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EXECUTIVE SUMMARY

Introduction
Roughly forty percent of the public water supplies in Canada have iron and manganese

above their respective recommendedi maximum concentrations of 0.30 mg/L and 0.05 mg/L".

The problems associated with the presence of these two metals extend beyond factors of
aesthetics and potability. In addition to physical fouling problems, iron and manganese may
stimulate growth of microorganisms in groundwater treatment plants, in distribution systems
and in reservoirs. ‘

The contamination of groundwater by undesirable organic compounds has resulted in the
development of process trains aimed at the removal of the organics of concern. However, when
iron and/or manganese are present in the groundwater, treatment efforts have to focus initially
on the removal of these inorganics prone to precipitation. This will minimize fouling (physical
and biological) of the downstream unit processes responsible for the removal of the organics of
concern from the groundwater.

The purpose of the present investigation was to improve the performance of a diffused
aeration - direct contact sand filtration process train, by using the catalytic effect of recycled
solids, e.g. iron(III), manganese(IV), to promote iron(II) and manganese(Il) oxidation in a
diffused aeration vessel. ‘

Two options were considered: 1) the recycle of a fraction of the aeration vessel effluent
to its influent line (Enhanced Aeration Process I: Continuous Recycle Loop), and 2) the addition
of sludge collected from the sand filter backwash water to the diffused aeration vessel influent
line (Enhanced Aeration Process II: Sludge Recycle). The performance of each Enhanced
Aeration Process (I and II) was then compared to that of a conventional aeration process, where
no solids were recycled to the aeration vessel.

Specific objectives were to develop and conduct performance evaluations of the folldwing

process trains:

1. Conventional Diffused Aeration Process:
Diffused Aeration - Chemical Oxidant Addition (if required) - Direct Contact Sand
Filtration

2. Enhanced Aeration Process I:

Diffused Aeration - Continuous Recycle Loop - Chemical Oxidant Addition (if
required) - Direct Contact Sand Filtration



3. Enhanced Aeration Process II:
Diffused Aeration - Sludge Recycle - Chemical Oxidant Addition (if required)-Direct
Contact Sand Filtration

Pilot Scale Treatability Studies: Conventional Aeration Process -
No Solids Recycle

Factorial design studies were conducted to maximize the oxidation of iron(II) and of
manganese(II) in the diffused aeration vessel.

Iron(II) was effectively oxidized at a pH of 7.6. Ata pHof7.6,a hydraulic retention time
of approximately 28 minutes was necessary to completely oxidize about 2.07 mg/L iron(II) to
iron(III).

Diffused aeration was not found effective for the oxidation of manganese(Il) to
manganese(IV) for pH equal to or below 7.8. Hence, the addition of a chemical oxidant was
required, following diffused aeration, to oxidize manganese(I).

The following chemical oxidants were evaluated: hydrogen peroxide (H,0,), sodium
hypochlorite (NaOCl), chlorine dioxide (ClO,) and potassium permanganate (KMnO,).

Among the chemical oxidants studied, chlorine dioxide was the oxidant of choice. At
6.5 x stoichiometric dosage virtually complete manganese(Il) oxidation rapidly took place.
Manganese(II) concentrations were reduced from 0.15 mg/L to < 0.01 mg/L in the treated water.

The optimum conventional aeration process train was then operated continuously for five

days under the following operating requirements:

Diffused Aeration Vessel: pH =17.6
Hydraulic retention time = 28 minutes
On-line Chemical Oxidant Addition: Oxidant type = ClO,

Oxidant dosage = 6.5 to 7.0 x stoichiometric
Reaction time = 2 minutes
_ Direct Contact Sand Filtration: Sand bed depth = 1.1 m
Sand effective diameter = 0.52 mm
Filtration rate = 4.25 x 10° m/s
During this continuous operation, the process train removed an average of 98% iron and
93% manganese. Groundwater entered the train with 2.07 mg/Liron and 0.15 mg/L. manganese,

and left with 0.05 mg/L iron and 0.01 mg/L. manganese.

viii
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Pilot Scale Treatability Studies: Enhanced Aeration Process I -
Continuous Recycle Loop

Factorial design studies were completed to evaluate the rates of oxidation of iron and
manganese in the diffused aeration vessel, when 10% or 20% of the effluent from the vessel was
recirculated to its influent point.

Iron(Il) was effectively oxidized at a pH of 7.6. The oxidation of 95% of the iron still
required a hydraulic retention time of 28 minutes, even when 20% of the effluent was
recirculated. .

Manganese(II) was not oxidized in the diffused aeration vessel under any of the
experimental conditions. Hence, the addition of a chemical oxidant was required, following
enhanced aeration, to oxidize manganese(II).

Due to the similarity between this enhanced aeration process and thé conventional
aeration process, only one run was completed to demonstrate the effectiveness of chlorine
dioxide (Cl0,) for manganese(Il) oxidation. The diffused aeration vessel was operated at a pH
of 7.6, a hydraulic retention time of 28 minutes and a recycle ratio of 20%. ClO,, at 6 x
stoichiometric, was added to the filter influent (reaction time = 2 minutes). The filtration rate
was 4.25 x 10 m/s.

Ninety-five percent of the iron was oxidized in the aeration vessel. About 98% of the iron
was removed in the sand filter. Residual iron(II) was eventually completely oxidized in the sand
filter bed.

About 95% of the’ manganese(II) was rapidly oxidized following ClO, addition, at
6 x stoichiometric. About 94% of the manganese was removed in the sand filter; the
concentration of total manganese in the treated water was 0.01 mg/L.

The results of this study showed that recirculating 20% of the effluent from the diffused

aeration vessel did not improve iron or manganese oxidation.

Pilot Scale Treatability Studies: Enhanced Aeration Process II - Sludge Addition
Factorial design studies were completed to evaluate the rates of oxidation of iron and
manganese in the diffused aeration vessel, when sludge was added to maintain a high
concentration of iron(III) in that vessel. Specifically, this work assessed if the rates of oxidation
of iron and manganese were accelerated by increasing total iron by up to 500%, i.e. sludge
addition factor (SAF) = 5, in the diffused aeration vessel.
Iron(ITI) oxide sludge was generated by operating the diffused aeration - direct contact



sand filtration process train.

About 92% of iron(II) was oxidized at a pH of 7.6, a SAF ~ 5, and a hydraulic retention
time greater than 22 minutes. For comparison, the conventional diffused aeration process
achieved similar iron oxidation results at the identical pH and comparable retention time.

Manganese(II) was not oxidized in the diffused aeration vessel.

In a few experimental runs, outside the original mandate of this study, a substantially
large quantity of iron(IIT) was recirculated back to the diffused aeration vessel. Sludge addition
factors of O to 59 were experimented with, at a pH of 7.6 and a hydraulic retention time of
four minutes. At a SAF = 59, almost complete iron oxidation was recorded. Hence, sludge
addition, when SAF = 59, decreased the hydraulic retention time required for virtually complete
iron oxidation, from approximately 28 minutes to four minutes. In contrast, manganese(Il) was
not oxidized in the diffused aeration vessel, for any SAF.

Three main conclusions were drawn from these studies on the performance evaluation
of the diffused aeration - sludge addition process. These were:

1. For sludge addition factors less than 7, the design/operation requirements for iron(II)
oxidation were similar to those determined during the conventional diffused aeration
process. Similarly, the oxidation of manganese(II) was not promoted even at a SAF of 7.

2. For a sludge addition factor of 59, a hydraulic retention time of four minutes was
required for virtually complete iron(I) oxidation. Recirculation of the sludge did not,
even at this high level, promote manganese(II) oxidation.

3. The addition of a chemical oxidant was required, following aeration, to oxidize
manganese(II).

The performance of the diffused aeration - sludge addition - chemical oxidation - direct
contact sand filtration process train was then evaluated in a continuous mode of operation.
Sludge , which was continuously generated nightly, differed from that used earlier because it
had not only a high content of iron(III) but also manganese(IV) oxides.

After the sludge was added (SAF = 7.4) to the raw groundwater, the mean concentrations
increased from 2.07 mg/L to 15.37 mg/L for iron and 0.17 mg/L to 1.19 mg/L for manganese.

Rapid reduction of manganese(IV) to manganese(Il) was observed immediately following
sludge addition in the diffused aeration vessel influent. Correspondingly, rapid oxidation of
iron(II) to iron(III) was observed, prior to aeration. Sludge addition resulted in the oxidation
of 1.52 mg/L of dissolved iron prior to aeration, and in the chemical reduction of 0.59 mg/L of

manganese.

8
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This increase in dissolved manganese(II) concentration increased the chemical oxidant
demand for ClO, to complete manganese oxidation and removal. However, the chemical oxidant
dosage of 7 times the stoichiometric requirement of manganése(II) in the raw groundwater was
left unchanged to demonstrate the effect of recircﬁlating sludge to the diffused aeration vessel.

| Remaining dissolved iron(II) was effectively oxidized in the diﬁsed aeration vessel.

Dissolved manganese(II) was incompletely oxidized by ClO,. The mean concentration of

dissolved manganese(II) in the filter influent was 0.22 mg/L, which exceeded the mean dissolved

manganese(II) concentration in the raw groundwater of 0.17 mg/L. Furthermore, breakthrough
of iron and especially manganese was readily observed.

In conclusion, the performance of the diffused aeration - sludge addition - chemical
oxigiatioh - direct contact sand filtration process train was poor. This was attributed to two
factors. These were:

1. The reduction of manganese oxides(IV) and the corresponding oxidation of iron(II) in the
raw groundwater by these oxides in the recirculated sludge prior to aeration defeats the
purpose of using air to oxidize iron(II). Furthermore, the additional manganese(Il)
produced, exerts a substantially higher demand for the costly chemical oxidant, C10,, in
order to ensure that the manganese level in the filter effluent does not exceed the
recommended maximum concentration.

2. An unexpectedly high frequency of filter backwashes is required when sludge is
recirculated to the diffused aeration vessel.

Since the present process did not demonstrate any performance advantage over the
conventional diffused aeration process, the requirements for frequent backwashes and for the

installation of a sludge recirculation process cannot be substantiated.

Pilot Scale Performance Evaluation of Recommended Process Train: Conventional
Diffused Aeration Process
The diffused aeration - chemical oxidation (ClO,) - direct contact sand filtration
(A-0(l0oy) -F) process train was selected for its good performance and simplicity over the
enhanced aeration processes in which solids were recirculated to the diffused aeration vessel.
This recommended process train was operated continuously for seven days with the
following operating parameters:

Diffused Aeration Vessel: pH =17.6
hydraulic retention time = 23 minutes

xi



On-line Chemical Oxidant Addition: oxidant type = ClO,
oxidant dosage (Cl0, — CI) = 7 x stoichiometric
reaction time = 2 minutes
Direct Contact Sand Filtration: sand bed depth = 1.1 m _
sand effective diameter = 0.52 mm
filtration rate = 5.3 x 10® m/s
The mean concentrations of total iron and manganese in the raw groundwater were
2.02 mg/L and 0.17 mg/L, respectively.
Iron and manganese were effectively removed in the sand filter throughout the duration
of the performance evaluation. The mean iron and manganese concentrations in the effluent

of the process train were 0.05 mg/L and 0.02 mg/L, respectively.
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1.0 INTRODUCTION

Roughly forty percent of the public water supplies in Ontario, Canada have iron and
manganese above their respective recommended maximum concentrations of 0.30 mg/L and
0.05 ﬁlg/L“’. Although the presence of iron and manganese is generally associated with
groundwater, these metals are also found in surface water.

The problems associated with the presence of these two metals in any waters extend
beyond factors of aesthetics and potability. In addition to physical fouling problems, iron and
manganese may stimulate growth of microorganisms, e.g. Pseudomonas, Iron Bacteria, in
groundwater treatment plants, in distribution systems and in reservoirs.

~ The contamination of groundwater by undesirable organic compounds has resulted in the
development of process trains aimed at the removal of the organics of concern. However, when
iron and/or manganese are present in the groundwater, treatment efforts have to focus initially
on the removal of these inorganics which are prone to precipitation. This will minimize fouling
(physical and biological) of the downstream unit processes responsible for the removal of the
organics of concern from the groundwater.

During 1988-89, a site remediation project was conducted in Ville Mercier, Québec, by
The SNC Group, under the auspices of the Wastewater Technology Centre (WTC). One of thé
objectives of this research, technical development and field demonstration project was to develop
an effective iron removal process train, as a pretreatment prior to the removal of the organic
contaminants from the groundwater.” For the Ville Mercier project, seven iron removal process
trains were evaluated at pilot scale. These are presented in Table 1.

Subsequent performance evaluation of the recommended process train was undertaken

in a continuous mode of operation (May to August 1989). This process train, comprising fine

_ pore diffused aeration followed by direct contact sand filtration, was demonstrated effective in

the oxidation, precipitation and removal of iron from the groundwater, to levels consistently
below the recommended maximum concentration of 0.30 mg/L. Design and operating
parameters for the diffused aeration - direct contact sand filtration train were optimized to 1)
maximize performance, 2) eliminate the need for coagulant(s), flocculant(s) or other aqueous
conditioner(s), and 3) minimize sludge production. Moreover, the train requires just two unit
operations for the removal of iron from the grbundwater.

Throughout the performance evaluation of the recommended process train, iron(II) was

effectively oxidized in the diffused aeration vessel: 80 - 90% of the iron(II) was converted to



iron(I1I).

One of the study’s findings was that oxidation of the remaining iron(I) consistently took
place in the sand filter bed. This complete oxidation in the sand bed, as illustrated in Figure 1,
suggested an adsorption and an ensuing contact/catalytic oxidation of iron(II) onto previously
deposited iron(ITI) flocs. Sarikaya® reported similar occurrences of improved iron oxidation
efficiency in many groundwater treatment plants after a coating of iron(III) had built up on

multiple-tray aerators and on sand filter media.

TABLE 1 IRON REMOVAL PROCESS TRAINS TESTED AT VILLE MERCIER,
QUEBEC (1988-89)*

Chemical Oxidation - Coagulation - Flocculation - Sedimentation - Sand Filtration

Chemical Oxidation - Direct Contact Sand Filtration

Diffused Aeration - Coagulation - Flocculation - Sedimentation - Sand Filtration

Diffused Aeration - On-Line Coagulant Addition - Direct Contact Sand Filtration

Diffused Aeration - On-Line Flocculant Addition - Direct Sand Filtration

L
2
3
4. Diffused Aeration - Chemical Oxidation - Direct Contact Sand Filtration
5
6
7

Diffused Aeration - Direct Contact Sand Filtration

The purpose of this investigation was to achieve acceptable treatment objectives for both
metals in the groundwater. The Groundwater and Soil Remediation Program (GASReP)
suggested complete removal of iron and manganese to minimize, if not eliminate, physical
fouling caused by iron and manganese deposits. This fouling can significantly affect the
operation and lower the efficiency of unit operations responsible for the removal of the organics
of concern from groundwater. This goal was to be achieved by improving the performance of the
diffused aeration - direct contact sand filtration process train, using the catalytic effect of
recycled solids to promote iron(II) and manganese(II) oxidation in a diffused aeration vessel.

The study was conducted in the Regional Municipality of Waterloo, at well W-5, by the
Wastewater Technology Centre. The experimental field study was initiated in April 1991, and
was concluded in August 1991.

The study was funded by the Groundwater and Soil Remediation Program (GASReP),
the Wastewater Technology Centre (WTC) and the Regional Municipality of Waterloo.
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2.0 STUDY OBJECTIVES

The overall objective of the present study was to investigate if iron and manganese
oxides could increase the rates of oxidation of iron(II) and manganese(II) in a diffused aeration
vessel. A solids-bearing stream, recycled to the influent line to the aeration vessel, was used
to achieve the objective. Two options were considered: 1) the recycle of a fraction of the
aeration vessel effluent to its influent line (Enhanced Aeration Process I: Continuous Recycle
Loop), and 2) the addition of sludge collected from the sand filter backwash water to the diffused
aeration vessel influent line (Enhanced Aeration Process II: Sludge Recycle).

The aim of the study was to develop a simple and effective diffused aeration - direct
contact sand filtration process train, effective in removing iron and manganese from the
groundwater, to levels below their respective maximum recommended concentrations of
0.30 mg/L and 0.05 mg/L.

Specific objectives were to develop and conduct performance evaluations of the following

process trains:

1. Conventional Diffused Aeration Process:
Diffused Aeration - Chemical Oxidant Addition (if required) - Direct Contact Sand
Filtration

2. Enhanced Aeration Process I:

Diffused Aeration - Continuous Recycle Loop - Chemical Oxidant Addition Gf
required) - Direct Contact Sand Filtration

3. Enhanced Aeration Process II:
Diffused Aeration - Sludge Recycle - Chemical Oxidant Addition (if required) - Direct
Contact Sand Filtration
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3.0 STUDY STRATEGY

The study was subdivided into six phases in order to effectively fulfil the study’s

objectives and present the findings.

Phase 1

Preliminary Technologies and Methods Selection

Task 1:

Task 2:

Task 3:

Task 4:

Task 5:

Phase 2

Task 1:

Task 2:

Task 3:

Identify the inorganic and organic (if present) contaminants of concern in the
groundwater. Assess on a case by case basis, the contaminants that exceed the
recommended drinking water guidelines.

Select a list of specific inorganic and organic (if relevant) parameters on which
to focus research, development and demonstration efforts.

Design, construct and install a pilot scale treatment plant in the vicinity of the
groundwater well station (Regional Municipality of Waterloo, W-5 groundwater
station).

Select and modify analytical procedures for field analyses. Elaborate a Quality
Assurance/Quality Control programme.

Set up a groundwater field laboratory trailer to carry out all required analytical

determinations on-site in a timely and cost-effective manner.

Pilot Scale Process Development Studies: Conventional Aeration Process

Evaluate the performance of diffused aeration to oxidize iron and manganese.
Optimize design/operating parameters of the conventional diffused aeration
process to maximize oxidation. Assess optimum oxidation kinetic profile for iron
and manganese. |

Evaluate the performance of selected chemical oxidants as a supplement to
diffused aeration to complete manganese oxidation, if required. Assess the
performance of the fbllowing chemical oxidants:‘hydrogen peroxide, sodium
hypochlorite, chlorine dioxide and potassium permanganate.

Evaluate the performance of the recommended proéess train, diffused aeration -
chemical oxidant addition - direct contact sand filtration. Modify design/

operating parameters to maximize performance, if required.



Phase 3
Task 1:

Task 2:

Task 3:

Phase 4
Task 1:

Task 2:

Task 3:

Pilot Scale Process Development Studies: Enhanced Aeration Process 1

Evaluate the impact of the continuous recycle loop, for recycle ratio values of 10%
and 20%, on the oxidation of iron and manganese in the diffused aeration vessel.
Optimize design/operating parameters of the Enhanced Aeration Process I to
maximize oxidation. Assess optimum oxidation kinetic profile for iron and
manganese.

Evaluate the performance of selected chemical oxidants, as a supplement to the
continuous recycle loop diffused aeration process, to complete manganese
oxidation, if required. Assess the performance of the following chemical oxidants:
sodium hypochlorite, chlorine dioxide and potassium permanganate.

Evaluate the performance of the recommended process train, diffused aeration -
continuous recycle loop - chemical oxidant addition - direct contact sand filtration.

Modify design/operating parameters to maximize performance, if required.

Pilot Scale Process Development Studies: Enhanced Aeration Process 11

Evaluate the impact of sludge addition, for selected sludge addition factor values,
on the oxidation of iron and manganese in the diffused aeration vessel. Sludge
addition factor values of 1 to 5, i.e. sludge addition to increase by 100% to 500%
the total iron concentration in the diffused aeration vessel, were evaluated.
Optimize design/operating parameters of the Enhanced Aeration Process II to
maximize oxidation. Assess oxidation kinetic profile for iron and manganese.
Evaluate the performance of selected chemical oxidants, as a supplement to the
sludge addition diffused aeration process, to complete manganese oxidation, if
required. Assess the performance of the following chemical oxidants: sodium
hypochlorite and chlorine dioxide.

Evaluate the performance of the recommended process train, diffused
aeration - sludge addition - chemical oxidant addition - direct contact sand
filtration. Modify design/operating parameters to maximize performance, if

required.

IR N . ==



-l .- o=

R S O oG I o AR aEm Em

Phase 5
Task 1:

Task 2:

Phase 6
Task 1:

Pilot Scale Process Train Evaluation: Continuous Operation

Select the optimum process train, based on performance data gathered during

Phases 2, 3 and 4.
Run the optimum process train for a period of one week in a continuous mode of

operation.

Final Report Preparation

Preparaﬁon and presentation of the research, technical development and field

demonstration study’s activities and findings.



4.0 EXPERIMENTAL MATERIALS AND METHOD

Prior to the start of the projecf, a mobile, continuous flow, pilot plant was designed and
built by the Wastewater Technology Centre in January and February 1991. The plant was
made of conventional materials, such as PVC and steel, which one would find in a conventional
full scale groundwater treatment facility.

A laboratory trailer was fully equipped with the instrumentation required to conduct all
necessary analytical determinations. In late March 1991, both trailers were transported from
Burlington, Ontario to the Waterloo W-5 site.

Table 2 presents the various physical chemical unit processes incorporated in the pilot

plant. The description of the pilot plant unit operations and set-up is addressed in Section 4.1.

TABLE 2 PILOT SCALE TREATMENT PLANT: PROCESS ELEMENTS LISTING

PROCESS ELEMENT PURPOSE

Diffused Aeration Vessel Iron(II) and Manganese(II) Oxidation

Manganese(II) Oxidation/
Chemical Oxidation/Detention Vessel Iron(II) and Manganese(II) Oxidation

Chemical Oxidant Metering Pumps
‘ - on line addition On-Line Manganese(II) Oxidation

Iron(III), Manganese(IV) and other suspended
Granular Media Filters (2) solids removal

Collect and concentrate sludge from sand
filter backwash water for solids recycled to
Clarifier the diffused aeration vessel

Table 3 presents the main analytical tools and instruments incorporated in the field

groundwater laboratory trailer.



TABLES  GROUNDWATER ANALYTICAL LABORATORY: EQUIPMENT LISTING
EQUIPMENT MANUFACTURER | MODEL NUMBER

Analytical Balance AND EW-300A

Anélytical Balance AND -FX-4O

Dissolved Oxygen Probe Orion 97-08

Eppendorf Pipette Eppendorf 4710

Oven Blue M SW 17TA

pH Meter Orion 301

pH Meter Orion T701A

Spectrophotometer LKB Biochrom 4049

Turbidity Meter Hach

4.1 Pilot Plant Set-up
Figure 2 is a schematic of the pilot plant. Each unit process is described in detail below.

4.1.1 Flow Rate
The pilot plant was designed to handle groundwater flow rates as high as 60 L/min’.

This rate was opted for, as it was felt that the data generated could be used for proper scale-up.

4.1.2 Diffused Aeration Vessel

The diffused aeration vessel had an internal diameter of 37 cm, an effective height of 2.1
m and a liquid capacity of 225 L. For flows of raw groundwater greater than 40 L/min to the
aeration vessel, the pump located in the W-5 well station was operated. Below 40 L/min, the
piezometric surface was equal to or greater than the height of the effluent line from the aeration
vessel, thus eliminating the need for pumping water into the aeration column.

There were four groundwater sample ports, located around the vessel: two located on
the influent line, before (A) and after the solids recycle line (S), one on the effluent line (B), and

one placed at the bottom of the vessel. The bottom port was also used to drain the column.

*The units used to express volume, flow rates, dimensions and time will include L, L/min,
cm and min, respectively. Due to the magnitude of the values involved, the use of their strict
equivalent SI units (m?, m%¥s, m and s, respectively) is not judged appropriate, in this case.

9
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Air was supplied by a blower stationed outside under the trailer. The main switch and
a rough flow rate control valve were located on the blower. A rotameter was used to monitor
influent air flow rate to the diffused aeration vessel. Fine tuning of influent air flow was
achieved through the installation of two additional valves located prior to the rotameter. The
air entered at the bottom of the diffused aeration vessel, through a 31 cm OD Elastox-D fine
pore elastomer/rubber-based membrane diffuser, manufactured by EIMCO Process
Equipment Co.

Selecting the Elastox-D diffuser to aerate the W-5 groundwater was based on the
performance offered by this type of diffuser during the 1988-89 site remediation study at Ville
Mercier (Québec). During that study, a pilot scale diffused aeration vessel was fitted with an
Elastbx-D diffuser to aerate groundwater with a high content of iron (mean concentration =
8.3 mg/L). This rubberized diffuser resists biological fouling and allows simple cleaning by
inflating and deflating it to remove precipitates. This cleaning method, termed "air bumping",
was carried out weekly and consisted of:

1. shutting off the air to the diffuser, in order to allow it to collapse onto its frame; and
2. re-introducing air at a flow twice the normal operating value for < 1 min, prior to
returning it to the desired operating condition.

This cleaning method, proven effective throughout the duration of the Ville Mercier
study, provided the rationale behind the pursuit of diffused aeration-related research,
development and demonstration efforts with this type of diffuser. |

The diffuser membrane could accommodate air loadings of up to 325 L/min. The
minimum air flow rate, measurable by the rotameter and necessary to expand the Elastox-D
diffuser, was approximately 54 L/min. Hence, the operable air loading range was 54 L/min to
325 L/min.

The air exhausted at the top of the vessel. The aerated groundwater exited from the top
of the vessel into a chemical oxidation/detention vessel. A bleed-off valve, located on the effluent
line, allowed the recirculation of the aerated groundwatér to the influent line of the aeration
vessel (Enhanced Aeration Process I: Continuous Recycle Loop). This addition point, located
on the influent line of the aeration vessel, could also accommodate the recirculation of the
effluent, namely thickened sludge (Enhanced Aeration Process II: Sludge Addition), from the

clarifier.

11



4.1.3 Chemical Oxidation/Detention Vessel

The effluent from the diffused aeration vessel was collected in a 500 L cylindrical
chemical oxidation/detention vessel. The vessel could be used to either:

1. increase the reaction time required to complete the oxidation reactions (detention); or
2. act as a chemical oxidation vessel, in which a selected chemical oxidant would be added
to effect manganese(II) oxidation.

The liquid capacity in this vessel could be adjusted to meet the retention time
requirement for either detention or oxidation (chemical oxidant addition). The vessel was
equipped with a 0.25 HP mixer and a metering pump. The latter was used to deliver a specific
chemical oxidant to the groundwater. The metering pump was designed to handle aqueous
solutions of hydrogen peroxide (H,0,), sodium hypochlorite (NaOCl), chlorine dioxide (Cl0,), and
potassium permanganate (KMnO,). The chemical oxidant dosage could be varied over an
extremely wide range by metering reagent addition from 1 to 500 mL/min and by selecting the

chemical oxidant solution strength.

41.4 Chemical Oxidant Metering Pump - On-Line Addition

Two chemical oxidant addition points were installed on the influent line to the sand
filters. Each point could be used to add a chemical oxidant to promote on-line oxidation of
Mn(Il), if required, in the filter influent.

4.1.5 Granular Media Filters

The effluent from the chemical oxidation/detention vessel was pumped upwards for entry
at the top of one or both vertical granular media filter column(s). Flow rate was monitored by
a magnetic flow meter. A graded single media bed of sand/gravel was used throughout the

study.
The support bed of gravel was 30 cm deep and consisted of 2.0 cm coarse and 1.3 cm

medium-sized granules.

The nature of the sand bed was changed shortly after the experimental work began.
Originally, the sand bed depth, effective sand diameter and uniformity coefficient were 80 cm,
0.52 mm and 1.27, respectively. Only a few experimental runs were conducted when the sand
bed depth was 80 cm. The bed depth was increased, in the subsequent stages of the study, to
110 cm to maximize performance and increase the mass storage capacity of each filter.

The bottom of each filter column contained a stainless steel support plate, a backwash

12



distribution plate and a circumferential network of openings for air scouring. The sand filters
were each 20 cm ID and 2.2 m high, thereby allowing the sand bed to expand by more than 25%
during backwashes. Backwashing consisted of air scouring (~ 1.5 x 10 m/s), as a first step,
followed by a medium velocity (~ 5.5 x 10? m/s) water wash. _

Prefilter and postfilter sampling points, D and E respectively, are shown on Figure 2.

4.1.6 Clarifier
During the evaluation of the Enhanced Aeration Process II: Sludge Addition Process,

the backwash water from the sand filter(s) was collected in a 550 L clarifier. Once the solids
settled in the clarifier, the thickened sludge was then pumped, at the desired flow rate, to the
influent of the diffused aeration vessel.

4.2 Experimental Program
The experimental program is presented in Table 4.

TABLE 4 EXPERIN[ENTAL PROGRAM
ACTIVITY PARAMETER RANGE
1. Diffused Conventional Qcw (HRT)* 5 to 60 L/min
Aeration Process Q./Qcw (PH)** 2.5 to 15.0
2. Enhanced Aeration Process
I: Continuous Recycle Loop | Recycle Ratio 10% to 20%

Sludge Addition Factor (total
iron increase in aeration
vessel) 100% to 500%

3. Enhanced Aeration Process
II: Sludge Addition

4. Chemical Oxidant Addition | Type H,0,, C10,, Cl,, KMnO,
(to supplement Mn Dosage 0.25 to 2.00 x stoichiometric
oxidation, if required) Reaction Time 15 s to 30 min
5. Performance Evaluation of Time > seven days
the Optimum Process Train | Qgw optimum
in a Continuous Mode of Q. Qaw optimum
Operation Solids Recycle optimum

*¥

The hydraulic retention time (HRT) of the groundwater in the diffused aeration vessel is

primarily a function of the groundwater flow rate (Qgw)-
The aeration pH is primarily a function of the air flow rate (Q,) to the diffused aeration

vessel.
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42.1 Analytical Procedures

The analytical procedures used generally followed those of "Standard Methods for the
Examination of Water and Wastewater"“.

A brief overview of the analytical methods used, and modifications implemented to
reduce the impact of interfering agents, is presented in Appendix A. The groundwater
parameters monitored included: total iron, dissolved iron(ID), total manganese, dissolved
manganese(II), suspended solids, pH, dissolved oxygen, temperature, total alkalinity and
hardness. Analysis for these parameters were routinely conducted in the field.

Organic and inorganic scans were carried out by the Wastewater Technology Centre and

by the Regional Municipality of Waterloo laboratories.

4.2.2 Quality Assurance/Quality Control Programme

A quality assurance/quality control programme was established with the Regional
Municipality of Waterloo and the Wastewater Technology Centre laboratories. Approximately
ten percent of all samples were routinely sent in duplicate to both laboratories for the analytical
determinations of total iron; dissolved iron(II), total manganese and dissolved manganese(I).
A variation in results within =+ 10% were deemed acceptable. A good agreement was

consistently observed. The QA/QC data are presented in Appendix B.

4.2.3 Process Variables

A list of the twenty most relevant variables specific to a diffused aeration process ié
presented in Table 5.

From these, the hydraulic retention time (HRT) of the groundwater in the diffused
aeration vessel and the aeration pH of the groundwater were selected as the primary
independent variables. Additionally, during the development of the enhanced aeration processes
(Continuous Recycle Loop (CRL) and Sludge Addition (SA) Processes), variables specific to the
solids recycle processes were added to the list of primary independent variables. These were:
recycle ratio (RR) for the CRL process and sludge addition factor (SAF) for the SA process. All
other independent variables were either 1) kept constant, 2) assumed to remain constant, or
3) presumed to vary minimally and impact negligibly on the process.

Three dependent variables are listed. From these, the Ferric (and Manganic) Formation
in the diffused aeration vessel was selected as the primary dependant variables during the

evaluation of the rates of oxidation of iron(II) and manganese(II). Furthermore, the impact of
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the independent variables (pH, HRT, RR, SAF) selected for the optimum operation of the
aeration vessel, on the oxidation and removal performance of the downstream process elements,
was monitored. Hence, a second optimization conducted on the entire process train would be
undertaken if there was a need to increase the performance of the chemical oxidation and

removal process elements.

LIST OF DIFFUSED AERATION PROCESS VARIABLES

A. GROUNDWATER

Iron (and manganese) valence and concentration
Organic ligand(s) characteristics and concentration
Inorganic ligand(s) characteristics and concentration
Metal(s) catalyst/inhibitor type and concentration
pH L
Temperature

Alkalinity

Dissolved Oxygen

Suspended Solids

Background organic type and concentration (chemical oxidant demand)

R
1. Partial pressures of oxygen/carbon dioxide
2. Temperature

C. AERATION VESSEL
1. Aeration vessel configuration
2. Diffuser membrane characteristics
3. Aeration vessel flow dynamics

D. PROCESS CONDITIONS

Groundwater flow rate (hydraulic retention time)

Air flow rate (aeration pH)

Solids recycle characteristics (recycle ratio; sludge addition factor)

Gas transfer efficiencies (oxygen, carbon dioxide)

Others (solids deposit on diffuser membrane, presence of microbiologically active
- organisms)

DoXNoU AW

w
2

ANl ol A

Ferric (and Manganic) Formation in diffused aeration vessel
Manganic (and Ferric) Formation in downstream process elements
Total Iron (and Manganese) Removal in downstream process elements

W
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50 PILOT SCALE TREATABILITY STUDIES: CONVENTIONAL DIFFUSED

AERATION PROCESS

This section presents the studies conducted to develop a process train, based on a

conventional diffused aeration process.

5.1 Diffused Aeration Process
Factorial design studies were conducted to maximize the two output functions of interest,
namely the oxidation of iron(II) and of manganese(Il) in the diffused aeration vessel.
Preliminary experimental pilot runs were conducted on the aeration vessel to determine
the minimal operating requirements of the diffuser to achieve oxygen saturation in the
groundwater. These runs are presented in Table 6. The tabulated data also include pH and

temperature measurements taken prior to and following diffused aeration.

TABLE 6 EFFECT OF AERATION ON GROUNDWATER pH AND DISSOLVED OXYGEN
- Pre- Post-
Aeration Pre- Pre- Aeration Post- Post-
Air Flow Groundwater Dissolved Aeration | Aeration Dissolved Aeration Aeration

Rate-Q, Flow Rate-Qgy Oxygen pH Temp Oxygen pH Temp
(L/min) (L/min) (mg/L) C) (mg/L) °C)
54 40 <1 7.1 11 saturated 7.4 12
54 60 <1 7.1 11 saturated 74 11
108 40 <1 7.1 11 saturated 1.5 11
216 40 <1 71 11 saturated 7.6 11
324 40 <1 71 11 saturated 7.9 12

These runs determined that oxygen saturation of the groundwater in the diffused
aeration vessel was readily achieved under all experimental conditions, for air flow rates
ranging from the minimum (54 L/min) to the maximum (324 L/min) design values and, for
groundwater flow rates as high as 60 L/min. Nevertheless, the dissolved oxygen content of the
groundwater was monitored throughout the study.

The experimental program aimed at optimizing the hydraulic retention time (HRT) of
the groundwater in the diffused aeration vessel and the aeration pH. HRT ranged from 3.8

minutes to 45 minutes, by varying the groundwater flow rate. The aeration pH ranged from 7.4
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to 7.8, mainly by varying the air flow rate.

Twenty-three runs were completed to evaluate the optimum experimental conditions in
the diffused aeration vessel for iron and manganese oxidation and to determine the associated
oxidation profile. The experimental results are presented below. Duplicates of runs were

undertaken on several occasions to ensure performance reproducibility.

5.1.1 Results and Discussion

The scans for inorganics and organics are presented in Appendix C. Aside from iron and
manganese, the inorganic scans did not detect other metals at concentrations above drinking
water guidelines. The concentrations of iron and manganese in the raw groundwater, sent to
the Wastewater Technology Centre laboratory, were 2.3 mg/L and 0.21 mg/L, respectively. No
organic contaminantsb of concern were detected in the groundwater.

Raw data for the conventional diffused aeration process are presented in Appendix D.

Summary figures and table are presented below. Figures 3 to 6 display data for runs
condﬁcted at pHs of 7.4, 7.6, 7.7 and 7.8. Each figure shows the percent ferric formation at
various hydraulic retention times. Table 7 contains the data for these plots.

The concentration of total iron in the raw groundwater varied between 1.91 mg/L and
2.31 mg/L. Iron was determined to be completely in a solution state (II). Minor discrepancies
(< 10%) between total iron and iron in solution (II) concentrations were attributed to the margin
of error associated with the field analytical procedure. '

The concentration of total manganese in the raw groundwater varied between 0.08 mg/L

‘and 0.14 mg/L. Manganese was determined to be completely in a solution state (II). Minor

discrepancies between total manganese and manganese in solution (II) concentrations were
attributed to the margin of error associated with the field analytical procedure.

The dissolved oxygen content of the groundwater following aeration increased from less
than 1 mg/L to saturation. Aeration pH depended on the degree of CO, stripped from the
groundwater. Alkalinity and hardness remained constant.

As seen in Figure 4, iron(Il) was completely oxidized at a pH of 7.6. A pH of 7.7 ~
produced similar ii'on oxidation performance (Figure 5), although requiring a significantly higher
air flow to strip more carbon dioxide (CO,) from the groundwater. Low pH (7.4) and high
pH (7.8) values (Figures 3 and 6 respectively) were not favourable for iron(II) oxidation.
Throughout the performance evaluation of the diffused aeration process, ferric formation was

at a minimum for pH values of 7.4 and 7.8, and at a maximum for a pH of 7.6 and 7.7. As
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Figure 4 shows, a pH of 7.6 and a hydraulic retention time of approximately 28 minutes were
necessary to oxidize all iron(II) to iron(III).
Manganese(II) was not significantly oxidized within experimental error, in the diffused

aeration vessel under any of the experimental conditions (see Table 7).

TABLE 7 SUMMARY DATA FOR 23 RUNS
FERRIC MANGANIC RUN
pH HRT FORMATION FORMATION NUMBER
(min) (%) (%)
7.4 3.8 13 n.d. 19
7.4 5.6 11 n.d. 1
74 5.6 17 n.d. 1
74 5.6 21 n.d. 4
7.4 7.3 25 n.d. 3
1.6 3.8 23 3 20
7.6 4.8 32 5 21
7.6 5.6 46 8 2
7.6 5.6 39 4 8
7.6 7.3 41 n.d. 5
7.6 7.5 61 8 7
7.6 9.0 43 n.d. 9
7.6 15.0 65 4 10
7.6 18.8 71 n.d. 12
7.6 18.8 75 3 12
7.6 20.5 86 n.d. 16
7.6 28.1 93 n.a. 23
7.6 28.1 100 17 14
7.6 28.1 100 n.a. 14
7.7 20.5 78 n.d. 17
1.7 25.0 88 n.a. 18
7.7 25.0 94 3 18
7.7 28.1 91 n.a. 22
7.8 1.5 56 15 6
7.8 15.0 73 n.d. 11
7.8 15.0 73 3 11
7.8 28.1 85 n.d. 15
7.8 28.1 86 n.a. 15
7.8 45.0 80 n.a. 13
7.8 45.0 83 n.d. 13
n.a.: not available n.d.: non-detectable
19



Two main conclusions were derived from the performance evaluation of the diffused

aeration process. These were:

1. Diffused aeration of the groundwater is technically feasible and was found effective in
the oxidation of iron(II) to iron(III) at an aeration pH of 7.6 and a hydraulic retention
time of 28 minutes (Figure 4).

2. Diffused aeration was not found effective for the oxidation of manganese(Il) to
manganese(IV) for solution pH equal to or below 7.8. Hence, the addition of chemical
oxidant(s) will be required, following diffused aeration, to oxidize manganese(II).

5.2 Diffused Aeration - Chemical Oxidation Process

~ Twenty-two batch pilot scale runs were completed to evaluate the optimum chemical
oxidant, dose and reaction time necessary to oxidize manganese(I). The diffused aeration
vessel was operated under the previously determined optimum conditions, namely at an aeration
pH of 7.6 and a hydraulic retention time of 28 minutes. The effluent of the diffused aeration
vessel, collected in the chemical oxidation/detention vessel, was used for this study of chemical
oxidants.

Approximately 120 L of aerated groundwater was collected in this vessel to carry out the
performance evaluation in a batch mode. A mixer dispersed the chemical oxidant solution in
the aerated groundwater. The chemical oxidant solution was added to the aerated groundwater,
at time zero, and samples were collected as a function of time.

The following chemical oxxdants were evaluated: hydrogen peroxide (H,O,), sodium
hypochlorite (NaOC)), chlorine dioxide (C10,) and potassium permanganate (KMnO,). Various
dosages, expressed as multiples of the stoichiometric requirement (x stoic) for Mn(II) oxidation,
were appropriately chosen to provide a complete evaluation of each oxidant’s performance.

The theoretical REDOX reactions and associated stoichiometric values, expressed in
moles and in mg, for these oxidants are tabulated in Table 8. The theoretical REDOX reaction
and stoichiometric value for oxygen is also presented for comparative purposes.

Twenty-three runs were completed, including one control run during which no chemical

oxidant was added to the aerated groundwater. The experimental results are presented below.
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TABLE 8 THEORETICAL REDOX REACTIONS AND STOICHIOMETRIC REQUIREMENT
FOR Mn(II) OXIDATION '
" STOICHIOMETRIC
OXIDANT - REDOX REACTION REQUIREMENT
‘ 1 mole .HZO,/mole Mn or
H,0, Mn*? + H,0, + 2H* - Mn* + 2H,0 0.62 mg H,0,/mg Mn
1 mole NaOCl/mole Mn or
NaOCl Mn*2 + NaOCl + 2H* - Mn** + NaCl + H,0 1.35 mg NaOCV/mg Mn
' 0.4 mole ClO/mole Mn or
clo, 5Mn*? + 2CIO, + 8H* — 5Mn** + 4H,0 + 2CI' 0.49 mg ClO,/mg Mn
0.7 mole KMnO,/mole Mn or
KMnO, 3Mn*? + 2KMnO, + 8H* - 3Mn** + 2MnO, + 4H,0 + 2K* | 1.92 mg KMnO,/mg Mn
. 0.5 mole O,/ mole Mn or
0, Mn** + 0.50; + 2H* - Mn** + HO 0.29 mg O,/ mg Mn

Raw data are presented in Appendix E. _

The concentration of total manganese in the raw groundwater varied between 0.12 mg/L
and 0.26 mg/L. Manganese was determined to be completely in a solution state(II). Diffused
aeration did not result in oxidation of manganese(II), within the = 0.02 mg/L margin of error
of the analytical procedure.‘ All other measured groundwater parameters showed behaviour
similar to that described in the previous section. |

A control éxperimental run (Run D), during which no chemical oxidant was used, was
carried out to assess the impact of the presence of iron(III) flocs, of mixing and of detention time
on the oxidation of manganese(Il) in the vessel. Samples of groundwater were taken two and
12 minutes following chemical oxidant addition. Iron was fully oxidized. No evidence of
manganese oxidation was obtained. Hence, this run demonstrated that Mn(II) remains stable
in the absence of a chemical oxidant. Therefore, manganese(II) oxidation, observed in runs with
such oxidants, must be caused by the oxidant itself. The results of the chemical oxidant

performance evaluations, are presented below.

Hydrogen Peroxide

Table 9 summarizes the findings, for various reaction times and dosages.
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TABLE 9 Mn(II) OXIDATION BY H,O,
DOSAGE MANGANIC FORMATION (%)
(x stoichiometric
requirement) at 1 minute at b minutes at 10 minutes at 20 minutes
1.3 n.a. 7 20 20
6 12 15 1 n.a.
14 n.a. nd. n.d. 7
60 n.d. n.d. n.d. n.a
n.a.: not available n.d.: non-detectable

The performance of hydrogen peroxide for manganese(II) oxidation and precipitation was
poor. Minimal evidence of oxidation and precipitation, was observed during stoichiometric
studies ranging from 1.3 to 60 x stoichiometric, reaction times from one minute to 20 minutes,
and at a pH of 7.6. Therefore, further experimentation with hydrogen peroxide was not

pursued.

Potassium Permanganate

Table 10 summarizes the findings, for various reaction times and dosages.

TABLE 10

Mn(II) OXIDATION BY KMnO,
DOSAGE MANGANIC FORMATION (%)
(x stoichiometric
requirement) at 2 minutes at 12 minutes
0.7 28 31
1.3 91 96
3.2 18 _ 33

The performance of potassium permanganate for manganese(II) oxidation was good. At
0.7 x stoichiometric dosage, oxidation of manganese(II) was incomplete, either at two minutes
(28%) or at 12 minutes (31%). At 1.3 x stoichiometric dosage, almost complete oxidation of
manganese(II) occurred at two minutes (91%) and at 12 minutes (96%), resulting in a soluble

manganese(II) concentration of 0.01 mg/L. At 3.2 x stoichiometric dosage, a substantially high
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concentration of manganese remained in solution. This result was attributed to the presence
of excess unreacted potassium permanganate. _

Although potassium permanganate was very effective for manganese(II) oxidation at
13x stoichiometric dosage, further experimentation with potassium permanganate was not
pursued. Any unreacted permanganate remaining in the treated water would require an

oxidizing contact filter to remove this residual.

Sodium Hypochlorite
Table 11 summarizes the findings, for various reaction times and dosages.
The performance of sodium hypochlorite for manganese(II) oxidation was poor. Dosages

well above the stoichiometric requirement were required to oxidize manganese(II) noticeably.

The oxidation rates were also much slower than those observed with either KMnO, or Cl1O,. A
strong time dependency was observed during most runs. Little oxidation (< 30%) was seen for
dosages ranging from 1.7 x to 8 x stoichiometric, and reaction times up to 20 minutes. Adequate
oxidation, resulting in a soluble manganese(II) concentration equal to or below 0.05 mg/L, was
observed only when the sodium hypochlorite dosage was 50 x stoichiometric. For example,
under these conditions, 67% of the manganese(II) was oxidized after two minutes, resulting in
a soluble manganese(1I) concentration of 0.03 mg/L. At such high dosage, the groundwater had

lost some of its aesthetic appeal because of a high chlorine odour.

TABLE 11  Mn(II) OXIDATION BY NaOCl
DOSAGE MANGANIC FORMATION (%)
(x stoichiometric
requirement) at1min | at2min | at5 min | at 10 min | at 12 min | at 20 min
1.7 n.a. n.a. n.d. n.d. n.a. 8
-9 n.a. 9 18 n.a. n.a
8 n.a. 16 n.a. n.a. 29 n.a
13 n.a. 14 n.a. n.a. 29 n.a.
17 n.a. n.a. 27 27 n.a. 27
29 37 n.a. 26 31 n.a. n.a.
35 n.a. 48 n.a. 55 n.a. 64
50 n.a. 67 n.a. 78 n.a. 78
n.a.: not available n.d.: non-detectable
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Despite its poor oxidation performance, sodium hypochlorite was not entirely rejected

because it offered adequate oxidative potential at dosages 50 x stoichiometric requirement.

Chlorine Dioxide

Table 12 summarizes the findings, for various reaction times and dosages.

The performance of chlorine dioxide for manganese(II) oxidation was good. At 1.4x
stoichiometric dosage, manganese(II) oxidation was minimal. At 6.5 x stoichiometric dosages,
virtually complete manganese(II) oxidation took place. Manganese(II) concentrations
of < 0.01 mg/L remained in the treated water. Reaction rates were rapid and comparable to
those observed when using potassium permanganate. For example, complete oxidation of Mn(II)

was observed at two minutes.

TABLE 12 Mn(II) OXIDATION BY Cl0,
DOSAGE MANGANIC FORMATION (%)
(x stoichiometric
requirement) at 2 min at 5 min at 10 min at 12 min at 20 min
14 n.a. 7 n.d. n.a. n.d.
5 28 n.a. n.a. 30 n.a.
6.5 100 n.a. n.a. 100 n.a.
8 93 n.a. . na. 93 n.a.
10 93 n.a. n.a. 89 n.a.
10 99 n.a. n.a. 97 n.a.
n.a.: not available n.d.: non-detectable

The only difference between the performance observed for these two oxidants was the
stoichiometric dosage required: ClO, required 6.5 x stoichiometric, whereas KMnO, required
slightly more than a stoichiometric amount to oxidize manganese(II) completely.

Nevertheless, dosages, expressed in mg/L, remain unchanged and were found to be
comparable, i.e. 2.5 mg KMnO,/mg Mn(I) versus 3.2 mg Cl0,/mg Mn(ID.

In summary, the performance of chlorine dioxide was similar to that of potassium
permanganate for manganese(II) oxidation.

Three main decisions were derived from the batch performance evaluations of chemical
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oxidant addition to complement the diffused aeration process. These were:

1. Hydrogen peroxide and potassium permanganate were not to be evaluated at pilot scale

in a continuous operating mode.

2. Among the chemical oxidants studied, chlorine dioxide was the oxidant of choice due to:
its ability to completely oxidize manganese(II) at 6.5 x stoichiometric dosage and
hence promote a complete removal of manganese(IV) during sand filtration,
its high rate of oxidation, requiring minimal reaction time, and hence making it
feasible to add it on-line, instead of requiriﬁg a mixed reactor and detention time,
its dual oxidant-disinfecting action, which surpasses that of the other chemical
oxidants studied®, and
its lower reactivity with organics in typical water treatment applications®
in contaminated groundwater remediation applications®.

3. Although the effectiveness of sodium hypochlorite was not found comparable to that of

chlorine dioxide, evaluation of sodium hypochlorite at pilot scale would be conducted, due

to its potentially lower operating costs, and to other logistic factors specific to water

, and

treatment operations in the Municipality of Waterloo.

53 Diffused Aeration - Chemical Oxidation - Direct Contact Sand Filtration

The diffused aeration - chemical oxidation - direct contact sand filtration process train
was first operated for several hours, to assess under a continuous operating mode, the
performance of the chemical oxidation component of the train and the ability of the sand filter
to remove the oxides (and other suspended solids) formed (Section 5.3.1). The optimum train
was then operated continuously for a longer period of time (several days) to gather long-term
data such as overall performance of the process train, mass storage capacity of the sand filter

and backwash water characterization (Section 5.3.2).

5.3.1 Preliminary Performance Evaluation: Short Duration Runs

Five runs were completed to evaluate iron and manganese removal by the diffused
aeration - chemical oxidation - direct contact sand filtration (A - O - F) process train.

The A - O - F train was operated for several hours at a time to allow for multiple
sampling along the sequence of process elements. During this evaluation, the diffused aeration
vessel was operated at predetermined optimum conditions, namely at an oxidation pH of 7.6 and

a hydraulic retention time of 28 minutes. The independent variables in this phase of
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experimentation included 1) chemical oxidant type (ClO,, NaOCl); 2) chemical oxidant dosage
(1, 7, 10 x stoichiometric for Cl0,, 50 x stoichiometric for NaOCl); and 3) chemical oxidation
reaction time (2, 3, 12 minutes for C10,, two minutes for NaOCl). The experimental results are
presented below.

Raw data are presented in Appendix F.

A control run (Run 1a), without post-aeration oxidant addition, evaluated manganese(II)
removal in the sand filter by purely adsorptive processes. About 90% iron(II) was oxidized in
the diffused aeration vessel; the residual iron(II) in solution in the aerated groundwater was
0.19 mg/L. About 98% of the iron was removed in the sand filter; the total iron concentration
in the treated water was 0.03 mg/L. Oxidation of remaining iron(II) took place in the sand filter
bed. (ferric formation in sand filter = 99%). Similar observations were presented earlier in
Section 1.0 (Figure 1). The oxidation and removal profiles for iron, described for the control run
(1a), followed closely the profiles observed during all subsequent diffused aeration - chemical
oxidation - direct contact sand filtration runs (1 — 5).

Manganese, however, was neither oxidized in the diffused aeration vessel, nor removed
in the sand filter bed. Hence, the removal of manganese observed in later runs can be
attributed to either direct oxidation by a chemical oxidant or to catalytic oxidation in the sand

bed promoted by the added oxidant.

Chlorine Dioxide

Four runs evaluated the performance of chlorine dioxide to oxidize and promote the

removal of manganese in the filter bed.

Chlorine dioxide was tested successfully at 7 x (Run 4) and 10 x (Runs 1 and 3)
stoichiometric dosages. Results for Run 1 showed complete manganese oxidation within 12
minutes in the detention vessel. v

On-line addition of chemical oxidant (Runs 3 and 4), in the filter influent, was found just
as effective as oxidation in the detention vessel. Results for Runs 3 and 4 showed complete
manganese oxidation within the two - three minutes reaction time. During Run 2, a
malfunction of the chemical oxidant addition dosing pump resulted in a low dosage of only 1 x
stoichiometric requirement. As expected, low manganese oxidation and removal ( ~ 10%) was
observed.

It was, therefore, concluded that the diffused aeration - chemical oxidation (Cl0,) - direct

contact sand filtration process train was effective in removing iron and manganese from the W-5
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groundwater. The operating requirements for the A - O(Cl0O,) - F process train were:

Diffused Aeration Vessel: Aeration pH = 7.6
Hydraulic retention time = 28 minutes
On-Line Chemical Oxidant Addition: Oxidant type = ClO,

Oxidant dosage = 7 x stoichiometric

Reaction time = 2 minutes
Direct Contact Sand Filtration: Sand bed depth = 1.1 m

Sand effective diameter = 0.52 mm

Filtration rate = 4.25 x 10° m/s
Figures 7 and 8 illustrate the performance profile of this train (Run 4) for iron and manganese
removal. As shown in Figure 7, iron removal performance resembles that of the conventional
process. By comparison, as seen in Figure 8, minimal oxidation of manganese occurs in the
absence of Cl0,. Immediately following the addition of this oxidant, dissolved manganese fell
from 0.11 to 0.01 mg/L. These manganese solids were removed by the filter, for an effluent

concentration of 0.01 mg/L total manganese.

Sodium Hypochlorite _
Run 5 confirmed the previously observed performance of sodium hypochlorite during the

pilot scale batch evaluation (Section 5.2). Figures 9 and 10 illustrate the performance profile

of this train (Run 5) for iron and manganese removal.

When sodium hypochldrite, at 56 x stoichiometric, reacted with aerated water in the
ﬁlte;‘ influent (two minutes reaction time), 65% of the manganese was oxidized. As a result,
manganese(II) fell from 0.13 mg/L to 0.05 mg/L. Some indication that a partial catalytic
oxidation of the residual manganese(II) occurred in the sand bed, was recorded. The sand bed
reduced the level of manganese(II) from 0.05 mg/L to 0.02 mg/L. Overall, 88% of the manganese
was removed by the train. The total manganese concentration in the effluent of the process
train was 0.02 mg/L.

Hence, it was concluded that the performance of the A - O - F process train, for iron and
manganese removal, was comparable, when either NaOCl (50 x stoichiometric) or ClO, (7 x

stoichiometric) are used.
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5.3.2 Performance Evaluation: Continuous Operation

The A - O(ClO,) - F process train was operated continuously for five days.

The following points were sampled fourteen times during this period:

- Raw groundwater (before aeration vessel)

- Post-Aeration (before on-line addition of ClO,)

- Pre-Filtration (after on-line addition of ClO,)

The effluent from the process train (Post-Filt) was sampled forty-one times during this
period. Raw data are presented in Appendix G. Figures 11 and 12 illustrate the performance
profile of the train for iron and manganese removal during this five-day period.

During continuous operation, the process train removed an average of 98% iron and 93%
manganese. Groundwater entered the train with 2.07 mg/L iron and 0.15 mg/L manganese and
left with only 0.05 mg/L iron and 0.01 mg/L manganese.

Breakthrough of iron ( > 0.30 mg/L) and of manganese ( > 0.05 mg/L) did not occur
during the five days of continuous operation, so data for calculating the bed’s maximum storage
capacity were not obtained. The mass storage capacity of the bed was not accurately
determined, but a conservative estimate is provided. The mass storage capacity of the sand
filter was greater than 1.0 kg suspended solids/m® sand, of which 0.4 kg was Fe and 0.03 kg was
Mn.

Backwash of the sand bed consisted of first air scouring then backwashing with water,

as described in Section 4.1.5. Table 13 shows the content of suspended solids in samples of

backwash water collected over 50 minutes. The backwash water requirement was low. Less .

than one percent of the total volume of treated groundwater was required to properly clean the
sand bed.
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i
TABLE 13 TEMPORAL CHANGES IN CONCENTRATIONS OF SUSPENDED
SOLIDS IN THE SAND FILTER BACKWASH WATER '
TIME SUSPENDED SOLIDS CONTENT
(min) (mg/L) I
<1 > 53 000
2 > 53 000 '
4 878
6 , 314 .
8 131
10 15 '
12 13
14 11 I
16 6 =
18 7 '
20 5
22 5 {I
24 3
26 1 l
28 3
30 1 I
40 1 ‘
50 1 '
i
|
i
i
32 I
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6.0 PILOT SCALE TREATABILITY STUDIES: ENHANCED AERATION
PROCESS I - CONTINUOUS RECYCLE LOOP

This section presents studies conducted to develop a modified diffused aeration - direct
contact filtration process train. In this train, a fraction of the effluent from the diffused aeration

vessel was recycled continuously to the vessel’s influent line.

6.1 | Continuous Recycle Loop - Diffused Aeration Process

Seventeen runs were completed to evaluate the rates of oxidation of iron and manganese
in the diffused aeration vessel, when 10% or 20% of the effluent from the vessel was recycled
to its influent point. To assess if solids in the recycled stream influenced the rates of oxidation,
the first tests involved recycling 20% of the effluent stream. If the process increased reaction
rates, additional runs would be conducted with recycling 10% of the effluent stream.

Furthermore, only a few experimental runs were conducted with design/operational
requirements (HRT, pH) more demanding than those determined during the optimization of the
conventional diffused aeration process. This is due to the added cost(s) directly related to the
implementation of a recycle treatment system. Hence, to warrant the installation and operation
of such a system, an improvement in the oxidative/removal performance of the train is required.

Raw data are presented in Appendix H.

A summary table and figure are presented below. Table 14 summarizes the iron and
manganese oxidation results from all seventeen runs. Figure 13 shows the percent ferric
formation at various hydraulic retention times, and at a pH of 7.6.

The concentration of total iron in the raw groundwater varied between 1.89 mg/L and
2.09 mg/L. The concentration of total manganese in the raw groundwater varied between
0.11 mg/L and 0.20 mg/L. Iron(I) was effectively oxidized at a pH of 7.6. The oxidation of
about 95% of the iron, at a pH of 7.6, still required a hydraulic retention time of 28 minutes
(Figure 13), even when 20% of the effluent was recycled. Complete iron oxidation was observed

at a pH of 7.8, but still required approximately 23 minutes.
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TABLE 14 ENHANCED AERATION RUNS: CONTINUOUS RECYCLE LOOP
PROCESS
RECYCLE FERRIC MANGANIC RUN
pH HRT RATIO FORMATION | FORMATION | NUMBER
(min) (%) (%) (%)
74 5.6 20 35 16 4
74 7.5 20 40 7 6
7.6 5.6 20 43 11 5
7.6 7.5 20 72 7 7
7.6 11.3 20 65 1 8
7.6 13.2 20 4 n.d. 14
7.6 15.0 20 84 4 13
7.6 17.3 20 87 7 12
7.6 22.5 10 87 12 1
7.6 22.5 10 86 12 1d
7.6 22.5 20 89 9 2
7.6 22.5 20 89 14 2d
7.6 22.5 20 93 19 10
7.6 25.0 20 87 14 17
7.6 25.0 20 : 87 18 17d
7.6 28.1 20 92 14 11
7.6 28.1 20 98 17 16
7.6 28.1 20 93 n.d. 16d
7.6 28.1 20 98 n.d. 16t
7.6 32.1 20 93 1 15
7.6 32.1 20 97 14 15d
7.6 32.1 20 98 9 15t
7.8 11.3 20 68 9 9
7.8 22.5 20 100 8 3
7.8 22.5 20 100 8 3d
n.a.; not available n.d.: non-detectable

Manganese(II) was not oxidized appreciably in the diffused aeration vessel under any

of the experimental conditions subjected.

Two main conclusions were drawn from the performance evaluation of the diffused

aeration - continuous recycle loop process. These were:

1.

At these ratios, the design/operating requirements for iron(Il) oxidation were similar to
those of the conventional diffused aeration process. Also, the oxidation of manganese(II)
was not promoted. The conventional diffused aeration process was equivalent to the

diffused aeration continuous recycle loop process, for recycle ratios of 20% or less.
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2. The addition of a chemical oxidant will be required, following aeration, to oxidize

manganese(II).

6.2 Diffused Aeration - Continuous Recycle Loop - Chemical Oxidation - Direct

Contact Sand Filtration Process

Due to the similarity between this process and the conventional process, only one run
was completed to demonstrate the effectiveness of chlorine dioxide (Cl10,) for manganese(II)
oxidation. The process train was operated for several hours to allow for four samplings along
the sequence of process elements. The diffused aeration vessel was operated at a pH of 7.6, a
hydraulic retention time of 28 minutes and a recycle ratio of 20%. ClO,, at 6 x stoichiometric,
was addéd to the filter influent (reaction time = 2 minutes). The filtration rate was
4.25 x 10® m/s.

Raw data are presented in Appendix 1. Figures 14 and 15 illustrate the performance
profile of this train for iron and manganese removal.

About 96% of the iron was oxidized in the aeration vessel; the concentration of iron(II)
in the aerated groundwater was 0.09 mg/L. About 98% of the iron was removed in the sand
filter. Residual iron(II) was eventually completely oxidized in the sand filter bed.

About 95% of the manganese(Il) was oxidized following ClO, addition, at
6 x stoichiometric. About 94% of the manganese was removed in the sand filter; the
concentration of total manganese in the treated water was 0.01 mg/L.

The results of this study showed that recirculating 20% of the effluent from the diffused
aeration vessel did not improve iron or manganese oxidation.

In light of this finding, there was no need to operate this modified train continuously to

gather long-term performance data.
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7.0 PILOT SCALE TREATABILITY STUDIES: ENHANCED AERATION PROCESS II
- SLUDGE ADDITION

This section presents the data and conclusions of the experimental studies which were
conducted to develop another modified diffused aeration - direct contact filtration process train.
In this train, sludge collected from the sand filter backwash water was recirculated to the
influent line of the diffused aeration vessel.

71 Sludge Addition - Diffused Aeration Process

Fourteen runs were completed to evaluate the rates of oxidation of iron and manganese
in the diffused aeration vessel, when added sludge maintains a high concentration of iron(IIl)
in the vessel. This work assessed if the rates of oxidation of iron and manganese were
accelerated by increasing total iron by up to 500% in the diffused aeration vessel. The first step
was to assess if these rates were augmented by increasing the total iron concentration in the
aeration vessel by a maximum of 500% (sludge addition factor = 5). If reaction rates were
increased, additional runs would be conducted at lower sludge addition factors to assess the
impact of lower SAF on the rates of iron and manganese oxidation.

Sludge was generated by operating, at night, the diffused aeration - direct contact sand
filtration process train. It consisted, therefore, mainly of iron(III).

Raw data are presented in Appendix J. A summary table and figure are presented
below. Table 15 summarizes iron and manganese oxidation results from all fourteen runs. The
data collected at a pH of 7.6 and SAF of 4 - 7 has been plotted and presented in Figure 16. For
better illustrative purposes, the data collected previously during the conventional diffused
aeration process (SAF = 0) has also been plotted (overlay plot) and shows the similarity in
oxidation kinetic profile.

The concentration of total iron in the raw groundwater varied between 1.99 mg/L and
2.12 mg/L. The concentration of total manganese in the raw groundwater varied between

0.12 mg/L and 0.17 mg/L.

"Sludge addition factor (SAF) = mg Fe added to the diffused aeration vessel/mg Fe in raw
groundwater
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TABLE 15 ENHANCED AERATION RUNS: SLUDGE ADDITION PROCESS
SLUDGE )

ADDITION FERRIC MANGANIC RUN
pH HRT FACTOR FORMATION FORMATION | NUMBER
' {min) (%) _ (%) (%)

74 4.0 314 67 6 3
74 4.1 0.0 14 n.d. 7
7.4 4.1 2.1 16 n.d. 10
7.6 4.0 58.6 90 .3 1
7.6 4.0 58.6 89 12 1d
7.6 4.0 30.1 n.a. 4 2
7.6 4.0 30.1 81 12 2d
7.6 4.1 17.8 74 13 4
7.6 4.1 3.7 39 n.d. 5
7.6° 4.1 0.0 22 n.d. 6
7.6 4.1 5.3 ‘ 53 n.d. 8
7.6 4.1 1.9 20 3 9
7.6 4.1 12.0 47 2 11
7.6 11.1 6.9 67 n.d. 13
7.6 14.8 6.1 82 n.d. . 12
7.6 22.3 : 5.1 92 n.d. 14
n.a.: not available n.d.: non-detectable

About 92% of iron was oxidized at a pH of 7.6, a SAF ~ 5, and a hydraulic retention time
greater than 22 minutes. For comparison, the conventional diffused aeration process achieved
similar iron oxidation results at the identical pH and comparable retention time.

Manganese(II) was not oxidized, within experimental error, in the diffused aeration
vessel under any of the experimental conditions subjected. |

In a few experimental runs, outside the original mandate of this study, a large quantity
of iron(III) was recirculated to the diffused aeration vessel. Sludge addition factors of 0 to 59
were experimented with, for an oxidation pH of 7.6 and for a hydraulic retention time of
four mmutes Figure 17 presents ferric formation as a function of SAF, when the oxidation pH
is 7.6 and the hydraulic retention time of the groundwater in the diffused aeration vessel is
approximately four minutes.

At a SAF = 59, 90% of iron(II) was oxidized in the aeration vessel. In contrast,
manganese(II) was not oxidized, within experimental error, in the diffused aeration vessel, at

any SAF. Hence, sludge addition, when SAF = 59, decreased the hydraulic retention time
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required for virtually complete ferric formation, from approximately 28 minutes to four minutes.
Three main conclusions were drawn from the performance evaluation of the diffused

aeration - sludge addition process. These were:

1. For sludge addition factors less than 7, the design/operation requirements for iron(Il)
oxidation were similar to those determined during the convéntiona.l diffused aeration
process. Similarly, the oxidation of manganese(II) was not promoted even at a SAF of 7.

2. For a sludge addition factor of 59, the rate of oxidation for iron(II) was substantially
promoted. A hydraulic retention time of four minutes was required to oxidize 90% of
iron(IT). Recirculation of the sludge did not, however, promote manganese(II) oxidation.

3. The addition of a chemical oxidant is required, following aeration, to oxidize

manganese(II).

7.2 Diffused Aeration - Sludge Addition - Chemical Oxidation Process

Five batch pilot scale runs were completed to evaluate the performance of ClO, and
NaOCl to oxidize manganese(II), when solids were recirculated to the diffused aeration vessel.

The diffused aeration vessel was operated at a pH of 7.6 and a hydraulic retention time
of 22 minutes and for sludge addition factors of 5 - 6.

The experimental procedure for this batch chemical oxidation study resembles that
described earlier in Section 5.2. Lower dosages of Cl0, and NaOCl were also incorporated in
the experimental program to assess the minimum requirement for manganese(Il) oxidation.
These were 1.3 x stoichiometric, 4.5 x stoichiometric and 7.0 x stoichiometric for ClO,; and
35 x stoichiometric and 58 x stoichiometric for NaOCl.

Raw data are presented in Appendix K. ,

About 96% of iron(II) was oxidized in the diffused aeration vessel. The concentration of
total manganese in the raw groundwater was stable at 0.14 mg/L. Dissolved manganese(II)
concentrations in the raw groundwater remained the same following aeration, indicating that
no oxidation of manganese(II) occurred in the diffused aeration vessel.

The performahce of sodium hypochlorite for manganese(II) oxidation was poor. Dosages
well above stoichiometric requirement were still required to oxidize manganese. The residual
soluble manganese(II) concentration was 0.05 mg/L, for a NaOCl dosage of 58 x stoichiometric.
This oxidant demand was similar to that required when no solids were recirculated to the
diffused aeration vessel (Conventional Diffused Aeration Process).

Similarly, the performance of chlorine dioxide for manganese(II) oxidation was equivalent
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to that observed when no solids were recirculated to the diffused aeration vessel. At
7 x stoichiometric, ClO, effected a virtually complete manganese(II) oxidation, resulting in
soluble manganese(IT) concentration of less than or equal to 0.02 mg/L.

In conclusion, the performances of ClO, and NaOCl observed during these batch
experimental runs were not enhanced by the presence of additional solids (SAF = 5-6).

7.3 Diffused Aeration - Sludge Addition - Chemical Oxidation - Direct Contact Sand
Filtration Process
The diffused aeration - sludge addition - chemical oxidation - direct contact sand
filtration process train was first operated continuously for short periods to evaluate the
pexjformance of the chemical oxidation component of the train and the ability of the sand filter
to remove the oxides formed. After these data were reviewed, the optimum train was then run
continuously for a longer period of time to assess the overall performance of the process train

and mass storage capacity of the sand filter.

7.3.1 Preliminary Performance Evaluation: Short Duration Run

Two runs were completed to evaluaie iron and manganese removal by the diffused
aeration - sludge addition - chemical oxidation - direct contact sand filtration (A -S - O - F)
process train. The A - S - O - F train was operated for a couple of hours at a time for both runs.
The diffused aeration vessel was operated at a pH of 7.6, a hydraulic retention time of
23 minutes and a sludge addition factor of approximately 6. For Run 1, Cl1O, was added on-line
(reaction time = 2 minutes) to the filter influent at 6.5 x stoichiometric. For Run 2, NaOCl was
added on-line (reaction time = 2 minutes) in the filter influent at 50 x stoichiometric. The
filtration rate was 5.3 x 10° m/s. The experimental results are presented below. Raw data are
presented in Appendix L. The performance profile of this train for iron and manganese removal
is illustrated in Figure 18 (ClO,) and in Figures 19 and 20 (NaOCl).

As shown in Figures 18 and 19, about 87% of iron(II) was oxidized in the diffused
aeration vessel. Iron was effectively removed in the sand filter; this treated water contained
no iron (Mean Total Iron Removal = 100%). About 94% of manganese(II) was oxidized following
ClO, addition. Overall, 95% of the manganese was removed in the sand bed; this treated water
contained 0.01 mg/L of manganese.

NaOCl oxidized only 37% of manganese (II). Because of this poor performance,

0.09 mg/L of manganese(II) remained in the treated water (Figure 20). However, data suggest
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that this residual soluble manganese(II) was oxidized in the sand bed: 89% of the residual
manganese(II) was catalytically oxidized there (heterogeneous oxidation). Overall 97% of the
manganese was oxidized by the process train, so that treated water contained 0.01 mg/L
manganese. It should be noted that heterogeneous oxidation of manganese(Il), noted to take
placé in the sand bed, was also previously observed, to a lesser extent, during the performance
evaluation of the diffused aeration - chemical oxidation - direct contact sand filtration process
train (Figure 10).

Hence, it was concluded that the diffused aeration - sludge addition - chemical oxidation -
direct contact sand filtration process train was effective in removing iron and manganese from
the W-5 groundwater, when sodium hypochlorite (50 x stoichiometric) or chlorine dioxide
(7 x stoichiometric) were used as oxidants.

‘ Although this process train, at a SAF less than 7, did not demonstrate any advantages
over the conventional diffused aeration process, a longer performance evaluation was
undertaken in order to determine the overall performance of this ;;rocess train until

breakthrough of the sand bed.

7.3.2 Performance Evaluation: Long-Term Continuous Operation

The diffused aeration - sludge addition - chemical oxidation - direct contact sand
filtration was operated continuously for fifteen hours.

The following points were sampled three times during that period:

- Raw groundwater (before sludge addition)

- Post-Sludge (before aeration vessel)

- Post-Air (before on-line ClO, addition)

The effluent from the process train (Post-Filt) was sampled 11 times over the 15-hour
period at approximately one-hour intervals. Raw data are presented in Appendix M. The
performance profile of this train for iron and manganese is illustrated in Figures 21 and 22,
respectively.

The mean concentrations of total iron and manganese in the raw groundwater were
2.07 mg/L and 0.17 mg/L, respectively. After the sludge was added (SAF = 7.4) to the raw
groundwater, the mean concentrations increased from 2.07 mg/L to 15.37 mg/L for iron and
0.17 mg/L to 1.19 mg/L for manganese. )

Sludge, being continuously generated nightly during the operation of the diffused
aeration - chemical oxidation - direct contact sand filtration process train, had a high content

in iron(III) and manganese(IV) oxides.
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Rapid reduction of manganese(IV) to manganese(II) was observed:immediately following
sludge addition in the diffused aeration vessel influent (Figure 22). Correspondingly, rapid
oxidation of iron(II) to iron(II) was observed (Figure 21), prior to aeration. Sludge addition
resulted in the oxidation of (2.01 mg/L - 0.49 mg/L) 1.52 mg/L of dissolved iron (mean ferric
formaﬁon = 76%) prior to aeration, and in the reduction of (0.76 mg/L - 0.17 mg/L) 0.59 mg/L
of manganese. Because levels of dissolved manganese(II) rose, more ClO, had to be added in
the filter influent to complete manganese oxidation and removal. However, the chemical
oxidant dosage of seven times the stoichiometric requirement of manganese(Il) in the raw
groundwater was left unchanged to demonstrate the effect of recirculating sludge to the diffused
aeration vessel.

Remaining dissolved iron(II) was effectively oxidized in the diffused aeration vessel
(méan ferric formation = 97%). Dissolved manganese(II) was, as expected, incompletely oxidized
by Cl0, (mean manganic formation = 66%). The mean concentration of dissolved manganese(II)
in the filter influent was 0.22 mg/L and was found to exceed the mean dissolved manganese(II)
concentration in the raw groundwater of 0.17 mg/L (Figure 22).

Breakthrough of manganese was readily observed only two hours into the run; the
postfilter total manganese concentration was 0.16 mg/L. Breakthrough of iron was observed
eleven hours into the run. The mass storage capacity of the sand filter was equal to or less than
6.2 kg suspended solids/m® sand, of which < 2.5 kg was Fe and < 0.04 kg was Mn.

| In conclusion, the performance of the diffused aeration - sludge addition - chemical
oxidation - direct contact sand filtration process train was poor. This was attributed to two
factors. These were: _

1. The reduction of manganese oxides(IV) and the corresponding oxidation of iron(II) in the
raw groundwater prior to aeration: the use of this costly oxidant (manganese oxides)
defeats the purpose of using air to oxidize iron(II). Furthermore, the reduced
manganese, hence produced, demands a substantially higher dosage of the costly
chemical oxidant, ClO,, in ordér to enable the treated water to meet its manganese
objectives.

2. Early breakthrough of manganese oxides (and dissolved manganese) was observed.
Hence, an unexpectedly high frequency of backwashes is required when sludge is
recirculated to the diffused aeration vessel.

Since the present process did not demonstrate any performance advantage over the
conventional diffusgd aeratioh process, the requirements for frequent backwashes and for the

installation of a sludge recirculation process cannot be substantiated.
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8.0 PILOT SCALE PERFORMANCE EVALUATION OF RECOMMENDED PROCESS
TRAIN: CONVENTIONAL DIFFUSED AERATION PROCESS

The diffused aeration - chemical oxidation (C10,) - direct contact sand filtration process
train was selected for its good performance and simplicity over the enhanced aeration processes
in which solids were recirculated to the diffused aeration vessel.

This recommended process train was operated continuously for seven days. The

operating requirements for the A - O(Cl0,) - F process train were:

Diffused Aeration Vessel: aeration pH = 7.6
hydraulic retention time = 23 minutes
On-Line Chemical Oxidant Addition: oxidant type = ClO,

oxidant dosage (Cl0, — CI) = 7 x stoichiometric
reaction time = 2 minutes
Direct Contact Sand Filtration: sand bed depth = 1.1 m
sand effective diameter = 0.52 mm
filtration rate = 5.3 x 10° m/s
The following points were sampled eighteen times during that period:
- Raw Groundwater (before aeration vessel)
- Post-Air (before on-line C10, addition)
- Pre-Filt (after on-line ClO, addition)
The effluent from the process train (Post-Filt) was sampled seventy-eight times during
that period.
Raw data are presented in Appendix N. The performance profile of the recommended
process train is illustrated in Figures 23 and 24.
The mean concentrations of total iron and manganese in the raw groundwater were
2.02 mg/L and 0.17 mg/L, respectively. About 81% of iron(II) was oxidized in the diffused
aeration vessel at a hydraulic retention time of 22 minutes and a pH of 7.6. Manganese(II) was
not oxidized, within experimental error, in the diffused aeration vessel.
Cl0, addition, at 7 x stoichiometric, oxidized 82% of manganese(II) and left a residual
of 0.03 mg/L, in the filter influent.
Iron and manganese solids were effectively removed in the sand filter throughout the
duration of the experimental run. The mean total iron and manganese concentrations in the

effluent of the process train were 0.05 mg/L and 0.02 mg/L, respectively.

48

/ . ;
¢ : Nl B am Ny R Ay W



g.m

1.807

3

1.40
1.207
1.00+
0.801
0.60+
0.40
0.20-

CONCENTRATION (mg/L)

202 200

1.95

0.05
-

0.00

0.00

FIGURE 23 PERFORMANCE EVALUATION OF A - O (C10,) - F PROCESS TRAIN:

RAW  POSTAR

e TOTAL IRON
*Oxidant added at this point

IRON RESULTS

PREFILT  POSTFLT

DISSOLVED IRON

0.101

CONCENTRATION (mg/L)
o
q

0.051

0.17 047 0.17

029

0.00

FIGURE 24 PERFORMANCE EVALUATION OF A - O (Cl10,) - F PROCESS TRAIN:

RAW  POSTAR

EZB TOTAL MANGANESE
* Oxidant added at this point

MANGANESE RESULTS

49

PREFLT ~ POSTFALT

d DISSOLVED MANGANESE




9.0 CONCLUSIONS

The primary objective of the investigation was to maximize iron and manganese
oxidation and removal processes. The development work focused on increasing the rates of
oxidation of iron and manganese in a diffused aeration vessel, through the introduction of iron
and manganese solids to the diffused aeration vessel.

Two enhanced processes were investigated, and compared to a conventional co-current
diffused aeration - direct contact sand filtration process train. These were: 1) a continuous
recycle loop process, where a fraction of the aeration vessel effluent was recycled to the vessel’s
influent line; and 2) a sludge recirculation process, where sludge, collected from the sand filter
backwash water, was recirculated to the diffused aeration vessel influent line.

Based on the performance evaluations of the three process trains, the following

conclusions were formulated:

1 Diffused aeration of the groundwater is technically feasible, and was found effective in
the oxidation of iron(II) to iron(IIl), at a pH of 7.6 and a hydraulic retention time of 23
minutes. S '

2. Diffused aeration was not found effective for the oxidation of manganese(II) for pH

values equal to or below 7.8. Hence, the addition of a chemical oxidant is required,

following aeration.

3. Chlorine dioxide was found effective for the rapid on-line oxidation of manganese(II) to
manganese(IV).
4, The diffused aeration - on-line chlorine dioxide addition - direct contact sand filtration

process train was found highly effective in removing iron and manganese,. resulting in
levels of these metals below drinking water objectives.

5. The continuous recycle of 20% of the aeration vessel effluent to its influent point did not
promote iron or manganese oxidation in the diffused aeration vessel. The
design/operating requirements of the continuous recycle loop process were equivalent to
those of the conventional diffused aeration process, for recycle ratios of 20% or less.

6. The recirculation of iron(III) sludge to the aeration vessel influent, for total iron
concentration increases of up to 700% in the groundwater undergoing aeration, did not
increase the rates of oxidation of iron or manganese. The design/operating requirements
of the sludge addition process were equivalent to those of the conventional diffused

aeration process, for sludge addition factors of seven or less.
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The recirculation of iron(III) and manganese(IV) sludge to the aeration vessel influent
was found detrimental to the operation of an iron and manganese removal process train.
Chemical reduction of manganese oxides coupled with oxidation of iron(Il) in the raw
groundwater, immediately prior to aeration, was observed, defeating the purpose of using
air to oxidize iron(II). Furthermore, the resulting reduced xhanganese exerted a
substantially higher chemical oxidant demand in order to enable the treated water to
meet drinking water objectives for iron and manganese. Early breakthrough of
manganese oxides from the sand filter bed was observed, resulting in a substantial
decrease in the maximum mass storage capacity of the bed.

A few additional runs, outside the original mandate of the study, were conducted with
large quantities of iron(IIT) sludge recirculated to the diffused aeration vessel. SAF
greater than 50 substantially increased the rate of oxidation of iron in the diffused
aeration vessel. The hydraulic retention time required for complete iron oxidation
decreased from 28 minutes to four minutes.

The selected process train was the diffused aeration - chemical oxidation - direct contact
sand filtration process train. It was demonstrated most effective in removing iron and
manganese from the groundwater without requiring the addition of coagulant, flocculant
or aqueous pH conditioner. The process train minimizes the number of unit processes
required for iron and manganese removal and minimizes sludge production. The
optimum design/operating parameters, based on the pilot scale process train treatability

studies, are presented in Table 16.

TABLE 16 RECOMMENDED PROCESS TRAIN: DIFFUSED AERATION -

CHEMICAL OXIDATION - DIRECT CONTACT SAND FILTRATION

PROCESS ELEMENT DESIGN/OPERATING PARAMETERS
pH: 7.6
Diffused Aeration Vessel Hydraulic Retention Time: 22 minutes

On-Line Addition (Reaction Time < 2 minutes)

Chemical Oxidation Oxidant Type: CIO,
Oxidant Dosage (C10, — CI): 7 x stoichiometric

Sand Bed Depth: 1.1 m
Direct Contact Sand Filtration Sand Effective Diameter: 0.52 mm
Filtration Rate: 5.3 x 10° m/s
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10.0 RECOMMENDATIONS

Recommendations for future experimental work to improve the performance of the
diffused aeration - on-line C10, addition - direct contact sand filtration process train, include the
development and evaluation of an enhanced sand filtration operation, during which
manganese(II) oxidation (and removal) would be conducted.

The proposed study would require a properly engineered oxide-coated sand media bed
which would act as an effective adsorber of soluble manganese, an oxidizing contact medium and
a filter medium. The intent of the work will be to achieve a high oxidative capacity of the
modified sand bed, and the substitution of a strong regenerating chemical oxidant, such as

potassium permanganate, by a weaker one.
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APPENDIX A

Analytical Procedures



Iron

Total iron content was determined by the phenanthroline method. Iron is brought into
solution through a digestion step, reduced to the ferrous(II) state by boiling for approximately
one (1) hour with hydrochloric acid and hydroxylamine hydrochloride. The total iron content
of the sample was then determined through the addition of 1,10-phehanthroline at a pH of 3.0-
3.5, and a photometric measurement at 510 nm.

. The observed absorbanée value was then translated into an iron concentration value by
means of a calibration curve. The method was slightly modified to take into account the
presence of interfering agents, strong residual chemical oxidants and high concentrations of
iron. Interferences associated with the presence of inorganic/organic agents were resolved by
the addition of larger amounts of the reducing agent hydroxylamine (5 x more than the amount
recommended in standard methods) and of the complexing agent phenanthroline (2 x more).
With these modifications implemented, the analytical determination of iron, using the
phenanthroline method, matched the values obtained using an atomic absorption (AA) unit.
Figure A1 illustrates a typical iron calibration curve. Figure A2 depicts a calibration curve that
attempted to relate absorbance values to the high iron concentrations which were encountered
during the conduct of the Enhanced Aeration Process II: Sludge Addition. The data points
clearly indicate the presence of a linear relation between absorbance and iron concentration for
the range between 0 and 10 mg/L, and of a non-linear relation for iron concentrations exceeding
10 mg/L. Hence, groundwater samples with total iron concentration above 10 mg/L were diluted
to reduce their iron concentration below the 10 mg/L threshold value.

The phenanthroline method measures the total iron concentration in a groundwater
sample. In order to determine the valence of the iron, vacuum filtration, using a 0.45 pm -
cellulose acetate filter membrane, was carried out immediately following sample collection. This
procedure allowed an efficient capture of the iron oxides(III) on the filter membrane. Hence,
the filtrate obtained contained only dissolved iron(Il). The filtrate was then anaiyzed by the
phenanthroline method to give the iron(II) concentration.

The content of iron(III) was thereafter calculated by subtracting the iron(I)
concentration from the total iron concentration.

FERRIC FORMATION, measuring the extent of the oxygenation/oxidation reactions, was
calculated by subtracting the iron(II) content in the effluent of the process element studied, from
the iron(IT) content in the raw groundwater, divided by the iron(II) content in the raw

groundwater.
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TOTAL TRON REMOVAL, measuring the removal performance of a unit operation, was
calculated by subtracting the total iron content in the effluent of the unit operation studied from
the total iron content in the raw groundwater, divided by the total iron content in the raw
groundwater. _

Both Ferric Formation and Total Iron Removal represent cumulative values for

consecutive process elements, except when specifically stated otherwise.

Manganese
Total manganese content was determined by the 1-(2-Pyridylazo)-2-Naphthol/Triton X-

100 spectrophotometric method.

The method is based on the measurement of absorbance of the manganese-PAN chelated
complex, solubilized by a non-ionic surface active agent, Triton X-100. The observed absorbance
value was then translated into a manganese concentration value by means of a calibration
curve. Figure A3 illustrates a typical manganese calibration curve.

The discussion engaged above for the analytical determination of total iron, dissolved
iron(II) and iron oxides(III) applies here as well for the analytical determination of total
manganese, dissolved manganese(II) and manganese oxides(IV). The reader is asked to refer
back to it. . ' |

MANGANIC FORMATION, measuring the extent of thé oxygenation/oxidation reactions, was
calculated by subtracting the manganese(II) content in the effluent of the process element
studies, from the manganese(II) content in the raw groundwater, divided by the manganese(Il)
content in the raw groundwater.

TOTAL MANGANESE REMOVAL, measuring the removal performance of a unit operation,
was calculated by subtracting the total manganese content in the effluent of the unit operation
studied, from the total manganese content in the raw groundwater, divided by the total
manganese content in the raw groundwater.

Both Mangahic Formation and Total Manganese Removal represent cumulative values

for consecutive process elements, except when specifically stated otherwise.

Suspended Solids

Suspended solids were determined by vacuum filtration using 1.2 pm glass microfibre

filter paper. The filter paper was first rinsed with distilled water and then dried at 105-110°C,

cooled and weighed. The procedure was repeated until a constant weight was obtained. The
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difference between the weight of the dry filter paper before and after filtration gave the total
suspended solids content in the groundwater.

rH _
| A pH electrode was used to measure the pH of the groundwater sample.

Dissolved Oxygen
An oxygen-selective electrode was used to measure the dissolved oxygen concentration

in the groundwater.

Temperature

A thermometer was used to measure the temperature of the groundwater.

Total Alkalinity
Titration with 0.02 N H,SO, to a pH end point of 4.5 gave total alkalinity (expressed'in

mg CaCQO,/L) of the groundwater.

Hardness '
Hardness was measured by EDTA titration. This titration method depends on the ability

of EDTA to form stable unionized complexes with Ca or Mg.

A reaction-sensitive dye, Eriochrome Black T, was added to the groundwater. A pink
complex was formed. When the groundwater was then titrated with EDTA, which removed Ca
or Mg from the dye complex, the dye reverted back to its original blue colour. This marked the
end of the titration. Total hardness in the grouhdwater (expressed in mg CaCO,/L) was then
related to the amount of EDTA required.



APPENDIX B

Quality Assurance/Quality Control Programme



' QUALITY ASSURANCE/QUALITY CONTROL PROGRAMME

May 2, 1991:
Iron conc (mg/L)
No. - WTC on-site GW Lab
1 2.18 2.05
2 - 2.22 _ 2.05
3 2.27 2.03
4 1.43 1.21
5 0.20 : 0.14
6 0.16 , 0.14
Manganese conc (mg/L) .
No. wWTC ' on-site GW Lab
1 0.14 0.19
2 0.15 0.19
3 0.16 0.19
4 0.17 0.19
5 0.16 ” 0.20
6 0.16 0.20
May 6, 1991:
- Iron conc (mg/L)
No. - WTC on-site GW Lab
9 1.97 ' 1.84
10 0.04 : 0.00
11(9d) 1.99 ' ’ 1.85
12(10d) 0.03 ’ . 0.00
13 1.84 1.98
14 0.01 - 0.00
15(13d) 1.86 1.98
16(14d) 001 - 0.00



QUALITY ASSURANCE/QUALITY CONTROL PROGRAMME

Manganese conc (mg/L)

No wTC on-site GW Lab

1 <0.01 -0.00

2 0.02 0.02

3 0.04 0.04

4 0.05 0.06

5 0.09 0.08

6 0.11 0.10

7. 0.16 0.14

8 0.19 0.16

9 0.14 0.19

10 0.14 0.17

11(9d) 0.14 0.17

12(10d) 0.14 0.17

13 0.10 0.23

14 0.10 0.23

15(134d) 0.11 023

16(14d) 0.09 0.23

May 9, 1991:

Iron conc (mg/L)

No. WTC - on-site GW Lab Region®

1 2.14 n.a. 2.16 (2.04)

2 2.39 n.a. 2.08 (2.09)

3 1.33 n.a. 1.22 (1.26)

4 <0.01 0.00 ' 0.02 (0.03)
5 1.90 1.96 _ : n.a.

_ Manganese conc (mg/L)
No. WTC on-site GW Lab Region
1 0.86 0.75 (extrapolated fromour  0.94 (0.87)
0.00 to 0.40 ppm calibration curve) -

2 0.22 0.20 0.22 (0.20)
3 0.13 0.13 0.12 (0.15)
4 <0.01 0.01 <0.01 (<0.01)
5 0.08 n.a. 0.13(0.13)

* Laboratory of the Regional Municipality of Waterloo
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QUALITY ASSURANCE/QUALITY CONTROL PROGRAMME

OO

May 15, 1991:
Iron conc (mg/L)
No. wTC on-site GW Lab Region
1 1.980 1.97 . 2.039
2 2.000 1.97 2.005
3 0258 0.27 0.254
4 1.891 1.84 1.840
5 <0.05 0.00 <0.005
6 1.853 1.81 1.848
7 <0.05 0.00 <0.002
8 <0.05 0.00 <0.002
, Manganese conc (mg/L)
No. wrcC on-site GW Lab Region
0.131 0.10 0.126
0.131 0.10 _ 0.129
0.129 0.11 0.129
0.129 0.10 0.125
<0.01 0.00 <0.002
0.121 0.10 0.126 .
<0.01 0.00 . <0.002
<0.01 0.00 <0.002
June 10, 1991:
Iron conc (mg/L)
No. wTC on-site GW Lab Region
1 2.07 2.01 1.91
2 2.12 1.97 . 1.86
3 0.27 0.26 0.26
4 1.97 1.84 - 1.74
5 2.08 1.98 1.84
6 211 1.98 1.90
7 0.32 0.28 ' 0.29
8 1.93 1.83 1.76
9 2.07 1.96 1.79
10. 2.11 1.97 1.87
11 0.24 0.21 0.22
12 1.96 1.84 1.64
13 211 1.98 1.76
14 2.12 2.00 1.80
15 0.26 0.22 0.23
16 1.98 1.82 1.77
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QUALITY ASSURANCE/QUALITY CONTROL PROGRAMME

No. wrC
1 0.12
2 0.11
3 0.13
4 0.12
5 0.13
6 0.12
7 - 0.12
8 0.12
9 0.12
10 0.12
11 0.12
12 0.13
13 . 0.12
14 0.13
15 0.13
16 0.12

June 25, 1991:

No. wWTC
1 1.98
2 1.90
3 116
4 107
5 120
6 1.91
7 1.88
8 75
9 0.52
10 63
11 0.30
12 56
13 1.48

Manganese conc (mg/L)
on-site GW Lab

0.14
0.14
0.15
0.12
0.14
0.14
0.12
0.14.
0.13
0.14
0.12
0.13
0.14
0.14
0.13
0.12

Iron conc (mg/L)
on-site GW Lab

2.11
2.12
124
n.a.
124
2.04
2.03
62
0.38
60
0.31
62
1.58

B-4

Region

0.13
0.13
0.12
0.13
0.12
0.13
0.13
0.13
0.12
0.13
0.13
0.12
-0.12
0.11
0.13
0.14

1.93
1.73
116
122
124
1.78
1.79
67
0.53

- 0.30
73
1.44



QUALITY ASSURANCE/QUALITY CONTROL PROGRAMME

Manganese conc (mg/L)

No. wTC on-site GW Lab. Region

1 0.13 0.14 0.13
2 0.13 0.14 0.12
3 0.20 0.37 0.17
4 0.19 0.19 0.19
5 0.20 ' 0.46 0.18
6 0.12 0.14 0.12
7. 0.12 0.14 0.12
8 0.17 0.30 0.16
9 . 0.12 0.13 0.13
10 0.16 -0.27 0.17
11 0.11 0.12 0.12
12 0.18 0.33 . 0.16
13 0.11 0.14 0.13
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APPENDIX C

Groundwater Scans for Organics and Inorganics



SUBMISSTON SHEET FOR INORGANIC

ANAIL.YS IS .

REGION OF WATERLOO /FLABORATORY SERVICES.
100 Maplegrove Road, Cambridge, Ontario.
N3H 4R6. Phone (519) 885-9500.

_ACCOUNT No. :

SECTION 1.

PROJECT NAME ': WIC Iron/Manganese

DEPARTMENT : Water Operations

NAME

INVOICE TO : Water Operations

ADDRESS

SAMPLE SUBMITTED BY : D. Stendahl

RECEIVED AT LAB BY :

PHONE

FAX

DATE : Nov. 5/90

REPORT TO BE SENT TO :

SECTION 2.

D. Stendahl

SECTION 3.

SAMPLE NAME / I.D

ANALYSIS REQUIRED

FOR LAB USE ONLY.

' LABORATORY I.D. No.

WELL W5 RAW WATER BEFORE | METALS (ICAP SCAN) AND

FILTER : . GENERAL

CHEMISTRY

11-49

WELL W5 RAW WATER AFTER. | METALS (ICAP SCAN) AND

FILTER GENERAL

CHEMISTRY

11-49

ADDITIONAL COMMENTS :

FOR LAB USE ONLY.

SECTION 4.

'DATE OF FINAL REPORT

DATE FAX SENT
(WHEN REQUIRED) :

INVOICE No.

PREPARED BY

C-1



The
REGIONAL

. MUNICIPALITY
of WATERLOO

REPORT OF INORGANIC ANALYSIS

| PROJECT: WTC lron/Manganese Study

| DATE: NOV. 5/90 I LAB #: 11-49

SAMPLE LOCATION DATE AND LAB NUMBER

1149 1149
UNFILTERED FLYERED UNFILTERED FLTERED UNFILTERED FLTERED
930 1190
73 74
1360 1400
203.0 197.0
330 695
132 37.1
90 . 45
0.04 <0.01
<0.01 <0.01
<0.01 <0.01
0.18 0.09
<0.01 <0.01
1.85 0.32
0.13 0.14
204.1 202.8
462 436
Date : Authorized By
C-2



SUBMISSTITON SHEET FOR INORGANIC

ANAIL.YSITS .

REGION OF WATERLOO / LABORATORY SERVICES.
100 Maplegrove Road, Cambridge, Ontario.
N3H 4R6. Phone (519) 885-9500.

SECTION 1.

PROJECT NAME : WTC Iron/Manganese

DEPARTMENT : Water Operations

INVOICE TO : Water Operations

ACCOUNT No. :

SAMPLE SUBMITTED BY.: D. Stendahl

RECEIVED AT LAB BY :

DATE : Nov. 6/90

NAME :
ADDRESS :
PHONE :

Fax -

REPORT TO BE SENT TO :

SECTION 2.

D. Stendahl

SECTION 3.

FOR LAB USE ONLY.

SAMPLE NAME / I.D

ANALYSIS REQUIRED

LABORATORY I.D. No.

WELL W5 RAW WATER BEFORE | 202 11-78
FILTER
202 11-78

WELL W5 RAW WATER AFTER
FILTER .

ADDITIONAL COMMENTS :

FOR LAB USE ONLY.

SECTION 4.

DATE OF FINAL REPORT :

INVOICE No.

DATE FAX SENT
(WHEN REQUIRED) :

PREPARED BY




The
REGIONAL
MUNICIPALITY
of WATERLOO.

REPORT OF INORGANIC ANALYSIS

DATE: NOV. 6/90

I SAMPLE LOCATION DATE AND LAB NUMBER

|

LAB #: 11-78

I 11-78 11-78
UNFILTERED FLLTERED UNFILTERED FLTERED UNFLTERED FILTERED

1388 1270

73 7.7

660 680

53 40

20 10

100 35

- <0.01 <0.01

023 023

<0.01 <0.01

0.51 _021

<0.01 © <0.01

1.75 0.40

‘» <1.0 <1.0

013 0.13

0.55 0.61

025 0.21

l}mo : 780

Date

eIl B ARES
&)

N

Authorized By



SUBMISSION SHEET FOR INORGANIC

ANAIL.YSIS -

REGION OF WATERLOO / LABORATORY SERVICES.
100 Maplegrove Road, Cambridge, ontario.
N3H 4R6. Phone (519) 885-9500.

SECTION 1. SECTION 2.
PROJECT NAME : WfC Iron/Manéanese REPORT TO BE SENT TO :
DEPARTMENT : Water Operations NAME ; D. Stendahl
INVOICE TO : Water Operations ADDRESS :
ACCOUNT No. :
SAMPLE SUBMITTED BY : D. Stendahl
RECEIVED AT LAB BY : PHONE :
DATE : Nov. 5/90 FAX oo
. SECTION 3.
SAMPLE NAME / I.D " - ANALYSIS REQUIRED LABORATORY I.D. No.
WELL W5 RAW WATER BEFORE | METAL SCAN 11-48
FILTER
WELL WS RAW WATER AFTER 11-48

FILTER

METAL SCAN

WELL WS RAW WATER

GENERAL CHEMISTRY

ADDITIONAL COMMENTS :

FOR LAB USE ONLY.

SECTION 4.

DATE OF FINAL REPORT :

DATE FAX SENT
(WHEN REQUIRED) :

INVOICE No.

PREPARED BY

C-5



REGIONAL |
of WATERLOO REPORT OF INORGANIC ANALYSIS

PROJECT: WTC lrovManganese Study | DATE: NOV. 5/90 | LAB #: 11-48 |
l - SAMPLE LOCATION DATE AN.D LAB NUMBER
1148 1148
UNFLTERED FLTERED : UNFILTERED FLTERED
0.02 0.04
<0.01 <0.01
<0.01 <0.01
0.03 0.03
<0.01 . <0.01
4
1.90 1.87 i
0.13 0.12 '
2138 0.06
50.1 <0.01
Date . ' , Authorized By
C-6
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SUBMISSION SHEET FOR INORGANIC
ANATL.YSITS . .

REGION OF WATERLOO / LABORATORY SERVICES.
100 Maplegrove Road, Cambridge, Ontario.
- N3H 4R6. Phone (519) 885-9500.

SECTION 1.

PROJECT NAME : WTC Iron/Manganese

DEPARTMENT : Water Operations

INVOICE TO : Water Operations

ACCOUNT No. :

- SAMPLE SUBMITTED BY : D. Stendahl

RECEIVED AT LAB BY

DATE : Nov. 5/90

REPORT TO BE SENT TO :

NAME H
ADDRESS :
PHONE :
FAX . :

SECTION 2.

D. Stendahl

SECTION 3.

FOR LAB USE ONLY.

SAMPLE NAME / I.D

ANALYSIS REQUIRED

LABORATORY I.D. No.

WELL W5 METALS (UNFILTERED)

11-46

ADDITIONAL COMMENTS :

JFOR LAB USE ONLY.

SECTION 4.

DATE .OF FINAL REPORT

DATE FAX SENT

(WHEN REQUIRED) :

INVOICE No.

PREPARED BY




Th
of WATERLOO  GENERAL ANALYSIS

COMP, NAME AND LOCATION

WTC IRON AND MANGANESE REMOVAL

Q%
(
>
-
;

B.O.D. cu 0.04 | TOTAL COLIFORM ce 100m
SS. . | cRr <0.01 | FECAL COLIFORM per 100m
D.S. NI <0.01 | BACKGROUND COUNT per 100mi
T.S. ZN 0.02 '
C.0.D. coD <0.01
pH « LAB FE 1.85
FREON SOLUBLES AL
 HARDNESS s CACO, CN
ALKALINITY & CacO, CONDUCTIVITY ,aens
SULPHIDES w H,S PHENOLS pgi
Mn 0.13

COMMENTS: All results expressed in mg/L except pH unless otherwise noted, By-Law 1-90 as amended.

C-8
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' REGION OF WATERLOO / LABORATORY SERVICES.
100 Maplegrove Road, Cambridge, Ontario.
N3H 4R6. Phone (519) 885-9500.

SUBMISSTON SHEET FOR ORGANIC ANALYSIS .

PROJECT NAME
DEPARTMENT
INVOICE TO

ACCOUNT No.

SAMPLE SUBMITTED BY : D. Stendahl

SECTION 1.

: WIC Iron/Manganese

SECTION 2.

REPORT TO BE SENT TO :

: Water Operations NAME : D. Stendahl

: Water Oberations ADDRESS :

RECEIVED AT LAB BY : F. Haniff ) PHONE :
DATE : Nov. 6/90 FAX :

SECTION 3. FOR LAB USE ONLY.
SAMPLE NAME / .D ANALYSIS REQUIRED ~ LABORATORY I.D. No.
#4 Waterloo Open-voC - 366-0419-001
#5 Waterloo Open-VvoC ' 367-0419-002
#6 Waterloo Open-VOC 368-0419-003

ADDITIONAL COMMENTS :

FOR LAB USE ONLY.

SECTION 4.
DATE OF FINAL REPORT : INVOICE No. :
DATE FAX SENT
(WHEN REQUIRED) : PREPARED BY : F. Haniff

C-9




OPEN CHARACTERIZATION-VOLATILES
REPORT OF ANALYSIS

PROJECT: WTC Iron and Manganese Removal

#4 Waterloo 366-0419-001 103 105 ND
#5 Waterloo 367-0419-002 103 99 " ND
#6 Waterloo 368-0419-003 96 98 ND
Blank MAY01-01 99 97 ND

SURROGATE (1) : D10-ETHYL BENZENE.

SURROGATE (2) : D4-1.2-DICHLOROBENZENE.
RESULT: ND - NO COMPOUND GREATER THAN 5-ppb DETECTED.

ANALYST /fgﬁ& C[:[ Q/»ﬁ/
B /

NOTE: (] ThmduMmh@EN\Wh&nb(Wrdﬁnbmiwwdlp—ﬁd\m
@ Fit quality uses & Probality-Based Maiching aigorithm (PEM) using  WILEY-NBS DATA BASE of 130,544 MASS
SPECTRAS.
=] Mass 39 10 300 armu scanned on the MSD.
C-10
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WASTEWATER TECHNOLOGY CENTRE

REPORT OF ANALYSIS _
PROJECT 361
JOB NO. 910418-3.
SAMPLE ID #7
PARAMETER
Al 020
Ca 180
cd <.05
Cr 0.10
Cu <.05
Fe 23
Mn 021
Ni <.05
Pb 0.07
Zn <.05
As (ug/)) 68

SAMPLE ID #7
PARAMETER
Se (ug/l) <20
Mg 46
Na 28
K 50
B <.05
Si 52
Co <.05
Mo <.05
Sr 16
Be <.03
C-11




WASTEWATER TECHNOLOGY CENTRE

REPORT OF ANALYSIS PROJ. 361- Purge& Trap GC-MS
Job: 910419  SAMPLE #8 - 4 reps. run
Rep. #1| Rep. #2| Rep. #3(Rep. #4 .
PARAMETER ng/ml | ng/ml | ng/ml | ng/ml
t-1,2-dichloroethylene ND ND ND ND
1,1-dichloroethane ND ND ND ND
chloroform ND ND ND ND
1,1, 1-richloroethane ND ND ND ND
carbontetrachloride ND ND ND | ND
1,2-dichloroethane ND ND | ND | ND
benzene : ND ND ND ND
trichloroethylene ND ND ND ND
1,2-dichloropropane ND ND ND | ND
bromodichloromethane | ND ND ND ND
dibromomethare ND ND ND ND
toluene . ND ND 04 0.4
1,1,2-trichloroethane ND ND ND ND
tetrachloroethylene ND ND ND ND
chlorobibromomethane { ND ND ND ND
1,2-dibromoethane ND ND ND ND
ethylbenzene ND ND ND ND
m-xylene ND ND ND 0.2
o-xylene ND ND .| ND 0.1
bromoform ND ND ND ND
cumene ND ND ND ND
1,1,2, 2tetraclethane ND ND ND ND
propylbenzene ND ND ND ND
3-ethyltoluene ND ND ND ND
" | #-ethyltoluene ND ND ND ND
1,3-diethylbenzene ND ND ND ND
1 4-diethylbenzene np | no | ND | ND
1,2-diethylbenzene ND | ND ND ND
1,3-dichlorobenzene ND ND ND ND
1,4-dichlorobenzene ND ND ND ND
1,2-dichlorobenzene ND ND ND ND
trichlorofluoromethane 0.2 0.2 0.1 0.2
1,1-dichloroethylene ND ND ND ND
dichloromethane 0.4 02 ND 04
t-1,3dichloropropylene ND ND ND ND |ND-NOTDETECTED
c-1,3dichloropropylene | ND ND | ND | ND
chlorobenzene ND ND ND ND
pxylene ND ND 0.1 0.4 Rep. #1| Rep. #2| Rep. #3| Rep. #4
styrene ND ND | ND | ND '
1,2,4-trimethylbenzene ND ND ND 0.1 Surrogate Recovery
1,2, 3-trimethylbenzene ND ND ND ND (percent) Yo Yo %0 Yo
naphthalene ND 0.3 ND ND |fluorobenzene 91.3 85.5| 107.8| 1015
2-methylnaphthalene ND ND ND ND |d8-toluene 86.1 818| 110.8| 1034
I-methylnaphthalene ND ND ND ND |1,3-dichlorobutane 91.0 919 1130} 1046
¢-1,2-dichloroethylene ND | ND ND ND |I-bromo4-fluorobenzene,  83.3 73.6| 1044 94.0

C-12
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APPENDIX D

Conventional Diffused Aeration Process:

Diffused Aeration Data



%9 %03 %61~ %¥% - - - [BAowoy esouvluB |y 16101,
%8~ %01~ ] %61 %03 - - ) uopjswio ] dtuedus|
.- : _ﬂmﬂscg
%89 %99 %9- . %0 M - [eAowey uoI] [e0],
%L9 %3L %L1 %11 - - R uo[3vlmI0 J OLI8 ]
i i . v ) NoYI
J114-1S0d _ |L71d-1S0d  |LITd-"Ydd LIII-J8d YIV-180d _ |dIV-180d MV AV
(e S 14 (4 1d ___eg )8 S (A4 124
SUOPBMOBY|
72w __spijog papuadsng
VL V'L . vl VL TL Jre - 1 ] Hd
pajsinjes pesInjes PeIBingus pereinjes 1> 1> /3w uedAxQ poAlossi(]
(4 |81 (44 : 81 Zt Z1 : 0 aanjelede ], —
yLL (414 ) g08 - Tg00eD 3w SSAUPIBH| ()
21 : : : . LLY ] 8LT 180080 3w Luyery
ero - ¥ro - . qt'o 15Y gr'o g0 8w pe1ally
er'o 910 __l91°0 910 gro [AY' N @3wu peiej[y-uou "~ esouBSUB]Y
8L°0 99°0 . ¥e1 80'% j %4 2:%4 13w poaily )
9L'0 - 6L'0 (544 282 18'2 1€'2 /3w peix|g-uou j uoa]
LT14-1S0d  |L114-180d  ILTIE-E¥d LIId-T4d dIv-180d qdIv-180d AV MV
(4ce : 13 sd ~ 1ta 414 14 oV _ v
. . . sutod Suydung nun § 972D ]|
BI8(gQ
JYH X/0°0T i(g) ewyy Aurdwreg
upulg*g LHH |
LYH x[0°9 i(1)owp Buyjdureg
upw/gwi0%0°0 039y MO[J JejBMpuUnolp
ujw/ew{$40°0 ey Molq ITY
16-%0-9 grva
: | S _UTEHNAN NNY
UO[BI{T] PUBE }0BIU0)-UOTIBIoY POSIHIA
L uny ofed§-10Nd _

tprornaann. -



%0 . %g- . - .[eAowtey eseus3uvy [830],
%8 %8 - - uofBurIog dwslus |y
_ﬂm.ﬂZ«.QsE
%E8 : %g - - [eAOWay uoa] (610,
%£6 %9¥ M - UolewmIo ] JLLI9 g
) . ) Noul
JTII-1S0d  |LT1d-1S0d  |LTI4-3dd LTII-3dd YIV-180d - |¥IV-180d MAVH AV
[4¢1 : 1d (4 1 : [4:4 14 (A4 v
suopemore)
_ _ 18w . splog papuadsng
oL . o 1L - ] Hd
pejsinjes : pojeInjes ) > /8w ued4x(Q pea[ossi(g
21 7T . - 2T 0 eanjeiedweg| o
¥6L : 96L gLL 7/£0999 3w 88SUPISH| O
gLI 8LY . 8Ll Ye0De) 3w . Kuiey
(A%} _ gT'0 810 13w poIaly
[A%Y) : 810 gT’0 73w paieyjg-uou esauB3uBly
er'0 ¥0'T i £6'T 8w painy
AN 96°T 00'3 13w paiej(g-uou uolj
L113-1S0d  [LTId-180d  [LTId-3¥d - |LTId-Jdd YIv-1.s0d gIv-150d MVH MV
29 1q ({1 1d (4 14 oV v
. . . utod Suydwng ’ nun .a.___uEEum
818
THH H(z) owmp Bupdweg
upuifg'g - JLHH ]
LYH ¥/0'0T ypewp Supdureg
urm/gui0%0'0 1838y MO[] JojBApUNOIp)
uju/gw|91g°0 1938y M01J 1Y
168-%0-9 | ELVa.
14 ETEHRON NNY
UO18I3[1 PUeS 3983U0)-UO1BISY PasnIFi(l
| uny ereog-10M1d |




, %0 . ) %0 . ] - [eaowoy] essuwaduBy [830],
%0 : %0 . - uoyBmLIo ] dTUBSUBIA
_HMH>~<GZS¢ .
%68 : %9 — T - [eaowey uoJ] [e30],
%16 i : %92 - _r ‘ uopevmlof L3 ]
Noyur
L114-180d_ |LTId-1S0d  |LTIJ-Hdd LIII-Tdd qIv-1sod HIV-1S0d AV AVd
29 & ad - —__|1a (4 19 (A A v
suopB[Nore)
: . _ . 13u 8pl[og papuedsng
'L V'L Tl - ‘ 1 Hd
pejBInjes pejeanjve ~ 1> L uedLx() paalossiq
a1 ; Al Z1 o) eanjezedue| ¢
. /0080 3w ssoUpIBH| (O
: : 70080 3w LuiEyry
3’0 zro 3o 18w polni[y
o . . : 110 110 L patey[g-uou esauB3uBpy
810 : : 6yl : 86’1 : 18w paieqy
¥2'0 . 961 803 V3w ___ [paseyg-uou. oy
LTI3LS0d | LTII1SOd  [(LTId-FUd. JTII-HEd dIv-1.sod HIV-1.80d MV v AV .
(4c S 13 2d 1a [4:} 14q (A4 v
yutod Juyyduing nun . 13331040
Bl8(]
JLYH x|- ___|(@) ewp Bupdusg
upm(g) ‘JHH |
[LYH X/0°0T i(1yewp Supidureg
Uw/gw| 1600 ey Mo[J lejempunolp
UjW/gwW) 2500 io3uy Mol Ity
16-%0-9 arva
8 HITANN NQY
uoeI}[]d PUBy }08IU0)-UOYIBIY PesTINg
L uny ofeds-101Nd |

g - g - e o . - 1 A



/|
B ’ ! R e ) l

ﬁr. - - [eAoway esousdusy [830],
%L B B uoyBwW o] duvIuv
_Mmmsusz
%Y - . [eaoway uol] (30,
%13 - . UORBULIO] JHLID]
: NodyIl
LT1J-1S0d  [LT14-180d  |LTId-I¥d  |LTIA-Fdd _[¥IV-1S0d ___[¥IV-180d  |MVH Mvd
23 13 e¢d 1a (41 1d (24 v
suope[nor8y
Bw gpi[og pepuadsng
vl T . | Hd
pojyeInjes 1> nAwm uaBAx() pealossi(]
I , 41 0 T emeiedweyj ¥
. 7/§00%D 8w sseuprey|
v /60080 Jw LEy
_lgt'0 ¥1°0 8w - |pesyy
91'0 310 1B paJey[y-uou a1
29T 90'2 18w pade3lg
161 902 T pade[y-uou uod]
1714-1S0d _ |LT14-180d  (LTII-3¥d  [L7Id-@¥d _ {HIV-ISOd  [MIV-ISOd  |MVY MvYy
(& 19 2d ia zd id v v
sutod Suydwog pnun 2972UDID
B8
LyH x[- () ewp Bujdureg
ura(gg \LHH [
LYH X[0°0T (T)ewn Supdureg
UwW/gw| 0700 1938y MO[ J89BMPUNOID
Ujw/gwi $90°0 038y Molg IV
16-70-9 IJLvd
12 - | mawaN Na¥Y
UOl B} PUES 308IU0)H-UOBIOY Pasnyyid
{ _uny e[eog-101id




%8 %0 - - [eAowey esoUBIUBY [BI0],
%0 %0 - - uorBELIO ] oTueSuBy
_ﬂmﬁz?. ONVH
%€6 %1 - - [eAowey uol] eo],
%E6 %Y - M UoReuLI0 f 912104
NOYI
[LT-asod | LIA-LSOd  |LTId-ddd JTI4-Tdd YIV-1sod - |HIV-1SOd MVH MAVy
¢d M 1 4C1 4 1a (4: 14 (A4 v
suon8[norey)
7B/w spijog papuedsng
9L 9'L TL : | Hd
pajeanjes pojuIngus 1> /3w ue8£x() poalessi(]
81 81 44 : 0 eanysledway,
/¢00eD 3w §S9uUpIBH
7g0J%0 3w Lupey
170 1o 110 3w paasiy
(15" 110 1110 18w padtejg-uou osousdusy
A¥T0 121 90'2 73w peloyy
¥1'0 £0°2 802 /3wm paisy[y-uou uol]
LT40S0d _|L1I4-1s0d  |UTIA-8¥d  |LTId@¥d  [4Iv-160d  [WIV-180d  [MVY MVH
od 13 ed a I (4 1€ (A4 184
jugod Sundwog)| nun 1372UD4DJ
8y
LYH 2| i(g) ewp Bupdureg
upw(e', ‘L4H |
JLYH x{0'01 i(r)ewp Supidweg
Ujw/gwW| 1800 1038y M0[] J0j8MpUNOID)
upw/gu{L9T"0 998y aolg AV
16409 mIVd
9 UTIHNAN NNY
UO}BII[1] PUBS 1083U0H)-UOjeI0Yy PAasnId
B

T N B N T A & I aGE BN N Gy A G e m

uny ored§-101d _

D-5



- m A A BN A e a ey A D a ean fm Gy AN W SN Ny
. . ’ '

%31 - - - . [eaomoay eseusduv]y (810},
%91 - - UOBWLIO ] SruEduly
HSANVONVH
. |
%h- N = , Teaomiey uoi] [830],
%99 - S UOTIBULI0] 91130 ]
Nodl
I11I-1s0d  [LT11d-0s0d  |LTI4-3¥d LT-Tdd qIv-1LS0d HIV-1.S0d MV AV
(4 L ¢ O ea 1a (4: 19 [A4 v
saopsnore)d
8w spl[og pepuedsng
8L , T'L . ] Hd
pejeInjus - 1> /3w uaBAx( paa[ossi(] )
8t . ] 0 eajeiedwey,| ©
: /0090 3w ssoupIsy| M
Vs0D®0 Im ApunERry
600 _Jiro 13u pazsiy
01’0 11°0 13w poloj[y-uou esouvduBy
y6°'0 113 Buw poae|y :
6173 1'% Bw peiej[g-uou uol]
JT1I-1S0d  |LTId-1.80d  {LTIA-HHd LTIA-Fdd YIV-180d YIV-1S0d  |MVY MVd
(4ct ¢ 2a 1a (44 . 19 (A4 1A4
. jutod Juydusog)| . nun Joawndod
Bye(q
JL4H x| i(g) ey Supdureg
uiwig'L ‘LUH |
JLYH X|0°01T i(1)ewyy Sundureg
upu/ew] 080°0 :@3wy M0[ ] J9jBMpPUNOID)
ujw/ew| 3380 leqey Mol IV
16-%0-L gIva
: t:J HIHHAN NNY
UOBIT] PUBS 3081U0))-UCI3BIOV POsnyId
1 uny ereos-1oNd [




%8 - - [BAoWBY eseUBAUBN [810],
%8 - - UO1}BWLIO § OTueduB
ISANVONYH
_
%1 - - reaowoy uoajy [830],
%19 N - UOIBULIO J OLLI3
Nodl
LT13-Ls0d  |LTII-LSOd  |LTId-HYd LTII-Tdd yIv-1sod YIvV-180d AV MV
(4ct 5 [4¢ 1a od 1q 1oV v

~SUOBNOTE)

. 3w spijog popusdsng
9L TL - | Hd
pejuInjes 1> /8w © ueBAx() paajossi]
33 et : 0 emjuviedwa],
- 7g09e0 2w SSUPJIBH

Vg00®) 3= ApuyEAry
11°0_° (181) 1Aw pelany
110 aro 13w pa1ej[g-uou osauBusy
180 902 TBu__ |paisy
€02 180°2 13w pelej[g-uou uoJ]
| LTId-0S0d _ |LTIA-1S0d _ |LTIJ-HUd LTId-Hdd dIv-LS0d HIv-180d AV MV
4ct & 2d 1d ) (44 18 O (A4 v
jutod Sudwog) T aun 4313WDIDd
B818B(Q
LYH |- () ewp Sundweg
upalg', \LI¥H |
LYH X001 _ {(1)pwp Sundueg
Upw/guri080'0 998y MO[d Jejempunoln
urw/gw(z91°0 0jey Mol Ity
18-%0-L qrva
L . HITIHNAN NQT
uopBIiig pUBs 1081U0)-Uo18Idy PIsnJII(
_ uny o[eds-10Tid |

ctpparoees.

D-7



%Z" - - [eaocwoy eseuvdue |y [910],
%P - i uoBwmIo] dTUB3UBY
ASANVIONVH
_
%3 - - [eaowoy UoJ] [830],
%68 . - uolBLIo J dLII8 ]
NodHl
LTII-1S0d  |LTI4-1S0d  |LTId-Jdd LTIA-ddd dIV-180d qIv-180d MV MAVL
(4c B A d 1a [4:4 169 (14 v
SUORNE[NO[B)
3u _ Sp1jog pepuadsng
9L 1L - | Hd
pejednjus 1> /8w ued4xQ poafossi(g
ST e 0 emjeredwa], @
/€008 Sw SSOUPIBH| O
: /e008) 3w Ly
800 010 T3m___ |pasony
60°0 80'0 /3w paltayy-uou osaus3uspy
LA €02 13w palaq[y
86'1 €0'C 1Aw palejjg-uou uolf
LTI4-180d  |LTII-I1SOd  |LTII-HHd LTId-3dd YIv-150d gIv-180d MV MAVd
(4 _ig od 1a 414 14 (A4 v
sutod Butydwog un 4332WndDg
BB
JYH x| (g) ewp Jupdweg
ualo'g HH |
JLYH X}0°0T i(1)owp Bupdwreg
Uw/gtw|0%0°0 equy Mol JejeMpumoly
Upw/gur912"0 030y Molg I
18-¥0-L - | qLva
. |8 ATIHNAN NQY
uopeIid pusy 1081U0)-UoleIoy pasnyiq
| uny ereosg-1ond




%11 %9 - - [Baowoy eseuBIuBy [830],
%8 %3 - - uoyyBmIo orueduviy
FSANVONVI
|
%99 %3 - M [eaowey UOJ] [830],
%£6 %8P - - UO}BULIO J OLLI8 ]
Nodr|
LILI-1S0d._ |LTII-1S0d  |LTIA-Jdd LTIA-Tdd 4Iv-1.s0d qIv-1.sod AV MV
et 1d a 1d a4 1€ (A4 1V
saops[noren
Bw spI[og papuedsng
9L 9L Tl - | Hd
porsanjes pojuInjes > /8w ualLx(Q paajossi(
19¢ 11 11 o eanjeredwe],
Tg09®D 3 853UPIBH
_ Ve09®) 3w Apiey
11°0 110 11°0 G L paie(yy
11'0 110 310 TBw___|posesig-uou esouu3uvHy
_{91°0 Tt £02 12w peany
890 ¥e'1 861 13w paloj|g-uou uoay
LTI4-1S0d _ |LTId-1S0d  |LTIJ-F¥d LTI-34d dIv-180d  JUIV-LSOd MV MV
act & 2d 1d 44 14 (A4 v
jurod Sundwog nun 339404
Byed
LYH - (g) owp Suyidwreg
__uiwlos \LYH ]
TH X{0°0T i(1)owp 8ujdweg
ujwm/gu)970'0 198y mo[J JojeMpuUnoln
up/gw(9sT 0 03ey Mol IV
16-%0-0T grva
: (] UTTHAN NOT
OB PUES 3081U0)-U0[18I0Y POsSIIId
| uny o[eos-3011d |

D-9



%0 - - [8Aowoy eseteduviy [810],

%P - - uopysmLIo ] SfuBdusy
ISANVONVI
_ |
%8 - - s ) peaowmey uod] [¥30],
%98 - - uonyewmIog o119
Nodl
L113-1S0d  |LT14-1S0d  |LTId-JHd LTId-3dd dIv-1.S0d . (dIV-1§0d MVH AV
4 & aa 1a . (4 1€ (A4 v
SUO[BMOTE)
3w sp1jog pepuedang
9L TL . - | Hd
pejvanjue 1> 3w ued{x( peaossi(
Zl ZI fo) exnjusedwo], m
/g00®0 3w ssaupseH| A
- | Ve00®D 3w Luieyy
110 170 18w pelesly
Z1°0 Z1°0 /8w palej[g-uou esouBduBly
840 Lo'e : D paiany
80'C 80'2 1w pelaj|j-uou _uod]
| UTId-1S0d _ [LTI4-180d _ |LTId-Fdd LT1d-Hdd HIv-1s0od  |dIV-1§0d MVYH MV
[4c 13 aa 1a (4} 1d (A4 v
sutod Sundwog N ] J332UndDg
BlB(Q
JAH x{- i(g) ewp Sundweg
upalo'gr ‘JHH i
JLYH X]0'0T (1)ewp Supdueg
upw/gwigr0°0 038y Molq Jejempunoln
UTw/gui 1800 ojey M0ld IV
16-%0-11 SLva
o1 UTEHNN NQT
UO[IBI}[1] PUES J083U0))-UOIBISY PISTYJIQA
| —uny eeo§-101Id |




%L- .&oﬁ. - , - [8Aowiey] osouBluUBy [830],
%8 %9 . - uonyBULIO ] JluBSUB
ASANVONVH
|
%9 %L - - [eActIoy UOJ] [BI0],
%eL %8L - - UOIjWULIO ] dLa10 ]
NoyI
JTI3-1S0d  (LTIA-1S0d  |LTId-Hdd LTI4-8dd qIv-1s0d dIv-180d AV MAVH
(4c 13 d 1a 414 14 (A4 v
suopeMore)
. 73w spljog pepusdsng
8'L 8L TL TL : . | Hd
pejeanjes pojeInjes 1> 1> /3wm ue3dAx() pealossi(q —
8¢ 18 1T IT 0 eanjelodwer) w4
T£0QeD 3w esoupIsy| O
1/¢008D 3w ALpureRy
11°0 310 (A 11°0 13w paloy
810 810 4%\ (A8 /8w peia[y-uou esouBSUBy
190 L9'0 112 [1%4 k] PRy
66'T 302 60'2 1% 4 8w peiaj[y-uou uoa]
LTIA-180d  [LITIA-LS0d _ |LTIJ-3dd LTI4-3dd HIV-180d gIv-180d MV AV
p4c jice 2d - 1a (424 . 1g (44 v
utod Sunduog nun 4372UDIDd
BlR(
JYH X[0°9T i(g) owp Supjdwsg
uruifo'gy - LHH |
__JYH Xj00T {(1)ewp Sujdureg
up/ew|(910°0 WY MO[J J0jBMpPUNOID
Ujm/gw@|091°0 038y Mo[d ITY
16-%0-11 HqLva
| ¢ HITHNN NQY
uopeIfid pueg 1081U00-UCIBISY PISNIJIQ
| uny ereos-1oTid

R ladii



'

%1 %0 - - . [8aowoy esaus3usy [830],
%8 %b- - - uojewo] djuedusy
i ) ISANVONVYH
: _
%7 w'u - - . [eAomey uod] [630],
%9L %IL - - UOBULIO f 1110 ]
} Nodl
LTI4-LS0d B..—E._H.mom LTII-Hdd LTId-9dd qIv-1sod HIV-180d AV __mvy
(4 |1 oa 1a 44 14 (A4 v
suopBMOrB)
1Bu spi[og papuadeng
9L 9L L TL - i Hd
pejesInjue pojeInjes > 1> /8wm uaBAx() peajossjd
11 It 1T 11 0 aanjeledwo], m_
. /g008) Sw ssoupiBH|
_ /g00eD 3w Auyery
600 600 600 800 /3w paIediy
180°0 80'0 80°0 - 60'0 /3w poiej[g-uou osausduspy
£9°0 09°0 112 803 /3w poIely
902 vu otg 602 8w pade3|g-uou __uod
IT4180d |4113-J60d |ITia-add  |LTdgad  [WIv-1§0d  [WIV-Isod  [mvd ~ _ Imvy
(A 13 a __a (4} 14 (A4 v
. yurod Supduing 1 J3aWDID ]
BI8d
JYH x|0'91 -_|g) ewp Buyduweg
upu|g'g1 ‘LYH |
LYH X{0'0T {(T)own Sujidweg
Upm/gwWiZ10°0 ~ [:eyeyg aold Je38mpuUncan
upa/guiya0°0 ey MOl 3V | -
16-¥0-11 qLva
4 HTTHAN NRY
TORBXII] PUBS 3083U0)-UOHBISY PesnyIi(q
I uny e[eds-301id I

ttteravaees -



%0 - - |eaoway esaueduBy [830],
%8 - - : uonjemiog Sruvdusy
ASANVONVH
: |
%2 k14 - - [eaoway Uod] [830],
%08 - %88 M - UORBWLI0 ] 91110 4
NoOYI
L114-180d  |LTII-1S0d  |LTI4-HYd LTI-Tdd qIvV-180d YIV-L50d AV AV
t4cd —_|t3 _{zd 1a (4: 1d (A4 v
SUORBMOTB)
13wn spijog popuedeng
8L 8L rL TL _ : | Hd
pojBInjes pejsInjes 1> > 13w ued&x(Q pea[ossi(Q o
(4 gt 1t (49 0 R —
. 1£008) 3w s8OUpIBH|
/£0Q%0 fw Luey
600 800 13w paiolly
: €00 600 2w patej[g-uou esauB3uBly
10 980 £0°2 112 18w poeqty :
003 002 ¥0'g 602 3w padej[g-uou uody
JTIA-LS0d  |LTII-LSOd | LTId-FHd LT1A-Tdd YIv-180d qIV180d =~ MV AV
(4 & a a 44 1q v _ v
jutod Juydwog . un Jd279WDndDg
e -
JYH X0°01 . i(g) ewp3 ujjdureg
upm(o-gy "LUH |
JYH X]0°9 {(1)ewmn Supdureg
ujw/gur| 900°0 ie3ey M0[q Jejumpunoly
upm/ew|$90°'0 03ey Mol TV
16-%0-21 qrva
14 YTTHNN NQY
UOTIBIII] PUBH }08IU0)-UOBISY PISIIIQ
1 uny 6Jeds-10T1d [

Sepitrpereriet



%3 . - - [eaotuey eseusIuvy 6101
%LY - - uopewIo ] ofuBIUB
_Nm.ﬂs ONVI
%9 %L - - reaowoy uod] [e30],
%001 %001 - - . uoljelIo f 91118 ]
Nodr
J11d-180d  [LI13-1S0d  [LII4-Jdd  |LTH-8dd UIV-180d dIV-1.50d MV My
(4c &t a 1a (4:4 14 (A4 v
SUOBMOTE)

: /3= gp{jog pepuedsng
9L oL TL TL . | Hd
pejeanjes pojeInjes 1> 1> 8w uadAx() pealossi(
11 01 1T 01 0 eanjeedwe, M

/80080 3w SSOUPSBH 4
Y/g008) Jw Ay
1o 81'0 13w paally
81'0 e1'o el palaj[g-ucu esouBsUB]Y
000 000 802 902 TAw pedeq[y
26'1 86’1 ¥0'2 81'3 /8w palej[y-uou uoJ]
JLIid-1sod |1714-480d  WLTII-HHd LTIA-Jdd yIv-1sod HIV-1S0d AV AV
4 14 2a 1a (424 1g v v
. urod Suyduwog)| nun ) dagauwning
vy
LYH *|0°0T i(g) ewyy updweg
upwiy-ez ‘L¥H |
JUH X{0'9 l(n)ewp 3uydureg
_ujw/guig00°0 1939 M0[] 1038MAPUNOID) .
ujw/guw|gp0°0 038y Molg ITY
16-%0-21 gLva
14 | WIGHAN NNY
UOoRIBII ] PUBy 3081U0)-UOHBI0Y POsSnINI(
|- uny oreos-1011d |

pppesnen -t



%g- - - [BAoway esauBSuUBy [830],
%p- - - - uonyBwIO ] dTueBus |y
ASANVIONVH
|
%8 %8 - - [eaomey uod [6310],
%98 %98 - - uoBULIO ] 91110 ]
NodI
L114-180d  |LTId-1s0d  |LTId-84d LTI-3dd YIv-150d YIv-180d AVE 1MV
(4 g 4 1a (414 19 (A4 v
suops[noren
3w spijog papusdsng
8'L 8L TL Tl - i Hd
pejsinjes pojeInjes 1> 1> /3w ualLx() poalossi(q|
0t 11 [1)¢ 6 0 eanjeledwa ],
. 7/£0DE) 3w §80UpPIBH
g00e) 3w Lunely|
(4 41 10 /3w pades[y
[4%] gro _ nBu podej[g-uou esauBluBy
Lz'0 080 00'c 661 - 8= paany
£6'1 261 1887 __{L871 /8w padej|g-uou uoa]
L114-1S0d__ |LTIA-LS0d | LTIA-Hdd LTI J8d qdIv-180d yIv-1sod MVH MV
33 joc 2d 1a (41 1q : v 1v
jurod Jundwog nun L313wosnd
B8
LYH X[0°0T i(g) owpy Bupjdureg
umi1'g3 ‘IHH [
JLYH X|0°9 i(1)owp Supdureg
upw/gw™|800°0 1039y MO[] J0jeMpUNOID
ura/guni 9800 98y Mol Y i
16-%0-¥1 arva
91 HIIRANNAY .
uopBeIId PUsEg 1081U0NH-UolIBIoY PISNIA
| __UnY O[eoS-0Nd |

D-15



%8 - 1- . [eaoway eseue3usy [B19],
%9~ . - T uoneuwiog dpueluBy
o HSINVONVH
| .
%Y = . . . [eaoway uod[ [830],
%98 - - uorjBwIo J d1de,]
: Nodl
I113-1s0d [LT14-180d ILTII-HYdd LIId-HEd dIV-LS0d dIv-180d MV MVYH
4ct 13 d 1a. (4: ! 1g (A4 v
SuopBINOre)

: 73w SPITOS Popuodsng
9L . 1L - | nd
pejesnjes . 1> /3w ual4x( poajossi(
P o ) emjeredwoy| £

. 80Q%®D 2w ~sswupisy| A
_ V/E00ED) 3w fHupeiy
810 aro o e paaeily
2t'0 g1 2w peiajg-uou oseusIuBly
620 ¥0'2 18w peaaily .
968'T . ¥0'% /3w peiej|y-uou uoa]
LTI-180d  |LTId-180d _ |LTIJd-3Ydd JLTId-Hdd yIv-180d gIv-150d MV MV
4 jic ed 1a [4: 1dq (A4 v
jurod Sunydurog nun L3232 nIDJ
B18(qQ
LYH x| (g) owpy Buydureg
ujwle'0g ‘L4H ]
JLYH X[0°0T i(T)ewp3 3updursg
una/gu| 1100 1999y M0[J J0j8MpUNOID
upw/gwi690°0 038y Mol Y
16-%0-91 aiva
81 HITHNN NOY
UopeI[d PUBS 308IU0NH-UO[1810Y PISMINIA
| uny o[eds-101id _




%0 - ] - [BAOWRY esaUBIUBN [8I0],
%g- . - uo13BwWIo ] drus3usy
ISANVONVH
|
%8 - - [BAOWaY UOJ] 1830,
%8l - - I uoBuLIo] o118
Noul
LTI4-LS0d __[LT14-1S0d |LTII-BYd  |ITIA-GHd  |UIV-LS0d _ [dIV-1SOd  |MVY MV
23 13 ~lza 1q 2g 19 Ty 1V
SUORIB[NOT8)
13w spl[og pepuadeng
Ll Tl - { Hd
pojRinjes 1> /3w uaddx(Q paalossig
11 11 0 aImjsiedwa], N
: _ /0080 3w es0upIeH|
Tg00eD 8w Ay,
80'0 80°0 13w paiel|y
80°0 80'0 /3w palej(g-uou osoueduB
av'0 ¥0'2 12w pelal[y
08'T 90'2 Bw pedejjg-uou uod[
114-180d | LT1A-3S0d  |LTId-3¥d  [L71d-948d WIV-180d HIV-LSOd  |MVY MVY
23 13 zd 1a 29 1d TV v
urod Juyduing nun J332UDIDJ
B18(
LEH [ i(g) owp Supdwsg
ummlgop  [J¥H |
LYH X|0°01 i(r)owyy Burjdweg
up/ew{110'0 1038y MO[] JojBMpUNOIn
upy/gut| 8170 1038y O[] IV
16-50-91 qrva
L THFEHAN N0d
uopjel[f, PUBs 108U0)-UOYBI0y PISNIIQ
[ uny eredg-1ond |




%0 - - , [eAowoy esduBIUB [€30],
%0 - B uoryBuLIo,] dtusduwy
i HSIANVONVHA
| )
BT~ .'u . . - reaoway uod| e30l,
%88 %y6 . - U030 ILLIG,]
. Nodl
I11I-1s0d  [LT14-1s0d _ [LTId-Hud LTI Jdd qIv-150d YIv-1s0d AV MV
od BN 1 8< - lea _a 44 1d X (A4 v
suops[nore)
L)
13w 8pi[og ppuedsng
L'L L'L T'L TL . | Hd
pejuInjes - |peysangus 1> 1> /3w uadLx(Q paajossi(]
(4 __Jot 41 (49 0 emjeaedwey| X
: /e00%0 3w SSOUPIVH D.
/eQ0®0 Jw Lupey
800 . 60°0 L peIey
60'0 60°0 13w polej[p-uou esousdusy
%%'0 3t'o 06'T 98T 13w |l ]
96'T vu 26T 16T /3w pades[g-uou uoly
TTia150d | ITIA-d§0d  |17Id-Fdd  |LTII-G¥d  |UIV-1S0d  [dIv-1Sod  |MVY MV
(A 13 (4 1a 421 14 (A4 184
Jutod Sunduing awun Jgawnind
Breq
TEH 0’9t i(g) owp Bujidueg
upwio°'9y JLIH [
JLYH X|0°0T. y1)ewp Supdweg
Ujwm/gw|600°0 038y M0 Jej8ApUNOID)
U[w/ew| 6700 ‘0qey Mold IV
16-%0-91 arva
81 RAFEHAN NOT
UORBI[Id PUes 1081U0D-UONIBI8Y PISNII]
I uny o[edg-301id _

Kteeareerss:



%Y - - [eaowoy eseusIus|y [€I0L
%8 - - “uonewio dturdusy
ASINVONVIH
[
%1~ . - [eaowey Uod] [e30],
%81 M - uopsuLIo f dlL1e ]
NouI
ClyTa-dsod  (LTId-180d |LTIJd-FHd LTIA-ddd dIvV-1s0d dIv-180d MV MV
(4§ B Zd 1d (44 14 : (A48 v
suopBMoe)
73w spjjog pepuadeng
L zL . ‘ | Hd
pojeinjee 1> 8w ue34x() paA[ossi(]
11 11 0 etnjeieduia], .Qlu
/0080 31 esoupIoH|
/g00e0 3w : Luyeyry
Jir'e 110 Bw palai[y
g0 (1% 3w~ |pedejg-uou oseuB3uB
L1 86T 2w paially
102 66'T YBw__|pee3ig-uou uodg
LTId-1S0d  |LTId-1s0d | LTId-HYd LTId-Jdd YIv-1s0d dIv-180d MVH AV
(4c 1q 3 1a (4 1g (A4 v
sutod Fundwog 1un 431UV
B
LYH x| i(g) owy Sujidureg
utwlg'g LH |
LYY /00T }(1)ewp Supdureg
uiw/gwio90°o 039y M0[J IBMpUNOID
uiw/gw|180°0 s Cad C A4
16-%0-LT arva
(118 ATIHNAN NI
UopBII] PUBE 1081U0)-UOIBIOY PISTIII(T
| uny oreos-301ld i |

stpuavere--

o o v e



%8~ - - ~ [eaowey eseusIusy [830],
%8 - - uolyewIo ] dluedusy
: FSANVONVH
_ |
%% - - : [8AQUIY UOJ] [830],
%85 - - UOT}8ULIO J OLLIO ]
Noul
LT14-180d  |LTI4-180d  |\LTId-Jdd LTI4-Jdd YIv-1sod dIv-180d MAVd MAVH
[4Cs . L cd a (434 1q (A4 v
_SUOREMOLE)
/3w spj[og papuedsng
oL Tl - I Hd
pojeInies : 1> Bu ual4x() paajossi(q o
11 11 -0 . eanjeledwo], N
. /0080 3w ssoupIel]| O
: T/g00e0 3w Apuiey
110 . 110 i ok paiejry
21’0 11'0 8w paJej|g-uou osouriuuy
99T €02 /8w PNy
L8t 102 3w palejg-uou uod]
| LTI4-1S0d |LTI41S0d | Bﬂm.mmm LTI H¥d HIv-180d HIv-180d AV MV
(4cs & ~__ieda 1d 424 . 15 (A4 v
jutod Suydwog) nun daownind
Bied
JLYH X|- ¥(g) ewp Surjdwsg
: urmlgg WLUH _
JYUH X]0°0T i(T)owy Bupdureg
urw/gwi080°'0 93y M0 ] I6j8AMpUNOLY)
upw/gw| 5380 ogey Mod Iy
16-70-LT aLva
0z ATIRON NN
UoelI ] PUBS 1081U0)-U0[18ISY PISTHI(
! uny ereo-301Id | i




%1 - - [Baowdy esauBIUBIN [210],
%9 M - ‘uopysurlog dlurSusy
ASANVONVH
. |
%0 . - [eaouey uod] [830],
%7Z8 . - uoljsuiIo J oWday
Nodl
L1180 [WT14-1S0d  [LTIA-F¥d  |LTId-3Hd HIV-180d __ [dIV-1S0d  |MVY MVH
el 13 : a 1a zd 1€ zv v
suopernore)
13w spl[og papuedsng
'L TL . ] Hd
pojeInjes 1> /2w ued&x(Q pealossig
11 11 o) ednjesodway,
. /8008 3w 859UPIBH
_ /g008Q 3w Luyey
110 11'0 13w paiay[y
L0 210 3w paIsy[y-uou osouslus iy
L8'T 002 13=m poIny
002 002 Buw pedagg-uou uoi]
L1804 [ITII-1s0d  [LTId-3¥d  |LTJ-Fdd dIV-1§0d  |dIv-1sod MV MVH
zd 13 zd 1a zd 19 (a4 v
uc.._o...n Sundwog nun JagaunLnd
B1B(
JLYH |- }(g) ewp Suydureg
urwlg'p IYH ]
JUH X|0°01 ¥(1)ewy Suydureg
upu/ew| Ly0'0 1098y M0[] JojBMpuUnoly
UjW/gwi$9Z°0 8y Mol g Iy
T6-70°LT LV
12 RITTHAN NnY
UOlBI[IJ PUBS }08BIU0NH-UO 8ISy PIsNI(
- uny eress-101d |

D-21

l) ' ' ]



- - . [BAomoy esouBlUBIN [810],
. B . uoryBmIo ] drus3us|y
FSANVONVH
_
%% - - P [eaoway uod] (8301,
%16 - - uojBW0J o111 ]
Noyrl
LII-1S0d  |LTI-1S0od  |LTI4-3dd LTId-3dd qIv-180d YIV-1S0d Mvyd 1MVY
od 13 2d 1a i (414 1d . (A4 v
Suop8[NOE)
3w gpl[og pepuedsng
LL TL - | Hd
pojBIngus 1> /Bu ] uedAx( paalossl( o
11 11 fo) aanjesedwa], |
1/g00%0 Ew SSUPISH| (O
Tg0QED 3w Lpuyeyy
Bw paIsily
. /3w podoj[g-uou esouBdUBy
810 861 2w P33y
8T - : 861 1Rw padej[y-uou uodf
L113-1sod  |LTd-LS0d  LWLTId-T¥d LTII-JY¥d yIv-1.80d gIv-1s0d MV MV
4c 1q <d 1d_ (44 1q v v
. jujod Suydwog nun Jajawundod
BB
LYH %} (g) owp Suydweg
Uity \LIH |
[LYH Xj0'¢ i(1)ewry Sutidursg
urw/gw800°0 @38y Mo[q Jejempunoln
urw/gw($90°0 09y molq Ity
16-%0-22 gLva
{44 YTTHAN NOY
UORBI3[1d PUBS 108)U0)-UOjBIeY PAsysId
1 uny e[eds-101id _




- - . . [eaoway essuv3uvy 16301,
. - uolyswIo J d1ueduBy
FSINVONVH
|
%001 ) %9 - - [eA0woy U0l [810],
%001 %E6 _ - - uolyeulo g SHIS]
Noyr
L114-150d  (LTI4-1S0d  JLTII-THd L114-34d gIv-1s0d HIv-1s0d AV MV
[4C _E o 1a 4 14 (A4 IV
SuOpBMoOTE)

. 73w epl[og papuadeng
9L gL _ 9L T - [ Hd
pejeinjes pojeInjes ] pajeInjes i > /3w ual4Ax(Q paajossiq
gl RiAs . 11 . 1T o . eanjeredwa], %

. , : /008D 3w BS3UPIBH D_
Tg008D 3w Lueyy
18w pIAY . :
] /3w polaj[y-uou esausdus|
000 000 . ¥1°0 : €61 /3w pedolty
000 000 . 281 €61 8w paJai[g-uou uod]
| LTI4-1S0d_ |LTII-LSOd [ LTId-3¥d LT14-3¥d .mw<.9mom qIv-180d MVY AV
4t 19 (44 1d (421 j§: (A4 184
juiod m:.:.&Eum. nun 4279WDLDd
818
LYH *(0'9T (g) owy Sujidwreg
uw(Tg3 ‘L9H [
JLYH X|0°0T {(1)ewp Sujdweg
Uw/gwWi800°0 038y MO14 Jejumpuncly)
Upw/gw™| 180°0 i R © i1 4
Teg0z | ®ava
6% UTIHAN NNH
UOIIBN 4 PUBE 1081U0D-UOIBIoY PISNIIIA
| uny o[e0§-10[1d [

\



APPENDIX E

Convehtional Diffused Aeration Process:

Diffused Aeration - Chemical Oxidation Data
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APPENDIX F

Conventional Diffused Aeration Process:

Diffused Aeration - Chemical Oxidation - Direct Contact Sand Filtration Data
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APPENDIX G

Diffused Aeration - Chemical Oxidation (Cl0,) - Direct Contact Sand Filtration:

Performance Evaluation Continuous Operation



D[FFUSED AERATION-CHEMICAL OXIDATION-DIRECT CONTACT SAND FILTRATION
Sth JULY - 10th JuLY 1991
Groundwater Flow Rate = 10 L/min
Air Flow Rate =55 L/min
Chemical Oxidant Type = ClO2
Chemical Oxidant Dose = 7 X stoic

SAMPLE POINT A (RAW GROUNDWATER)

Run Total Dissolved Total Dissolved Temp pH Dissolved Turbidity Suspended
Time Iron Iron (I1) Mang Mang (II) . Oxygen ’ Solids
¢th) (mg/L) (mg/L) (mg/L) (mg/L) (oC) (mg/L) (NTU) (mg/L)
2.0 1.99 2.01 0.10 0.10 n 7.10 <1 0.00
6.0 2.08 2.06 0.14 0.14 13 7.10 <1 0.5 0.00
14.0 2.10 2.06 0.15 0.14 13 7.20 <1 0.4 0.00
22.0 2.06 2.06 .18 0.19 13 7.20 <1 0.00
34.0 1.98 1.97 0.15 0.14 14 7.05 <1 0.00
48.0 2.07 2.07 0.15 0.16 13 7.10 <1 0.1 0.00
54.0 2.00 2.00 0.14 0.14 13 7.20 <1 0.0 0.00
61.5 2.00 2.00 0.15 0.15 14 7.05 <1 0.00
67.0 2.07 2.02 0.16 0.15 12 7.10 <1 0.00
86.0 2.32 2.45 0.14 0.14 12 7.20 <1 0.00
93.0 2.09 2.09 0.21 0.23 1 7.20 <1 0.00
98.0 2.09 2.05 0.20 0.22 11 7.20 <1 0.00
102.0 2.02 2.04 0.14 0.13 12 7.20 <1 0.7 0.00
118.5 2.04 1.93 0.15 0.16 1" 7.20 <1 0.00
MEAN 2.07 2.06 0.15 0.16 12 7.15 <1 0.3 0.00
SAMPLE POINT B (POST-AIR)
2.0 1.97 0.32 0.14 0.12 12 7.60 sat 4.33
6.0 2.00 0.47 0.14 0.14 13 7.60 sat 9.8 3.7
14.0 1.99 0.51 0.14 0.14 14 7.70 sat 10.0 3.20
22.0 1.97 0.28 0.19 0.18 15 7.70 sat 9.0 3.86
34.0 1.94 0.46 0.14 0.12 1% 7.60 sat 3.86
48.0 1.97 0.42 0.1 0.15 13 7.60 sat 9.5 3.68
54.0 1.89 0.41 0.15 0.13 1% 7.60 sat 9.8 2.74
61.5 1.88 0.45 0.14 0.14 14 7.60 sat 2.45
67.0 1.92 0.46 0.14 0.14 13 7.60 sat 3.49
86.0 2.63 0.59 0.14 0.14 12 7.70 sat 9.5 3.7
93.0 1.94 0.51 0.22 0.16 12 7.70 sat 3.68
98.0 2.83 0.43 0.19 ©0.16 12 7.70 sat 3.86 .
102.0 1.94 0.45 0.15 0.15 13 7.70 " sat 9.3 3.49
118.5 1.88 0.38 0.14 0.13 12 7.70 sat 4.34
MEAN 2.05 0.44 0.15 0.14 13 7.65 sat 9.6 3.61
SAMPLE POINT D (PRE-FILT)
2.0 1.95 0.00 0.10 0.01 13 7.60 sat 4.98
6.0 1.98 0.00 0.14 0.00 13 7.75 sat 10.6 5.07
14.0 2.02 0.01 0.14 0.00 14 7.70 sat 11.8 4.88
22.0 1.96 0.05 0.19 0.00 15 7.80 sat 10.2 4.60
3.0 2.03 0.00 0.27 0.00 14 7.70 sat . 5.35
48.0 1.94 0.00 0.17 0.00 15 7.70 sat 10.3 4.41
54.0 2.15 0.00 0.16 0.01 15 7.70 sat 11.8 5.92
61.5 1.86 0.00 0.14 0.03 14 7.65 sat &.79
67.0 1.89 0.04 0.15 0.01 13 7.70 sat 5.07
86.0 2.42 0.14 0.22 0.01 12 7.60 sat 12.5 4.60
93.0 1.96 0.02 0.24 0.14 12 7.70 sat 5.07
98.0 1.91 0.06 0.18 0.02 12 7.70 sat 4.69
102.0 1.88 0.00 0.14 0.01 14 7.80 sat 10.1 4.41
118.5 2.08 0.00 0.16 0.01 12 7.70 sat 4.97
MEAN 2.00 0.02 0.17 0.02 13 7.70 sat 11.0 4.92
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DIFFUSED AERATION-CHEMICAL OXIDATION-DIRECT CONTACT SAND FILTRATION

Sth JULY - 10th JULY 1991

Groundwater Flow Rate = 10 L/min
Air Flow Rate = 55 L/min
Chemical Oxidant Type = ClO2

Chemical Oxidant Dose = 7 X stoic

SAMPLE POINT E (POST-FILT)

Total Dissolved Total Dissolved Temp pH Dissolved Turbidity Ssuspended
fron Iron (I1) Mang Mang (II) Oxygen Solids
(mg/L) (mg/L)  (mg/L) (mg/L) (oC) (mg/L) (NTU) (mg/L)
0.00 0.00 0.00 0.00 13 7.60 sat 0.00
0.01 0.00

0.05 0.00 0.01 0.00 13 7.60 sat 0.3 0.00
0.06 0.01 0.4

0.05 0.01 0.2

0.08 ‘ 7.60 0.2

0.10 0.01 0.01 0.00 14 7.60 sat 0.4 0.00
0.05 0.00

0.06 0.04 0.00 0.01 16 7.70 . sat 0.4 0.00
0.06 0.00

0.06 0.01

0.06 0.00 0.00 0.00 14 7.60 sat 0.5 0.00
0.05 0.00 0.5

0.05 0.00 0.5

- 0.05 0.00

0.06 0.00

0.04 0.00 0.00. - 0.00 15 7.70 sat 0.3 0.00
0.04 0.00 0.00 0.00 16 7.70 sat 0.3 0.00
0.03 0.02 7.60

0.03 0.01 7.70 0.4

0.00 0.03 0.00 1 7.60 sat 0.00

0.02 0.01 0.1

0.02 0.00 0.01 0.00 13 7.60 sat 0.00
0.02 0.01

0.04 0.01 7.65 0.3

0.05 0.01 7.65 0.3

0.07 0.02 7.65 0.4

0.07 0.00 0.01 0.00 13 7.65 sat 0.2 0.00
0.07 0.02

0.03 0.00 0.02 0.02 13 7.60 sat 0.4 0.00
0.02 0.01

0.08 0.01 0.02 0.01 12 7.60 sat 0.00
0.05 0.02

0.04 0.00 0.01 0.01 - 14 7.70 sat 0.4 0.00
0.05 0.01 0.2

0.05 0.02 0.3

0.05 0.01 0.3

0.04 0.02 0.4

0.12 0.01 0.3

0.08 0.02

0.22 0.00 0.02 0.01 13 7.60 sat 0.3 0.00
0.05 0.00 0.01 0.00 14 7.64 sat 0.3 0.00

G-2

E Tl s e - s s e .



APPENDIX H

Enhanced Aeration Process I:

Diffused Aeration - Continuous Recycle Loop Data
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APPENDIX 1

Enhanced Aeration Process I:
Diffused Aeration - Continuous Recycle Loop -

Chemical Oxidation - Direct Contact Sand Filtration Data
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APPENDIX J

Enhanced Aeration Process II:

Diffused Aeration - Sludge Addition Data
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APPENDIX K

Enhanced Aeration Process II:

Diffused Aeration - Sludge Addition - Chemical Oxidation Data
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APPENDIX L

Enhanced Aeration Process II:
Diffused Aeration - Sludge Addition - Chemical Oxidation -

Direct Contact Sand Filtration Data
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APPENDIX M

Enhanced Aeration Process II:
Diffused Aeration - Sludge Addition - Chemical Oxidation (C10,) -
Direct Contact Sand Filtration:

Performance Evaluation Continuous Operation Data



DIFFUSED AERATION - SLUDGE ADDITION - CHEMICAL OXIDATION - DIRECT CONTACT SAND FILTRATION

11th JuLy 1991

Groundwater Flow Rate = 10 L/min
Air flow Rate = 55 L/min
Chemical Oxidant Type = ClO2
.Chemical Oxidant Dose = 7 X stoic
Sludge Addition Factor = 7.4

SAMPLE POINT A (RAW GROUNDWATER)

Run Total Dissolved Total Dissolved Temp pH Dissolved Turbidity Suspended
Time Iron Iron (1I) Mang Mang (I1) . Oxygen Solids
h) (mg/L) (mg/L)  (mg/L) (mg/L) = (oC) (mg/L) (NTU) (mg/L)
1.0 1.99 1.98 0.17 0.17 12 7.25 <1 0.3 0.00
5.0 2.10 2.00 0.19 0.19 1 7.25 - <1 0.00
9.5 2.1 2.06 0.16 0.16 11 7.20 <1
MEAN 2.07 2.01 0.7 0.17 1 7.3 < 0.3 0.0

SAMPLE POINT S (POST-SLUDGE)

1.0 13.77 0.56  1.13 0.69 12 7.5 < 59 27.40
5.0 15.05 0.52  1.09 0.71 11 7.25 <2 31.60
9.5 17.30 0.38  1.36 0.87 11 7.20 <2
MEAN 15.37 0.49.  1.19 0.76 1M1 7.3 ) 59 29.50
SAMPLE POINT B (POST-AIR)
1.0 12.50 0.03  1.01 0.60 122 7.70 sat 53 34.10
5.0 14.55 0.01  1.13 0.63 1M1 7.70 sat 35.00
9.5 16.05 0.16  1.27 0.72 12 7.7 sat
MEAN 14.37 0.07 1.1 0.65 12 7.70 sat 53 34.55
SAMPLE POINT D (PRE-FILT)
1.0 10.86 0.00 0.9 0.12 12 7.60 sat 46 31.00
5.0 13.95 0.70  1.09 0.26 11 7.70 sat 35.10
9.5 15.50 0.26  1.18 0.29 12 7.70 sat
MEAN 13.44 0.32  1.07 0.22 12 7.67 sat 46 33.05
SAMPLE POINT E (POST-FILT) '
1.0 0.00 0.00  0.00 0.00 12 7.60 sat 0.2 0.50
2.0 0.00 0.20 0.2
3.0 0.03 0.27
5.0 0.01 0.00  0.26 0.00 1M 7.70 sat 0.1 0.00
7.0 0.01 0.26 : _
8.0 0.02 0.27
9.5 0.02 0.00  0.27 0.26 12 7.60 sat 0.2
11.0 0.31 0.07 0.7
12.0 0.35 0.08 0.7
13.0 0.12 0.03 0.7
15.0 0.32 0.10 0.10 0.8
MEAN 0.11 0.00  0.16 0.09 12 7.63 sat 0.4 0.25
M-1



APPENDIX N

Performance Evaluation of Recommended Process Train:

Diffused Aeration - Chemical Oxidation - Direct Contact Sand Filtration



DIFFUSED AERATION-CHEMICAL OXIDATION;DIRECT‘ CONTACT SAND FILTRATION

13th JUuLY - 20th JuLY 1991

Groundwater Flow Rate = 10 L/min
Air Flow Rate = 55 L/min
Chemical Oxidant Type = Cl0O2

Chemical Oxidant Dose = 7 X stoic

SAMPLE POINT A (RAW GROUNDWATER)

Run Total Dissolved Total Dissolved Temp pi Dissolved Turbidity Suspended
Time fron Iron (II) Mang Mang (II) Oxygen Solids
¢h)  (mg/L) (mg/L) (mg/L) (mg/L) (oC) (mg/L) (NTU) (mg/L)
7.0 2.05 2.04 0.15 0.14 13 7.20 <1 0.3 0.00
18.0 2.02 2.00 0.18 0.17 1" 7.10 <1 0.00
24.0 2.03 2.00 0.15 0.15 13 7.2 <1 0.1 0.00
36.0 2.04 2.01 -0.15 0.15 " 7.15 <1 0.00
42.0 1.94 1.94 0.19 0.17 1 7.15 <1 0.00
48.0 1.95 2.00 0.17 0.17 12 7.10 <1 0.00
64.0 2.02 1.98 0.19 0.19 7.10 <1 0.1 0.00
68.0 1.93 1.93 0.17 0.19 14 7.10 <1 0.1 0.00
79.0 2.04 2.04 0.13 0.13 13 7.20 <1 0.4 0.00
90.0 2.05 2.06 0.18 0.19 13 7.10 <1 0.6 0.00
95.5 1.99 1.99 0.19 0.21 12 7.10 <1 0.1 0.00
103.5 2.04 2.00 0.18 0.19 7.15 <1 0.00
106.5 2.04 2.00 0.19 0.18 14 7.10 <1 : 0.00
114.0 2.02 1.99 0.19 0.19 13 7.20 <1 0.2 0.00
119.5 2.06 1.99 0.18 0.18 12 7.15 <1 0.2 0.00
126.5 2.05 2.04 0.18 . 0.18 7.20 <1 0.00
138.0 2.02 2.02 0.18 0.18 1 7.15 <1 0.00
BACKWASH
163.0 2.01 1.96 0.17 0.17 13 7.10 <1 7.1 0.00
MEAN 2.02 2.00 0.17 0.17 12 7.1 < 1 0.9 0.00
SAMPLE POINT B (POST-AIR)

7.0 1.97 0.51 0.14 0.14 13 7.60 sat 10.0 3.49
18.0 1.97 0.32 0.12 0.12 13 7.60 sat 4.62
24.0 1.95 0.36 0.13 0.13 13 7.70 sat . 8.9 3.94
36.0 1.98 0.41 0.13 0.13 1 7.60 sat 3.1
42.0 1.78 0.36 0.22 0.17 12 7.65 sat 4.15
48.0 1.81 0.24 0.17 0.15 13 7.60 sat 3.96
64.0 1.94 0.28 0.20 0.19 7.60 sat 9.5 4.30
68.0 1.78 0.19 0.17 0.15 14 7.70 sat 8.8 5.85
79.0 1.94 0.49 0.14 0.12 - 13 7.60 sat 10.3 3.30
90.0 1.9 0.32 0.18 0.15 13 7.60 sat 10.1 4,44
95.5 1.86 0.36 0.19 0.15 13 -7.70 sat - 9.8 4.42

103.5 1.90 . 0.54 0.20 0.15 7.60 sat 10.2 3.58

106.5 1.86 0.47 0.19 0.15 14 7.60 sat 9.6 3.58

114.0 1.86 0.29 0.16 0.13 13 7.70 sat 9.3 4.15

119.5 1.85 0.31 0.17 0.14 13 7.70 sat 9.4 3.40

126.5 1.93 0.57 0.17 0.15 7.65 sat 9.8 3.85

MEAN 1.89 0.38 0.17 0.15 13 7.64 sat 9.6 4.01
N-1



DIFFUSED AERATION-CHEMICAL OXIDATION-DIRECT CONTACT SAND FILTRATION

13th JULY - 20th JULY 1991

Groundwater Flow Rate = 10 L/min
Air Flow Rate = 55 L/min
Chemical Oxidant Type = CLO2

Chemical Oxidant Dose = 7 X stoic

SAMPLE POINT D (PRE-FILT)

Run Total Dissolved Total Dissolved Temp pH Dissolved  Turbidity Suspended
Time Iron Iron (11) Mang Mang (II) © Oxygen Solids
¢h)  (mg/L) (mg/L) (mg/L) (mg/t) (oC) (mg/L) (RTU) (mg/L)
7.0 2.02 0.00 0.15 0.02 13 7.70 sat 1.8 4.98
18.0 1.91 0.00 0.18 0.02 12 7.60 - sat 11.3 5.26
24.0 1.95 0.00 0.15 0.01 1 7.70 sat N7 4.98
36.0 1.97 0.00 0.15 0.02 1" 7.70 sat 5.73
42.0 1.85 0.00 0.31 0.03 13 7.60 sat 5.63
48.0 1.88 0.00 0.33 0.04 14 7.60 sat 5.26
64.0 2.00 0.00 0.30 0.00 7.70 sat 11.2 5.20
68.0 1.79 © 0.00 0.18 0.02 15 7.70 sat 10.9 4.13
79.0 2.03 0.00 0.26 0.00 13 7.60 sat 5.63
90.0 1.94 0.01 0.20 0.02 15 7.70 sat 10.8 5.54
95.5 2.00 0.00 0.41. 0.02 13 7.70 sat 1.9 5.07
103.5 1.91 0.00 0.31 0.04 7.60 sat 14.7 5.72
106.5 1.86 0.00 0.20 0.03 14 7.60 sat 11.6 4.32
114.0 2.06 0.00 0.48 0.02 13 7.65 sat 1.7 4.88
119.5 1.94 0.13 0.32 0.03 13 7.65 sat 11.3 5.07
126.5 1.87 6.00 0.41 0.04 7.60 sat 15.2 3.66
138.0 2.20 0.00 0.72 0.14 13 7.65 sat 4.97
BACKWASH i
163.0 1.98 0.04 0.24 0.02 13 7.70 sat
MEAN 1.95 0.01 0.29 0.03 13 7.65 sat 12.0 5.06

N-2



Suspended
Solids
(mg/L)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.50

0.94
0.00

0.56
0.00
0.50
0.50
0.50
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DIFFUSED AERATION-CHEMICAL OXIDATION-DIRECT CONTACT SAND FILTRATION
13th JULY - 21th JULY 1991

Groundwater Flow Rate = 10 L/min
Air Flow Rate = 55 L/min
Chemical Oxidant Type = ClLO2

Chemical Oxidant Dose = 7 X stoic

SAMPLE POINT E (POST-FILT)

Run Total Dissolved Total Dissolved Temp pi Dissolved Turbidity Suspended
Time Iron Iron (11) Mang Mang (II) . Oxygen Solids
(h)  (mg/L) (mg/L)  (mg/L) (mg/L) (oC) (mg/L) (NTU) (mg/L)
135.0 0.15 0.02
136.0 0.15 0.03
137.0 0.06 0.02 :
138.0 0.06 0.04 0.02 0.01 13 7.65 sat 0.30
139.0 0.09 0.02
140.0 0.09 : 0.02
145.0 0.04 0.00 0.00 0.00 16 7.60 sat 0.4
166.0 0.02 0.00 0.01 0.01 . 15 7.60 sat 0.3

BACKWASH
160.0 0.01 0.01
161.0 0.00 0.01
162.0 0.00 0.01
163.0 0.00 0.01
164.0 0.00 0.00 0.01 0.01 13 7.65 sat
166.0 0.00 0.05
167.0 0.00 0.06
169.0 0.00 0.06

MEAN 0.05 0.00 0.02 0.01 12 7.25 sat 0.4 0.19

N-4




