soil water tension and soil oxygen content.
A wastewater flow schematic for the schmutzdecke columns is shown in Figure 2.5 Effluent
was stored in five gallon blastic_Nalgene jerricans at 4°C and applied to the columns using
peristaltic pumps. Foi]-wrapped glass tubing was used to minimize changes in wastewater
quality prior to column application.

A total of nine schmutzdecke columns were used. GE Gro-lights were positi9ned above
each column to simulate natural sunlight, promoting development of algae on the soil surface.
Integral to each column top plate was a quartz disc (Figure 2.4), allowing the full spectrum of
UV-visible light generated by the Grolights to impact onto the soil surface. Light exposure was
limited by an automatic timer set for 12 hours per day. All 18-cm columns were packed with
sieved Sweetwater sandy loam (obtained from Basin #1 at the Sweetwater Underground Storage

and Recovery Facility). Bulk density and porosity values for the columns ranged from 1.49 to

1.57 g/cm3 and 0.41 to 0.44, respectively.
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Figure 2.4 Schematic diagram of 18 cm column used for simulating SAT. Total
soil depth was 18 cm; total length of column was 23 cm.
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1-m Repacked Columns

Figure 2.6 shows the design for the 1-m columns containing repacked sediments. A

schematic diagram of the column reactor setup is shown in Figure 2.7. Fourteen l-meter
columns containing either repacked homogenized soils or intact soil cores were used. Columns
consisted of 8.62 cm I.D. acrylic tubes with a 0.64 cm wall thickness. Total column length was
130 cm; soil depth was 100 cm leaving a 30 cm headspace for ponding of effluent above the soil
surface. Each column was equipped with a series of ports at muhiple depths (2, 4, 6, 12, 34, 56,
78, 96, 98 cm) for the measurement of matric potential (via tensiometers), collection of hquid
samples, and measurement of molecular oxygen. Tensiometers and liquid samplers consisted of
0.64 cm O.D. stainless steel porous cups (Mott Metallurgical Corp.) that were TIG-welded onto
6.4 cm stainless steel (316 grade) tubes. Pore sizes of the porous cups were 2.0 um for columns
containing Agua Fria sand and Sweetwater sandy loam and 0.5 pm for columns containing
North Pond silt. Pore sizes were selected to permit collection of liquid samples using modest
suctions, without exceeding the air entry value of each soil type.

The effluent-supply plumbing system used in these experiments was designed to
minimize changes in effluent organic quality prior to column application. Peristziltic pumps
(Masterflex) and foil-wrapped glass tubing were used to transfer effluent to each column.
Before column application, effluent stored in 5-gal. plastic jerricans at 4°C was warmed to 25°C
using a water bath (Figure 2.4). Pump speed was set so that a constant head upper boundary
condition of 25 cm was maintained in each column, while minimizing over-flow through a weir.

Columns were operated in two-week éycles consisting of 7 days of flooding followed by
7 days of drying. Artificial light sources (VITA-Lite) were used (12 hr per day, timer
controiled) to stimulate algal growth in the ponded effluent and on the soil surface (Figure 2.7).
An aquarium air pump provided aeration of the ponded effluent during the first half of the

experimental period.  Artificial aeration was discontinued prior to initiation of nitrogen

transformation studies.
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dimension

1. 6cm

12cm
34 cm
56 cm
78 cm
100 ¢

12cm

30 cm
130 ¢

© @ NG AN

] 14.61 cm ‘ :
/IZ’_Z/ D =1/4" NPT

Figure 2.6 Schematic of 1-meter SAT column. Total soil depth was 100 cm.
Each level of ports contained a tensiometer, a liquid suction sampler, and a fitting
for soil oxygen measurement.
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Figure 2.7 Schematic representation of 1-m column reactor setup. Effluent was stored at 4°C
and then warmed to 25°C prior to application to the columns. Constant head was maintained
using a weir.
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I-m Intact Core Columns

Figure 2.8 shows the design of the stainless steel columns used for collection and study
of intact soil cores. Three intact soil cores were collected on August 24, 1994; one soil core was
collected at each of the three Phoenix area soil sites: North Pond silt, agricultural field clay, and
Agua Fria river sand. Intact cores were collected using a drill rig supplied by Envirodrill. Each
stainless steel column was driven into the ground using the 140:1b hammer on the drill rig. The
columns were then twisted, breaking the soil seal, and hydraulically “jacked” back out of the
iground. Cores were obtained at the respective locations where soils were collected for use in the
packed column studies conducted by U of A and ASU.

The three intact core columns were equipped with tensiometers, liquid suction samplers, and
ports for measurement of soil oxygen content, using predrilled ports designed for this purpose.
Problems were encountered-during placement of some of these fittings because of large cobbles
within the soil cores at locations where ports had been pre-machined in the column wall. Ports

blocked by cobbles were sealed with threaded nylon plugs.

2-m Repacked Column

Design details for the two-meter column are shown in Figure 2.9. The 2-m column was
packed with Agua Fria sand and operated under similar conditions as the 1-m columns. The
additional meter of soil depth allowed for examination of effects due to increased detention time

and percolation depth on the removal of organics, transformation of nitrogen species, and

removal of pathogens.
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dimensions:

&6 cm

1
3.00" 0.0 ' 2. 12cm

276" 1.D. 3 3. 32cm
------------------- 4. 52cm
5

6

72 cm
. 82 cm
________________________ J/4 7. 12cm
8. 25cm
9. 27.5cm
10. 30cm

----------------------------- - 11. 122 ¢m

s A e BT

13. 6cm

g =14~ NPT

Figure 2.8 Schematic diagram of 1-m stainless steel column used for collection and study of
intact soil cores. :
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Figure 2.9 Design schematic for 2-m column used for simulating SAT.




Wet/Dry Cycles, Ponding Depths and Infiltration Rates

Arizona State University

This section summarizes the operating conditions for the ASU 9l1st Avenue Columns.
Several operating conditions will be discussed: wetting/drying time, ponding depth, average
surface infiltration rate, and base boundary condition.

The columns were operated using variable wetting and dfying periods to determine the
effect these variables have on the removal of nitrogen, the removal of organic carbon, infiltration
rates, and algal growth. The North Pond silts were operated under 4 wetting/drying schedules,
the Agua Fria Sand columns were operated under 2 wetting/drying schedules, and the South
Pond Silts were operated under only one wetting/drying schedule.

Ponding depth was studied to determine the effect on infiltration and contaminant removal.
The North Pond silts used a 17.8 cm ponding depth throughout most of the study, the cycles 48
through 50 were operated at a 17.8 cm pond for the first 7 days of wetting, then at 44.4 cm for
the last 5 days of wetting. Cycles 50 onward were operated at 44.4 cm of pond deptl'm The Ag.
Field Clay was operated with a 17.8 cm pond depth until its operation was terminated. The
Agua Fria Sand and South Pond Silt columns were not operated under ponded conditions for
most of their study periods due to effluent and pumping limitations. From cycles 17 onward the
South Pond silt columns were operated under 17.8 ¢m of pond depth.

Infiltration rates (in cm/day) were not intentionally controlled by the operators {except for
the Agua Fria sands and South Pond Silts) but are provided in this section for general
information. The infiltration rates for the columns were calculated by taking the total influent
volume divided by the total length of the wetting time. Column averages were obtained by
averaging the infiltration rates for a particular operating schedule. The infiltration rates of the
Agua Fria Sands and South Pond Silts were controlled by the pumping rate. .Pumping and
effluent limitations led to the inability to achieve ponded conditions.

The base boundary condition was controlled by means of a vacuum pump at the bottoms of
the North Pond Silt columns and Ag. Field Clay columns. These columns were operated under

100 cm and 400 cm of suction, respectively.
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The following sections summarize these Operating conditions in table format for each of the

soil types.

North Pond Silt Columns. The North Pond Silt columns were operated under the four
wetting/drying schedules summarized in Table 2.1. The length of drying time, length of wetting
time, the number of cycles, the time of year the operating schedule occurred, the base boundary
conditioﬁ and the infiltration rates are provided.

Operation of the North Ponds Silts columns began with an operating schedule of 7 days
wetting and 7 days drying. Approximately haif of the total study period was an acclimation
period for the columns. Schedule 2 is a shorter version of Schedule 1 with 3 days wetting and 4
days drying. Note that Schedule 2 in Table 2.1 occurred during the coolest time of the year.
The decrease in temperature during this schedule is not only reflected in the decrease in average
surface infiltration rate, but in the nitrification results that will be presented in following
sections. Schedule 3 added 3 extra days of drying to Schedule 2 to promote nitrification and
regain infiltration potentials. Schedule 3 is compounded by the warming weather which also
served to increase nitrification and infiltration potentials. The lack of denitriﬁca}ion in the

columns prompted Schedule 4 which has a longer wetting time to stimulate denitrification and a

sufficiently long drying time to regain infiltration potential.



Table 2.]
Summary of operating conditions for ASU North Pond silt columns
(#1-6)

Wetting Drying Cycle Dates of Base Boundary Average

Time Time #'s Operation Condition Infiltration
Rate
cm/day
0 cm on all
columns cycles
: May 94 1o 1-7
Schedule 7 days 7 days  1-16 November 188 +49
1 94 100 cm on all
columns cycles
8-16
Schedule 3 days 4days 17-32 November 100 cm on all
2 94 to March columns 129+2.0
95
Schedule 3days 7days 33-42 March95to 100 cm on all 17156
3 July 95 columns*
Schedule 12 days 7days 43-50 100 cm on #1, ’
4 July 95 w0 #3, and #5 148+25
December 95 O cm on #2, #4,
and #6

*Vacuum system for #2 and #4 started to fail at cycle 38.
Average infiltration rales calculated for one column only - column #2.

Agricultural Field Clay. The two Ag. Field Clay columns (#7 and #8) were operated for 17
cycles (May 1994 to December 1994) under a 17.8 cm ponding depth. The cycle times ranged
from 7 to 12 days wetting and 7 days drying. The infiltration rates started at 21.3 cm/day and
gradually decreased to 3.0 cn/day by the end of the study.

Agua Fria Sand Columns. The Agua Fria sands (#9 and #10) were operated under two
operating schedules: 1) 14 days wetting, 7 days drying and 2) 7 days wetting, 7 days drying.
Table 2.2 describes the dates and cycles these schedules occurred as well as the average

infiltration rate.
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Table 2.2

Summary of operating conditions for the ASU Agua Fria sand columns

(#9 and #10)
Wetting | Drying Average
Time Time Cycles Dates of Operation Infiltraton

Rate
(cm/day)

Cycle 1 | 14 days | 7days 7-15 August 94 to January 95 250
Cycle 2 | 7days 7 days 1-6 May 94 to August 94 125-500

16 onward January 95 - April 95

South Pond Silt Columns. The South Pond Silt Columns (#11 and #12) began operation in
March 1995 and a 7 day wetting/7 day drying schedule has been their only mode of operation.
However, these columns have been operated under two ponding depths: no pond and 17.8 cm of
pond. The infiltration rate is maintained at xxx to xxx cm/day. Table 2.3 summarizes the

operating conditions for the South Pond Silt columans.

Table 2.3
Summary of operating conditions for the ASU South Pond silt columns

(#11 and #12)

Wetting | Drying Dates of Pond Average
Time Time Cycles Operation Depth | Infiltration
{cm) Rate
(cm/day)
May 95 10
Cycie 1 | 7days 7 days 1- 16 September 95 0 250
Cycle2 | 7days 7days | 16 onward | September 95 17.8 15-250
to April 95

Needs text and tables summarizing wet/dry cycles, ponding (if any), and infiltration rates

(see ASU above)
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SOLLS

The ASU 91st Avenue columns were packed with four soil types : two silts, a sand, and a
clay. The soils were obtained from four sites within the proposed recharge area and are named
as follows: Agua Fria sand, North Pond silt, South Pond silt, and Agricultural (Ag.) Field clay.
The U of A columns were packed with two soil types: the Agua Fria sand and a soil not from the
proposed recharge site, the Sweetwater sand. Table 2.4 provides data on several soil properties

for each soil type, as well as the designated ASU and U of A column number.
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EFFLUENT TYPES AND CHARACTERISTICS |

Arizona State University

Three effluents from the 91st Avenue Wastewater Treatment Plant (WWTP) were applied to
the 91st Avenue columns: chlorinated secondary, chlorinated denitrified and dechlorinated
denitrified. The chlorinated secondary effluent is biologically treated by activated sludge, while
the two denitrified effluents are treated by a njtrifying/denitrifying process. The dechlorinated
denitrified effluent was obtained as chlorinated denitrified and was dechlorinated by the ASU
students prior to pumping into the columns. Typical influent values for ammonia, nitrate, nitrite

(all as nitrogen) and dissolved organic carbon are provided in Table 2.5. Table 2.5 also lists the

columns that receive each effluent type.

Table 2.5
Typical influent nitrogen and DOC values for ASU 91st Avenue columns

Effluent NH,-N NO;-N NO,-N DOC Column #
(mg/) (mg/M) (mg/l) (mg/)

Chlorinated

Secondary 10,0-300 00-50 10-3.0 13.0-15.0 #5 and #6
Chlorinated #1, #2, #7 #9 and
Denitrified 1.0-3.0 1.0-5.0 0.1-0.8 8.0-10.0 #11

Dechlorinated #3, #4, #8 #10

Denitrified 1.0-3.0 1.0-50 0.1-08 80-10.0 and #12

More information needed from ASU regarding 91st Avenue plant; paraliel to U of A

University of Arizona

Table 2.6 summarizes the influent nitrogen and DOC values for the effluents studied at the
University of Arizona. Primary and secondary effluents were obtained from the Roger Road

Wastewater Treatment Plant in Tucson. The secondary wastewater was manually dechlorinated
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by U of A students. Ozonation and nitrification of secondary wastewater was also carried out at

the University of Arizona.

Table 2.6
Typical influent nitrogen and DOC values for U of A

effluents derived from Roger Road Treatment Plant

Effluent NH;-N (NO; + NO;7) -N DOC
(mg/) (mgh) (mg/1)
~ Unchlorinated Secondary

” 9.0-24.0 4.0-60 8-15

Ozonated Secondary
12.0-22.0 50-6.0 9-16

Nitrified Secondary

00-07 13.0-19.0 6-9

Primary 20.0-28.0 0.0-0.4 14 - 42

Roger Road Wastewater Treatment Plant (Tucson, Arizona)

The plant uses two trickling ﬁlfers (biotowers) for secondary treatment, and has a
capacity of 35 MGD. The biotowers use B.F. Goodrich PVC plastic media that is 26 feet in
height and 165 feet in diameter. Each tower can treat the plants maximum capacity of 35 MGD.
The media is designed to support a naturally growing biofilm that receives its nutrients from
clarified primary effluent. Clarified primary is pumped to the top of the biotower and sprayed
over the surface with a rotating sprinkler and allowed to trickle down the media surface. Once
the effluent reaches the bottom of the biotower, it is further treated with secondary clarifiers.
The plant is capable of modifying the feed water to the towers with recycle that mixes part of the

secondary treated wastewater with the clarified primary. As with all biological systems, the




quality of the treatment is a function of the influent constituents, concentration and ambient

temperature. Colder climatic conditions slow the biotreatment process and both ammonia and

organic concentrations are treated less efficiently.

Wastewater Collection and Storage

Clarified secondary wastewater was collected from the Roger Road WWTP in Tucson
from the overflow weirs at the secondary clarifiers using a submersible pump and then
transferred and stored in twenty-liter Nalgene jerricans. In some cases, the plant’s chlorinated
product water was used. This water was dechlorinated immediately upon acquisition by adding

10 mL of a 20 g/L sodium thiosulfate solution to each 20-liter jerrican, then transported to the

University of Arizona and refrigerated at 4 °C.

University of Colorado

Table 2.7 lists the secondary effluents used and the biological process utilized in the
wastewater treatment plant prior to discharge. All effluents were either exposed to activated
sludge or a trickling filter, additionally, one effluent was nitrified and denitrified to reduce

nitrogen species. The DOC’s for these effluents ranged from 8.8 10 17.8 mg/L.

Table 2.7
Secondary effluents studied by the University of Colorado

Secondary Location Biological Process Average DOC
Effluent (mg/L)
Al Boulder, CO Activated Sludge 10.3
A2 Orange County, CA  Activated Sludge 8.8
A3 Phoenix, AZ Activated Sludge 54
T1 Greeley, CO Tnckling Filter _ 10.0



T2 Orange County, CA  Trickling Filter 17.8

T3 Roger Road Plant Trickling Filter 12.9
Tucson, AZ
NDN 91st Avenue Plant  Activated Sludge plus 8.8
Phoenix, AZ Nitrification/Denitrification

Upon receipt of the wastewater, residual Cl, was measured then dechlorinated with 125%
of the stoichiometric concentration of sodium thiosulfate. After thorough mixing, the residual
Cl, was measured again to assure compléte dechlorination. The samples were filtered through 1

pm glass fiber filters (Gelman Sciences Corp., Ann Arbor, MI) to remove suspended solids, and

stored at 4°C until utilized.
All pertinent characteristics of Silver Lake source water may be found in MURPHY

(1993) as data collected during previous research conducted by Murphy and Dr. Gary Amy, is

utilized to compare the biodegradability of surface water NOM with effluent organic matter

(EfOM).




Column, Soil and Effluent Summary

Arizona State University

The table below provides a summary of the information presented in the previous sections

for each ASU 91st Avenue field column. Soil type, effluent type, base boundary condition,

average infiltration rate, and ponding depth are reviewed.

Table 2.8
Summary of ASU 91st Avenue field columns
Column  Sotil Type Effluent Boundary Avg. Pond Depth
Type Condition Infiltration (cycle #:cm)
Rate (cm/day)
#1 North Chlorinated -100 1-47:178
Pond Silt Denitrified
#2 North Chlorinated -100 1-47:17.8
Pond Silt Denitrified 15.9
#3 North Dechlorinated -100 1-47:17.8
Pond Silt Denitrified 48-:17.8 0 44 4
#4 North Dechlorinated -100 1-47:17.8
Pond Silt Denitrified 48 -:17.8t0 44.4
#5 North Chlorinated -100 1-47:17.8
Pond Silt Secondary 48-178t044 .4
#6 North Chlorinated -100 1-47:17.8
Pond Silt Secondary 48 -:17.8t0 44 4
#7 Ag. Field Chlorinated -400 17.8
Clay Denitrified
#8 Ag. Field Dechlorinated -400 17.8
Clay Denitrified
#9 AguaFria  Chlorinated 0 0
Sand Denitrified
#10 AguaFria Dechlorinated 0 -0
Sand Denitrified
#11 South Chlortnated 0 1-16:0
Pond Silt Denitrified 16-:17.8
#12 South Dechlorinated 0 1-16:0
Pond Silt Denitrified 16-:17.8




University of Arizona

A similar summary table would be beneficial to the final report

PROCEDURES
BDOC (Bench Scale Bioreactors)

University of Arizona

Biodegradable dissolved organic carbon (BDOC) was determined by separate
batch tests conducted in an acclimated sand system. Sixty grams of clean sand was
transferred to a 250-mL Erlenmeyer flask. The sand was biologically activated by contact
with primary effluent for three days that was continuously agitated to maintain aerobic
conditions. This enabled a rapid development of a microbial seed population on the sand.
Six reactors were made to improve the precision of the experiment. The reactors were

rinsed after each run with a saline solution (0.15M NaCl and 1mM MgCl,) to remove

residual organics. With the microbial population as the only source of degradation,‘ 150
mL of secondary or ozonated secondary effluent was added to the acclimated sand and
again placed on the shaker table. Samples (10mL) were taken at time zero and every 24
hours thereafter for five days and analyzed for DOC and uitra-violet light absorbance at
254 nm (UVAy,,). This was replicated for many cycles to ensure that the sand was fully
acclimated and that the results were reproducible. Once a steady-state condition was

reached, samples were taken on the fifth day only.

University of Colorado

BDOC was measured in both the non-ozonated and ozonated samples. BDOC represents
- the difference in DOC over a five day period of sample recirculation through sand with a

acclimated biofilm, and corresponds to the biodegradable fraction of the bulk DOC.
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Two different sources of bacteria were utilized for BDOC experiments. The first were
bacteria from a local surface water collected with an in-line sand filter at the intake of the local
water utility for a period of thirty days. The second set of bacteria were acclimated onto a sand
bed with the source being a combination of a) chiorinated, then dechlorinated, secondary
effluent, b) non-chlorinated secondary effluent, and c) soil bacteria taken from a soil sample
extracted from a SAT site. The sands containing the biofilms were gently, but thoroughly,
washed prior to placement into the reactors. To assure consistency, except for the data regarding
the acclimation studies, the data presented represent the wastewater-based BDOC which was
solely degraded by the second set of bacteria.

Four of these effluents listed in Table 2.7 were characterized strictly on the basis of
BDOC and post-ozonated BDOC at a transferred O3/DOC dose of 1 mg/mg in an effort to
observe the characteristics and/or differences of secondary effluents located in various
- geographical locations. The remaining three effluents were further studied to observe the effect
of ozone dose upon BDOC formation, the kinetics of BDOC removal, the kinetics of
nitrification, and the effects of pH as a method to simulate advanced oxidatton processes. At this
point, pertinent terminology must be defined. For a series of experiments, there were three
sampling points: non-ozonated, post-ozonated, and post-biotreated (i.e. the final con;énts of the
BDOC reactor) water. (Hereafter, the BDOC-reactor treated water corresponds to the term
biotreated).

The BDOC reactors utilized consist of a system of vacuum recirculating glass batch
reactors, designed -orig_inally by MOGREN et al. (1990). Each reactor consists of a glass
container which contains acclimated biofilm on sand, and the sample. The wastewater flows
through the sand/biofilm gravitationally and is then reintroduced by suction through a return
line. Recirculating flow rates for each reactor are adjustable and flow rates were maintained at
approximately 30-40 ml/min allowing complete sample contact with the biofilm every ten
minutes. Air is also introduced at the return line to assure aerobic conditions. To minimize the
introduction of organic carbon into the system from the feed air, a system of filters is utilized in
series. This system consists of a GAC column, a 0.3 um hepa filter, and a series of two air
scrubbing bottles filled with high purity “Milli-Q” water (Millipore Corp., Bedford, MA). The

BDOC data presented from this study represent the mean of BDOC experiments in at least three



reactors which were performed simultaneously. The greatest variation in DOC concentrations in

all BDOC experiments was +8.1%,
Ozonation
University of Arizona

Ozone (O3) was generated with a Griffin ozone generator model GTCIB and measured

by a calibrated UV,s, nm light source. Ozone was produced using medical grade oxygen at a

concentration of approximately 30 mg/L O3. The secondary effluent was placed in a stirred 20-

liter glass carboy.reactor then ozone was applied at a rate of 2 liters per minute to the reactor.
To obtain the actual mass of ozone transferred to the wastewater, separate feed and reactor off-
gas lines were used to measure ozone concentration differences. Mass of ozone applied and
exhausted was determined by integrating the product of gas concentration times flow rate over

time. The actual O3 transferred to the wastewater was then obtained by subtracting the mass of
O3 in the exhaust stream from the feed stream. For most applications, the process was continued

until O3 transferred was equal to the DOC in the water on a weight for weight basts.

University of Colorado

Bench scale ozonation was conducted using an OREC (Ozone Science & Equipment
Corp., model number O3V5-0, Phoenix, AZ) 110 gram/day ozone generator and a 2.75 liter
capacity impeller reactor/contactor. Ozone was generated from high purity oxygen (~5% ozone)
and admitted to the reactor in a semi-batch mode (continuous gas admission, static liquid
volume). Applied ozone dose (mg/L) was controlled by the mass flow rate into the reactor
(mg/L-min) and contact time (min). While experiments were based on transferred ozone dose,
both applied and utilized ozone were determined for each experiment in order to ensure the

anticipated transfer efficiency (~30%).



Chlorination/Chloramination

University of Arizona

Chiorine Concentration. The THMFP test required an accurate measurement of chlorine

(Cly) concentration in the solutions used to dose the samples. These solutions (5 to 15

mg/mL approximate) were made from a reagent-grade stock solution of 7.5% sodium
hypochlorite (NaOC1). Free chlorine residual was determined via the diethyl-p-phenylene
diamine (DPD) colorimetric method utilizing HACH color reagents. The tests were
conducted by adding a single HACH powder pillow (DPD) to 25 mL of sample in a
cuvette using a HACH DR/2000 Direct Reading Spectrophotometer. The meter will
analyze the DPD reaction using a 530nm wavelength and an internal scale calibrated to

'mg/L Cl,. The DPD colorimetric test on the HACH monitor is accurate for chlorine

residuals between O and 2 mg/L as Cly, so dilutions were made from the chlorine

solutions.

Trihalomethane Formation Potential. The trihalomethane formation potential (THMFP)
test is designed to measure the maximum potential a water has to form trihalomethane
disinfection by-products (DBPs) during chlorination. The concentrations of four

trihalomethane (THM) species, chloroform (CHCI3), dichlorobromomethane (CHCI,Br),
dibromochloromethane (CHBryCl), and bromoform (CHBr3), were measured using a

Hewlett Packard 5794 Gas Chromatograph (GC) equipped with an electron capture
detector (ECD) and a HP 7673 auto sampler. A 30-meter DB-624 Megabore capillary
column was used for compound separation. Chromatographic data were processed and
printed with a Hewlett Packard 3392 reporting integrator.

The wastewater samples and standards were prepared headspace free in acid-
washed 40-mL USEPA recommended vials (Supelco) with screw caps and teflon-coated
septa. Standards were prepared from a Supelco 2000 pg/L four compound standard,
which was diluted to 10 milliliters in methanol (0.2 and 0.4 mg/mL each THM) in a



muffled serum vial with a crimp top. Stock solutions were kept no more than four weeks
after initial use or until the presence of an unwanted compound appeared in the
chromatographs. Aqueous standards were prepared by injecting between 6 and 50 pl of
stock solution into 40 mlL of ultra-pure water. Extraction was then by a pentane
separation described later.

In this study, 40 mL of 0.45um filtered sample, one mL potassium phosphate
buffer, and a Cl, solution made from sodium hypochiorite (NabCl), was added to the 40-

“mL vials for twenty-four hours at pH 7, and 20 °C. The actual volume in the vial is 42
mL when used headspace free. The buffer was made from KH,PO4 (68.1 g/L) and

NaOH (11.7 g/L), and the chlorine solutions (5 to 15 mg/mL) were diluted from a 7.5%

NaOCI! concentrate. The chlorine dose for the samples was calculated to satisfy the

ammonia (NH4+) derived (theoretical) demand for breakpoint chlorination and to also

react with the DOC present in the water. DOC and NH4+ (mg/L) were measured prior to
the THMFP test to determine the chlorine dose. This dose is 7.6 times the ammonia

concentration (NH4-N) and 5 times the DOC concentration on a mass for mass basis
(mg/mg).
THMSs from samples and standards were extracted from the aqueous solutions by

the liquid-liquid method using a double-syringe technique as outlined in Standard

Methods for the Fxamination of Water and Wastewaler, 18th ed., section 5710 B, after
raising the 1onic strength of the solution with the addition of sodium chloride (NaCl). Six
grams of NaCl was added to each 40-mL vial to create a salting out effect that would
enhance the partitioning of the non-polar contaminants in solution. The non-polar solvent
used to extract the THMs from the aqueous phase consisted of four milliliters of THM-
free pentane that was injected into the top of the vial, displacing four milliliters of sampie
from the bottom of the vial through a second needle. The samples and standards were
. then shaken for one minute to promote the partitioning of THMs into the pentane. After

shaking, one mL of pentane was transferred to a Hewlett Packard auto sampler vial,

crimped closed, and placed into the auto sampler tray. The column was run at 50 °C and
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the retention time for each sample was programmed for 38 minutes based on a retention

time of 35 minutes for bromoform.

University of Colorado

The protocol for each sample aliquot involved dosing with free chlorine at a

chlorine/DOC ratio (by weight) of 1 mg/mg for simulated distribution system (SDS) and 5

mg/mg for formation potential (FP) and incubation for 24 hours at 20°C. A 0.5 M phosphate
buffer was used to maintain pH at 7.5. In the presence of ammonia, the chlorine dose was
increased 7.6 times the concentration of ammonia-nitrogen to provide for breakpoint conditions.
The chlorine dosing solutions are prepared from reagent-grade sodium hypochlorite and
these solutions are spectrophotometrically analyzed with a Hach Pocket Colorimeter test kit
(Cat. No. 46700-00) and occasionally checked with a Hach DR/2000 Spectrophotometer. Both
upnits are based on the DPD titrimetric method (Standard Methods, 1989). The chiorine
concentration of the dosing solution is between 1.0-5.0 mg/ml for SDS chlorination and 4.0 to
15.0 mg/mli for FP chlorination, which is about 50 to 100 times the concentration needed in the
samples, in order to minimize dilution errors in the reaction vials. Dilution volume -is kept less
than or equal to 2%, normally around 1 ml in 72 ml. The chlorination experiments are conducted
headspace-free 1n 72 ml glass reaction vials with teflon septa caps. The vials are washed with
Alconox and rinsed with tap water followed by a 10:1 nitric acid bath for 24 hours. Upon
removal from the acid bath, the vials are rinsed with deionized water followed by Milli-Q water
and oven dried. The extraction vials are maintained headspace-free throughout the incubation
period. After incubation, t